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FOREWORD 
This report contains the proceedings of the International Symposium on Fuel Rod Simulators— 

Development and Application, which was held at the Howard Johnson's Motor Lodge in Gatlinburg, 
Tennessee. October 21 thrQiidi.24-lQg0. The Symposium was sponsored by the Oak Ridge National 
Laboratory (ORNL) Engineering Technology Division, H. E. Trammeil, Director. 

The purpose of this Symposium was to provide a forum for the exchange of technology on fuel rod 
simulator (FRS) materials, fabrication, analysis, and testing. It was organized to bring together people 
throughout the world who are interested in various phases of the development and application of 
nuclear FRSs pertinent to thermal/hydraulic and/or safety testing of nuclear reactor core 
configurations. Although this is a relatively specific subject, it is of great importance because of the 
unique dependence of test results on the quality of the FRS. Optimum results from out-of-reactor 
investigations depend strongly on the close interaction of the FRS fabricator, the experiment operator, 
and the analyst. A full appreciation by each of the other's separate problems and constraints is 
mandatory. 

The importance and relevance of the FRS as a test, tool has expanded considerably in the last two 
decades. Out-of-reactor test programs have been performed by ORNL for the Nuclear Regulatory 
Commission (NRC) and the Department of Energy (DOE) since the early 1960s. The state of the art of 
FRS fabrication and application gradually improved duringthe first decade; however, in the 1970s both 
the number of FRSs needed and the requirements for quality accelerated. Four active programs 
sponsoring sophisticated investigations of the core design and safety aspects of light-water reactors, 
liquid-metal fast breeder reactors, and gas-cooled fast reactors were in process by ORNL at that time. 
Similar programs at other national laboratories as well as at Westinghouse and General Electric were 
also active in the United States. Additionally, Germany, France, England, Switzerland, Japan, Canada, 
The Netherlands, and Italy began vigorously pursuing out-of-reactor testing in the 1970s using FRSs. 

Coincident with increased testing activity came increased demands on FRS power and 
temperature capability, increased use of FRS internal thermocouples with greater accuracy specified, 
new requirements for power and temperature transients, and increased sophistication in analysis and 
data acquisition techniques. Interaction between experimenters, FRS developers and fabricators, and 
system test designers and analysts became not only convenient but necessary for experimentation 
that was relevant and reliable. 

An advanced FRS technology evolved at major research centers throughout the world in 
response to these increased testing requirements. However, many problems persisted, and 
technological improvements were sometimes very costly or only partially successful. Interaction and 
information exchange among the major research centers revealed that "pockets of technology" 
existed in some locations where major progress was being made in out-of-reactor testing. Other 
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locations, usually dependent on industrially supplied FRSs, were encountering major difficulties. This 
Symposium is a direct result of this observation; it is an attempt to establish mutual understanding of 
the state of the art in all phases of FRS technology. 

This Symposium was divided into five parts, each one emphasizing and qualifying diverse but 
interrelated aspects of FRS technology. Part I, FRS Operation and Performance, presents FRSs from 
an experimenter's point of view. Bundle testing and results are emphasized; successes and problem 
areas are presented. Part II, FRS Design and Evaluation, surveys the state of the art in the major 
research centers throughout the world. Many common problems are delineated, and solutions as 
diverse as the research centers themselves are proposed. Part III, Clad Heated FRSs and FRSs for 
Cladding Investigations, presents sometimes unique solutions to some of the more specific (and 
exotic) FRS experimental requirements. Part IV, FRS Components and Inspection, deals with the 
exacting materials development, fabrication, and joining needs related to FRSs and reviews the efforts 
and importance of FRS inspection. Part V, FRS Analytical Modeling, presents the FRS problem from 
the view of the analyst. The effect of the FRS design and calibration on test data and the large 
interdependence between the disciplines are emphasized. Finally, the Summary and Perspective by 
R. E. MacPherson, Head of the Experimental Engineering Section of the Engineering Technology 
Division at ORNL, provides a precise synopsis of the Symposium and a viewpoint on the current state 
of the technology of FRSs throughout the world. 

R. W. McCuiloch 
Symposium Chairman 
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A REVIEW OF EXPERIMENTS TO EVALUATE THE ABILITY OF ELECTRICAL 

HEATER RODS TO SIMULATE NUCLEAR FUEL ROD BEHAVIOR DURING 

POSTULATED LOSS-OF-COOLANT ACCIDENTS IN LIGHT WATER REACTORS' 

G. D. McPherson E. L. Tolman 

LOFT Research Branch 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

LOFT Program 
EG&G Idaho, Inc. 
P. 0. Box 1625 
Idaho Falls, ID 83415 

ABSTRACT 

Issues related to using electrical fuel rod 
simulators to simulate nuclear fuel rod behavior during 
postulated loss-of-coolant accident (LOCA) conditions in 
light water reactors are sunmarized. Experimental 
programs which will provide a data base for comparing 
electrical heater rod and nuclear fuel rod LOCA responses 
are reviewed. 

INTRODUCTION 

Because of the complexity and prohibitive cost of nuclear 
experiments to study full-scale LOCA conditions, evaluation of the 
thermal-mechanical behavior of nuclear fuel rods and system 
thermal-hydraulic behavior during hypothesized LOCA conditions has been 
carried out via small-scale experiments using electrically heated fuel 
rod simulators. These experiments can generally be classified into 
three categories: 

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of 
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76IDO1570. 
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1. Heat transfer 

2. Cladding deformation 

3. Reactor system thermal-hydraulic simulation. 

In the past, experiments relating to heat transfer and cladding 
deformation have generally been designed to obtain data for developing 
licensing models. It was, therefore, important that the electrical 
heater rod experiments either accurately simulate the thermal and 
mechanical response of nuclear fuel rods or result in conservative 
estimates of the cladding temperature and/or deformation data. On the 
other hand, the reactor system thermal-hydraulic simulation experiments 
are used to establish a data base for assessing best-estimate computer 
models from which the conservative margin of the licensing models could 
be assessed, and since the hydraulics are coupled with the heater 
response, it is important that the heaters simulate the 
thermal-mechanical response of the nuclear fuel rods through all phases 
of the LOCA. 

In general, very limited nuclear rod response data exists, 
particularly under real reactor LOCA conditions, to provide a basis for 
comparison with electrical heater rod response. In addition, since 
most electrical heater rods are not capable of exactly simulating the 
thermal-mechanical response of a nuclear fuel rod under both the early 
decompression (blowdown) phase and the later reflooding phase of a 
LOCA, particularly for conditions where severe ballooning of the fuel 
rod cladding can occur, a broad nuclear data base is needed to assess 
the simulation quality of the various electrical heater rod 
experiments. To provide this data base, several experimental programs 
have been proposed and are in progress. 

This paper presents a brief overview of the problems of using 
electrical heater rods to simulate nuclear fuel rod behavior and 
reviews the experiments which will provide a basis for assessing the 
applicability of electrical heater rod experiment data. 

OVERVIEW OF SIMULATION CRITERIA AND CAPABILITIES 
OF ELECTRICAL HEATER RODS 

To assure that the coupling between the heat transfer and test 
hydraulics for an electrical heater rod is typical of a nuclear fuel 
rod, it is necessary for the electrical heater rod response to exactly 
duplicate the nuclear fuel rod cladding temperature, surface heat flux, 
and cladding deformation along the entire length of the rod. There is 
no heater rod design capable of exactly simulating these criteria 
during all phases of a LOCA| therefore, heater rod designs differ for 
blowdown or reflood heat transfer experiments, cladding deformation 
experiments, and reactor system simulation experiments. The simulation 
issues related to each of these experiment categories have been 
identified in the literature and are summarized in Figure 1. 
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Electric Rod Simulation Issues 

Blowdown Heat 
Transfer 

Reflood Heat 
Transfer 

Cladding 
Deformation 

Reactor System 
Simulators 

1 No cladding deformation 

2 Rapid changes in 
cladding temperature 
cannot be duplicated 
(initial DNB, rapid 
rewetting) 

3 Relative axial response 
not exactly duplicated 

4 Cladding material 
differences 
(zircaloy vs stainless steel) 

5 System hydraulics 
- Bundle size and 

configuration 
- Scaling effects 

1 No cladding 
deformation 

2 Differences in rod 
thermal characteristics 
- rieat release rates 
- Store energy 

3 Gladding material 
differences 

4 System hydraulics 
- Bundle size and 

configuration 
- Scaling effects 

Cannot duplicate 
axial and azimuthal 
cladding temperatures 
- Rod bundle 

size limitations 
- Fuel-cladding 

interface not 
simulated 

- Core hydraulic 

INEL A 16 538 

Figure 1. Simulation issues related to electrical heater rod 
experiments. 

Several experimental programs are being planned or are underway to 
address these electrical heater rod simulation issues. These programs, 
discussed in the following section, will provide the data base for 
comparing nuclear fuel rod and various electrical heater rod responses 
in each of the four experiment catagories identified in Figure 1. 

EXPERIMENTS TO ASSESS ELECTRICAL HEATER ROD SIMULATION 

Figure 2 summarizes both nuclear and electric rod experiments 
which will provide comparison data for evaluating the simulation 
limitations of electrical heater rods for each of the major experiment 
categories identified in the previous section. These experiments are 
briefly discussed in the following sections. 

Blowdown Heat Transfer Experiments 

The major programs utilizing electrical heater rods to investigate 
blowdown heat transfer include experiments in the Two Loop Test 
Apparatus (TLTA)!!^ for boiling water reactor (BWR) systems, and 
experiments in the Thermal-Hydraulic Test Facility (THTF)^'^ and the 
Semiscale facility^'" for pressurized water reactor (PWR) systems. 
The major nuclear experiments are being performed by the Loss-of~Fluid 
Test (LOFT) and Power Burst Facility (PBF) Experimental Programs at the 
Idaho National Engineering Laboratory (INEL).^ 
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Reflood Heat 
Transfer Experiments 

Nactear 

Loss-of-Fluid Test 
(LOFT) (USA) 

gl«e1rSc 

FLECHT(USA) 

Halden-IFA-511 
(USA, Norway) 

NRU-Natlonal 
Research Universal 

Reactor-
(Canada, USA) 

REBEKA 
(Germany) 

Semiscale (USA) 

NEPTUN (USA) 

Blowdown Heat 
Transfer Experiments 

i Nudaar 

Loss-of-Fluid Test 
- LOFT (USA) 

Power Burst 
Facility-PBF 

(USA) 

ElBstrte 

Semiscale (USA) 

Two-Loop-Test 
Apparatus-TLTA 

(USA) 

Thermal Hydraulic 
Test Faoility-
THTF (USA) 

Cladding Deformation 
Experiment 

1 H<m^ 

TREAT (USA) 

Etelrto j 

REBEKA 
(Germany) 

PNS 4237-FR2 Reactor 
(Germany) 

LOFT (USA) 

PBF (USA) 

NRU 
(Canada, USA) 

iVluitirod Burst 
Facliity-ft^RBT 

(USA) 

INEL-A.16 529 

Reactor System 
Simulator Experiment 1 

I4a<*ar 

LOFT (USA) 

ESwtric 

Semiscale (USA) 

Figure 2. Summary of experiments to resolve electrical heater ro 
simulation issues. 
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The PBF Programs include the Loss-of-Coolant Accidents Test 
Series, LOC-Series°, currently underway; the LOFT Lead Rod Test 
Series, LLR-Series^, completed in 1980; and the Thermocouple Effects 
Tests, TC-1 and TC-3 Series, also currently underway. These 
experiments provide response data for rods undergoing a variety of 
blowdown conditions and cladding temperature measurements. 

The LOFT experiments include several large break loss-of-coolant 
experiments (LOCEs) intended to simulate PWR response during 
double-ended offset shear breaks in a primary coolant pipe. The LOFT 
experiments already completed•'•"'•'••'• have shown the important effect of 
fuel rod heat transfer on the fuel rod cladding temperature response 
during the first IDs of a LOCA. Figure 3 shows the calculated and 
measured cladding temperature for a LOFT high-power LOCE (39 kW/m). 
The accuracy of the thermocouples mounted on the surface of the fuel 
rods has not been fully quantified during rapid two-phase cooling 
conditions; however, data from the reactor vessel hydraulic 
measurements during the experiments and examination of the LOFT center 
fuel assembly after the experiment are consistant with the rapid core 
cooling indicated by the cladding thermocouples. The accuracy of 
cladding surface thermocouples during cooling conditions similar to 
those observed in LOFT during the blowdown cladding quench are being 
investigated in the LOFT Test Support Facility using electrical heater 
rods.-*-̂  The LOFT large break experiments are scheduled to be 
completed during 1981 and 1982 and will provide important baseline data 
for evaluating the applicability of electrical heater rod experiments. 

1100 

1000 

900 

800 

700 

600 

500 -

400 

"̂ J •RELAP 4/M0D6 pretest 
prediction 

— Measured 

_L. J _ J _ 
10 20 30 40 50 60 

Time after rupture (s) 

i I I — 

70 80 90 
INEL-A-16 531 

Figure 3. Comparison of measured and calculated peak fuel rod cladding 
temperatures for LOFT LOCE L2-3. 
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Reflood Heat Transfer Experiments 

Presently, all aspects of nuclear core reflooding are not 
completely understood, particularly the interaction between the 
cladding deformation and the core hydraulics. Because of these 
limitations and the related simulation issues summarized in Figure 1, 
the conservatism of electrical heater rod experiment data cannot be 
quantified. Several key experimental programs will provide data to 
assess the applicability of electrical heater rod reflood heat transfer 
data. 

A unique experiment sequence is being conducted in the Halden 
reactor, IFA-511 Series 13 and will provide the only direct 
comparison of nuclear and electric rod response under identical initial 
reflood experiment conditions in the same facility. The experiment 
plan for the IFA-511 Series is shown in Table 1; Figure 4 shows the 
bundle configuration for these experiments. Because of the limited 
size, geometry, and initial experiment conditions, the IFA~511 data may 
not simulate the large reactor response, but rather, will provide 
scoping information for evaluating electrical heater rod simulation and 
will provide a basis for evaluating analytical model capability. 

TABLE 1. OVERVIEW OF HALDEN IFA-511 PROGRAM 

lest 
Series Number of Rods Objectives 

4 (nuclear) 

7 (nuclear) 

System checkout and 
qualification. 

Provide data base for 
zizcalay clad nuclear 
rods (unpressurized 
rods). 

7 (indirect electric heater Provide data base for 
rods—Semiscale type) indirect, unpressurized 

electrical heater rods. 

7 (indirect electric heater 
rods—cartridge heater, 
pressurized) 

Provide data base for 
electric rods which simu
late fuel-cladding gap and 
thermal diffusivity. 

Completion 
Date 

1979 

1980 

1982 

24 nuclear experiments 
varying powerj reflood 
flow rate, and cladding 
temperature. 

Instrumentation problems 
have delayed experiments 
with solid, indirect 
heater rods. 

Initial experiment 
expected during 
first half of 1981. 

In addition to the IFA-511 experiments, several indirect 
comparison reflood experimental programs will provide data to 
characterize core reflood response. Nuclear reflood experiments are 
planned in the Chalk River (NRU) research reactor on a full length, 
32-rod bundle of 17 x 17 PWR fuel rods (shown in Figure 5) and will be 
comparable to selected FLECHT-SEASET experiments. The NRU experiments 
will be conducted in two phases! The first phase will consist of 
18 thermal-hydraulic experiments with low pressure rods to provide 
data, primarily, for comparison with electrical heater rod experiment 
data, while the second phase will consist of five experiments with 
pressurized rods to study the effect of ballooning on the fuel rod 
cladding. Reflood experiments similar to the NRU and FLECHT-SEASET are 



Fuel rod (7) 

Downcomer (4) 

Instrumented tube (2) 

Pressure boundary 
INELA-16 534 

Figure 4. Bundle configuration for Experiment Series IFA-511 (seven 
rods). 

Liner , Pressure tube 

Stainless steel 
shroud 

Heavy 
water 
isothermal boundary 

Water 
filled 
tube 

INEL-A-16 537 

Figure 5. Bundle configuration for the NRU reflood experiments 
(32 rods). 
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being conducted in the German REBEKA-'-'̂  facility utilizing a unique 
zircaloy clad heater rod design that simulates both the thermal and 
mechanical response of a nuclear fuel rod. Figure 6 shows a cross 
section of the REBEKA experiment bundle. Comparison of FLECHT, NRU, 
and REBEKA experiment data will allow assessment of systematic 
differences in reflood behavior due to rod design, thermal response, 
and the importance and extent of rod deformation during the core 
reflooding process. 

Zircaloy cladding 

Inconel cladding 

Cladding 
(zircaloy 
or inconel) 

> Heater element insert: 

INEL-A-16 536 

Figure 6. Bundle configuration and heater rod design for the REBEKA 
experiments (25 rods). 

The LOFT nuclear experiments will also provide important nuclear 
reflood data from a nuclear core containing 1300 fuel rods, as shown in 
Figure 7. In support of the LOFT Experimental Program, reflood 
experiments will also be conducted in the Swiss NEPTUN facility on a 
37-rod bundle (configuration shown in Figure 8) of electrical heater 
rods with the same axial length and power profile as the LOFT nuclear 
fuel rods. Since the LOFT fuel rod axial length (1.64 m) is about half 
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the length (3.7 m) of most electrical heater rods used in reflood 
experiments, the NEPTUN experiments will be important for direct 
comparison to the LOFT nuclear fuel rod response. In addition. 
Semiscale reflood experiments •'•̂  have been conducted on 1.64-m-long _ _.-, .15 
rod bundles for comparison to LOFT. The LOFT-NEPTUN-Semiscale and 
NRU-FLECHT-REBEKA comparison experiments will provide the basis for 
evaluating electrical heater rod data and for assessing the reflood 
computer models as shown in the matrix of Figure 9. 

NucU • rods Electric rods 

INELA-16 532 

Figure 9. Comparison matrix for evaluating nuclear and electric rod 
responses during core reflood. 

Cladding Deformation Experiments 

Several nuclear and electrical heater rod programs are underway to 
investigate ballooning characteristics of the fuel rod cladding. The 
major electrical heater rod programs include the Multirod Burst Test 
(MRBT)16 and the German REBEKA,^'^ The nuclear fuel rod experiments 
include LOFT, PBF, NRU, and the German PNS 42371'^ experiments; the 
details of these experiments are summarized in Table 2. 

The MRBT and REBEKA programs utilize a cartridge heater rod 
capable of internal pressurization. The MRBT experiments have limited 
system hydraulic simulation capabilities (steam environment), while the 
REBEKA facility is capable of a larger range of more typical initial 
reflood conditions. 
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TABLE 2. SUMMARY OF CLADDIMG 0EFORMATIOH EXPERIMENTS 

Facility 

MulCirod Rod 
Burst Facility 
MRBT (ORNL) 

REBEKA—Germany 

PNS 4237— 
Germany CFR-2 
reactor) 

Power Burst 
Facility—PBF 
reactor (INEL) 

NRU—Canada 
(USNRC sponsored) 

Loss-of-Fluid 
Test—LOFT 
(INEL) 

____Bimdle_SX£e^ 

Single rodj 
4 x 4 , 8 x 8 
electric rods 

5 x 5 electric 
rods J PWR 

Single elec
tric and 
nuclear rods 

Single nuclear 

rods (PWR) 

32 nuclear 
rods, (PWR, 
i? X 17) 

1300 nude 
rods (PWEj 
15 X 15) 

LOCA Conditions 
Simulated 

Refill (steam 
cooling) 

Refill and 

reflood 

Refill (ste 

cooling) 

BlowdownJ 
re f s. 11, and 
reflood 

Objective 

Refill and 
reflood 

BlowdownJ 
re f111J and 
reflood 

Evaluate cladding 
ballooning char
acteristics of 
rod clusters. 

Evaluate coupling 
between cladding 
deformation and 
reflood hydrau
lics. 

Evaluate clad 
deformation on 
nuclear and 
electric rods. 

Experiments to 
evaluate nuclear 
rod ballooning m 
cts a * gj and 
S phases of 
zircaloy. 

Obtain nuclear rod 
response data for 
reflood conditions 
similar to pre
vious electric rod 
experiments and 
to correlate with 
PBF data. 

Evaluate cladding 
ballooning char
acteristics for a 
reactor core. 

Initial results indicate 
cladding temperature uni
formity to be a control
ling factor on cladding 

ballooning. 

Initial results show 
localized ballooning. 
Reflood hydraulics are 
important influence on 
cladding temperature 
uniformity. 

?ariables include gap 
width, internal pres
surization ̂  and nuclear 
burnup. 

Variables to include 
nuclear burnup- Initial 
experiments completed. 
Future experiments to be 
completed by 1982. 

Initial experiments to 

begin m October 1980. 

Effects of rod pressur
ization and rod power 
will be evaluated. 

The German PNS 4237 experimeuts will directly compare response of 
nuclear fuel rods and electrical heaters under identical near adiafoatic 
heat~up conditions in the German FR-2 reactor» The nuclear experiments 
will investigate the effects of fuel-cladding gap widths internal fuel 
rod prepressurization^ and nuclear burnup on cladding ballooning» 
Preliminary results show very similar cladding deformation response 
from both electric and nuclear rods. 

The PBF experiments will evaluate cladding ballooning 
characteristics for both unirradiated and irradiated cladding for 
transient hydraulic conditions intended to simulate large break PWR 
LOCA response« Experiments are planned to evaluate zircaloy 
ballooning characteristics in the a^ a H- 3^ and 3 phase temperature 
ranges. The LOFT experiments are intended to investigate the effects 
of rod pressurization and determine if coplaner ballooning and 
subchannel blockage can occur in a reactor core. The NRU experiments 
will also investigate ballooning characteristics under initial reflood 
conditions similar to FLEGHT-SEASKT experiments and will provide a 
basis for assessing the conservative margin of the FLECHT data* 
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Reactor System Simulation Experiments 

Because the nuclear fuel rod LOCA response is dependent on the 
reactor system hydraulic response, the typicality of any nonnuclear 
experiment depends on how closely the scaled experiment hydraulics 
simulate conditions in a reactor system. The nuclear system LOCA 
response has not been fully experimentally characterized| therefore, 
the typicality of electrical heater rod experiments to duplicate the 
true reactor system response cannot presently be independently 
evaluated. This limitation is particularly important in assuring the 
conservative design of experiments to establish licensing d a t a — a n 
example is the potential effect of cladding ballooning during reflood 
experiments which may further degrade core coolability. It is also 
possible that unwarrented conservatism in the licensing regulations may 
result from limited understanding of the reactor system hydraulics—an 
example may be the current blowdown heat transfer restrictions which do 
not allow for rod rewetting as observed in the LOFT large break 
experiments. 

System simulation experiments are intended to provide 
thermal-hydraulic response data of a reactor system and, in particular, 
to quantify peak cladding temperatures. Although several, small 
nonnuclear experiment configurations have been utilized, the only 
nuclear-electric comparison experiments in which the total reactor 
cooling systems were simulated are the Semiscale-'^^ 5^8,19 ^^^ LOFT 
experiments ••'•0? 11 Comparison of the peak cladding temperatures for 
identical large break LOCA simulations are shown in Figure 10. The LOFT 

1100 T 

Semisoale, S-06-3 (Rod E4-27) 

500 -

400 

300 

'Uncertainty envelope 
for LOFT L2-3 
(Rod 5D6-30) 

_L. _L-
40 80 120 

Time after rupture (s) 

\ . 

160 200 
INEL-A-16 535 

Figure 10. Comparison of LOFT and Semiscale peak cladding temperatures 
for LOFT LOCE L2-3 conditions (39 kW / m ) . 
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results shown in Figure 10 represent the uncertainty envelope in the 
cladding temperature response due to uncertainty in thermocouple 
accuracy, and it is clear that major differences exist between the LOFT 
and Semiscale cladding temperature response. 

The typicality of the Semiscale electrical heater rod response has 
been questioned because of the large differences in cladding 
temperatures between LOFT and Semiscale. Analysis of the experimental 
results from the two systems is in progress to determine if differences 
in hydraulic response between the two systems and/or methods utilized 
to power the electrical heater rods resulted in the large cladding 
temperature difference. The reactor system simulation experiments are 
required to identify integral system hydraulic phenomena that will be 
typical of a large nuclear system. Only through understanding of the 
nuclear system experiments will it be possible to assess the margin of 
conservatism in the licensing process. 

SUMMARY 

Experimental areas have been identified in which electrical heater 
rods are utilized extensively to better understand hydraulic and fuel 
rod cladding behavior during various phases of a light water reactor 
postulated LOCA. Limitations in each of these areas have been 
identified and summarized. Ongoing experimental programs that will 
resolve the simulation issues and identify any limitations of the 
electrical heater rod data have been reviewed. The experiments, for 
the most part, will be conducted during 1981 through 1982 with 
supporting analysis work extending through 1983. 
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Ltd., where he managed the fuel-design program for the 
Bruce and Pickering reactors. While on loan to AEC (now 
NRG), he decided to remain in the regulatory field, a 
decision which led to his present employment with NRC. 

NOTICE 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, or any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or 
responsibility for any third party's use, or the results of such use, 
of any information, apparatus, product or process disclosed in this 
report, or represents that its use by such third party would not 
infringe privately owned rights. The views expressed in this paper are 
not necessarily those of the U.S. Nuclear Regulatory Commission. 
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DESIGN, CONSTRUCTION, CHAEACTERIZATION AND PERFORMANCE OF 
IMFBR BLANKET ASSEMBLY SIMULATOR RODS 
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Madison, Pennsylvania 15663 

ABSTRACT 

A full-sized electrically heated 61-rod model of an IMFBR 
blanket assembly was constructed to perform out-of-reactor 
steady-state heat transfer tests. The blanket fuel rod simu
lators were commercially fabricated and subjected to rigorous 
inspection, characterization and development testing to insure 
uniformity and reliability in operation. The blanket rod simu
lators have given very satisfactory service over a period of 
four years during which seven test runs were completed. 
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1. INTRODUCTION 

A full-sized electrically heated 61-rod model of an LMFBR blanket 
assembly was constructed to perform out-of-reactor steady-state heat 
transfer tests. The test model accurately reflected the configuration 
and dimensions of an LMFBR reference blanket design. In addition, the 
tests were conducted with power inputs, power gradients and sodium flows 
which simulate those anticipated under actual operating conditions in a 
reactor. The test model was instrumented with a large number of thermo
couples to permit measurement of the steady-state temperature distributions 
within the test model. The resulting data are being used to validate 
and/or calibrate subchannel codes of the marching type which are used to 
predict coolant temperatures in the actual blanket assemblies. 

2. SIMULATOR ROD DESIGN AND MANUFACTURE 

The electrically heated rods, shown schematically in Figure 1, 
were designed to operate In sodium and to simulate the dimensions and 
steady-state power and surface heat flux distribution of LMFBR blanket 
rods. The rods had a stainless steel outer sheath, boron nitride 
insulation and a helically wound nichrome heater coil rated at 40 kW 
at 240 volts AC. They were commercially produced by a multipass swaging 
process using powder fill BN. One end of the 0.519-inch diameter (1.318-cm) 
heater was swaged down to 0.44-inch (1.12-cm) to facilitate electron 
beam welding of the heaters into a tube sheet. The heater coil was step 
wound, as shown in Figure 2, to produce an axial chopped cosine power 
output. 

The heater contained nine sheathed thermocouples spot welded to 
the inner wall at three depths of insertion. Two methods were considered 
for attaching the thermocouples to the heater sheath wall as shown in 
Figure 3a and 3b. For the test heaters, the internal thermocouples were 
attached to the heater sheath by a capacitance discharge weld at the 
thermocouple sheath end closure as shown in Figure 3a. Direct attachment 
of the thermoelement wires to the heater sheath (Figure 3b) resulted in 
excessive failure of the wires during assembly and swaging of the heaters. 

Prototype or pre-production heaters were manufactured and used for 
a single rod test in sodium and to construct a seven-rod precursor 
assembly which was also tested in sodium. These preliminary tests were 
intended to develop manufacturing, inspection, assembly and operating 
techniques to qualify the heaters and facility for the more extensive 
61-rod test program. The heaters for the 61-rod bundle (and two auxiliary 
bundles of 5 rods each to simulate adjacent assemblies) were fabricated 
following successful completion of a single rod and seven rod bundle test 
in sodium. 
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HEATER INTERNAL THERMOCOUPLE INSTALLATION 

Heater Slieath O.D. Heater Sheath O.D. 

4860-4 

Figure 3a Figure 3b 

3. ROD CHARACTERIZATION 

The heaters were carefully characterized and ranked prior to selection 
for use in the test bundles. The inspection and characterization were 
based upon quantitative consideration of the results of dimensional and 
resistance measurements, infra-red scans, full-length radiographs and 
thermal search techniques. The heaters for the 61-rod bundle were 
selected primarily on the basis of freedom from I-R scan anomalies and 
uniformity of power, power distribution and dimensions. 

The rod and bundle assembly procedures were set up to permit final 
trimming and/or adjustments of assembly dimensions to insure accurate 
location of the heated zone and thermocouples. A summary of the "as-built" 
dimensions of the heated zone and thermocouple locations is given in 
Table 1 along with the design objectives. Figure 4 and 5 are the infra
red scans of two of the heaters. Figure 4 (Heater No. 284) is typical of 
an acceptable heater with no obvious infra-red anomalies. Figure 5 
(Heater No. 294) shows an unexplained irregularity in the surface 
temperature during transient heating of the clad. This heater was not 
used in the bundle. 



TABLE 1 

BLANKET FUEL ROD SIMULATOR - AS BUILT DIMENSIONS 

Dimension 

Overall Length, in. 

Lead-in Length, in. 

Length of heated zone, in. 

Heater resistance (RT) Q 

Level "A" T/C immersion, in. 

Level "A" T/C angle, deg. 

Level "B" T/C immersion, in. 

Level "B" angle, deg. 

Level "C" T/C immersion, in. 

Level "C" T/C angle, deg. 

Coil concentricity, in. 

Design 

119.50 

62.11 

45.00 

1.400 

61.36 

30.0 

52.03 

270.0 

70.69 

150.0 

0.015 

Mean 

119.47 

62.09 

45.04 

1.3698 

61.30 

35.2 

51.98 

267.4 

70.62 

163.2 

<0.01 

S.D. 

.004 

.009 

.035 

.0008 

.09 

.72 

.01 

.77 

.02 

.95 

High 

119.60 

62.24 

45.50 

1.3810 

61.50 

57.0 

52.22 

281.0 

70.94 

181.0 

Low 

119.36 

61.81 

44.46 

1.3404 

61.05 

25.0 

51.69 

254.0 

70.00 

142.0 

Measurement 
Method 

Direct 

From radiograph 

From radiograph 

Direct 

Thermal search 

Thermal search 

Thermal search 

Thermal search 

Thermal search 

Thermal search 

From radiograph 

tS3 
ON 
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INFRARED SCANS OF HEATER NO. 284 

(Transient Test - Clad Heated) 

0° Orientation 90° Orientation 

Figure 4 - Infra-red Scans of Heater No. 284 
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INFRARED SCAI^S OF HEATER NO. 294 

(Transient Test - Clad Heated) 

0° Orientation 90° Orientation 

Figure 5 - I n f r a - r e d Scans of Heater No. 294 

SIMULATOR ROD PERFORMANCE 

The blanket rod simulators have given very satisfactory service 
in the Single Rod, Seven Rod and 61-Rod tests. A summary of the 
operating histories for these tests is given in Table 2. In the 61-Rod 
steady-state heat transfer test program the blanket rod simulators have 
operated over a period of four years during which seven test runs were 
completed with more than 526 hours of operation at power. The heater 
resistances, as shown in Figure 6, appear to be stable in spite of 
numerous start-up/shutdown and cycling operations. The majority of 
thermocouple failures occurred during assembly or initial operation for 
both the heater internal and wire wrap thermocouples as shown in Table 3, 



TABLE 2 

BLANKET FUEL ROD SIMULATOR ESTIMATED OPERATING TIME 

Test Phase 

Single Rods 

7 - rod 

61 - rod 

Total Power 

200 
100 
10 

kW 

36 

56 

440 
- 400 
- 200 
- 100 

Peak Power 
(Max.) Per Rod 

kW/% 

36/90 

Peak Sodium 
Temp., °F 

1100 

Estimated 
Operating Time, Hr. 

Estimated total time at power (>50%) 

8/20 

13/33 
11/28 
5.9/15 
20/5 

Estimated total 

1100 

800 
800 
800 
1050 

time at power 

Estimated total time at zero power 

>1600 

3600 

50 

160 
216 
48 
102 

526 

6000 
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TABLE 3 

BLANKET FUEL ROD SIMULATOR 
THERMOCOUPLE LOSS RATE 

Internal Thermocouples Number %Lost 

Total no. of thermocouples installed during 639 
MFG (71 rods) 

Number lost during MFG and assembly 18 2.8 
(through 8/76) 

Total no. of thermocouples available for 320 
operations (71-rods) 

Number lost during installation and initial 17 5.3 
operation (8/76-4/78) 

Estimated number lost during subsequent < 5 <1.6 
operation (5/78-10/80) 

Wire Wrap Simulator Thermocouples 

Total no. of W/W simulator thermocouples (55 X 3 =) 165 

Number lost during installation and initial 
operation (8/76 - 4/78) 42 25.4 

Estimated number lost during subsequent < 3 < 1,8 
operation (5/78 - 10/80) 
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TESTING AND ANALYSIS OF THE SEMISCALE 

MOD-1 HEATER ROD DESIGN^ 

T. K. Larson 
EG&G Idaho, Inc. 

Idaho National Engineering Laboratory 
Idaho Falls, Idaho 83415 

ABSTRACT 

The use of electrically heated nuclear fuel rod 
simulators in the Semiscale Program is traced from a 
historical viewpoint. The design of the Semiscale Mod~l 
electrical heater . rod and core simulator is discussed. 
Heater rod thermal response during transient 
thermal-hydraulic depressurization experiments conducted in 
the Mod~i system, and analysis techniques and tests 
conducted to help quantify heater rod characteristics and 
behavior are presented. 

a. Work supported by the U.S. Nuclear Regulatory Commission, Office o 
Nuclear Regulatory Research, under DOE Contract No. DE-ACO7-76IDO1570. 
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INTRODUCTION 

Experimental facilities are widely used in the nuclear reactor 
safety industry. Usually, these facilities produce separate effects 
and integral system thermal-hydraulic data that are used in the 
development and assessment of computer codes used to predict the 
consequences of off-normal operation or hypothesized occurrences in 
pressurized water reactors (PWRs). These experimental facilities 
usually have a heat generation source to provide for coolant heating 
and the attainment of pressure and temperature conditions similar to a 
PWR. Many such experimental systems use nuclear core simulators 
composed of electrical resistance heaters rather than actual nuclear 
fuel rods for obvious reasons such as safety considerations; ease of 
operation^ etc. The Semiscale Program, which is conducted at the Idaho 
National Engineering Laboratory by EG&G Idaho, Inc., for the United 
States Nuclear Regulatory Conmission and the Department of Energy, has 
used electrical resistance heaters for more than a decade in the 
various Semiscale systems used to conduct nuclear reactor safety 
research. These resistance heaters have been used for a variety of 
purposes - especially in the simulation of nuclear fuel bundles. The 
heater rods used in the various Semiscale systems have been subjected 
to a variety of special testing procedures in addition to the normal 
transient experiments conducted as a part of the nuclear safety 
research program. As a result, considerable experience has been gained 
regarding electrical heater rod design, reliability, control, and 
analysis. 

The remainder of this paper deals particularly with the experience 
that has been gained regarding the use of fuel rod simulators in the 
Semiscale Program. For completeness, a brief history of the Program is 
given and the designs of the different heaters used over the years are 
discussed. Finally, the testing and analysis done on the most current 
rod design are addressed. 

HISTORICAL BACKGROUND 

The first generation, heated core Semiscale facility (known as 
Single Loop Semiscale)^ was operated from 1969 to 1971. This 
facility was used to perform numerous depressurization transients 
(blowdowns) to investigate system mechanical response, as well as 
emergency core coolant (ECC) delivery behavior. Core heat in this 
facility was simulated by an array of 121, 1.118-cm-diameter, 23-cm-
long rods, arranged in a 2.461-cm triangular pitch. The total 
electrical power capability of this system was 1.5 MW, Although a 
considerable amount of useful data was obtained from the experiments 
conducted in this facility, the core and other components were not well 
scaled geometrically or kinematically. 

A new system, the Semiscale 1-1/2 Loop system was constructed in 
1971. This system had a 1.68-m-long core composed of 32, 1.07-cm-
diameter rods arranged on a 1,43-cm pitch. Except for the length, 
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which was based on the Loss-of-Fluid Test^ (LOFT) fuel bundle, the 
rod diameter and pitch spacing were typical of PWR fuel. Only limited 
testing was performed in this facility because the bundle was burned 
out during checkout testing. The core problems were traced to numerous 
causes, including cladding surface thermocouple mounting and welding 
techniques and the core power supply design. The welds on the 
thermocouples were thought to leak and promote moisture absorption by 
the material insulating the resistance filament from the metal clad
ding. The leakage path was then an avenue for the rod to fail by 
electrical shorting from the filament to the cladding. The power sup
ply was designed so that when a rod (or rods) failed, the remaining 
intact rods absorbed the extra power available. In this fashion, many 
of the rods were thought to have been overpowered from a design maximum 
linear heat rate of 62 kW/m to as much as 131 kW/m. Such overpowering 
was speculated to have caused resistance filament melting and eventual 
rod failure. 

A redesign of the heaters, power supply, vessel, loops, and steam 
generator resulted in a system known as Semiscale Mod-1,^ completed 
in 1974. Like the Semiscale 1-1/2 Loop system, this facility had 
1.68-m-long rods of typical PWR pitch spacing and diameter. The 
cladding thermocouple installation and the power supply were, however, 
quite different than the 1-1/2 loop system. (The design will be 
discussed in more detail in the next section.) More than 50 
blowdown-type tests and 12 separate effects reflood tests were con
ducted in the Mod-1 system.'̂  The heater rod response and cladding 
temperature behavior during these experiments provided a large data 
base for rod behavior investigations. 

The Mod-35 Semiscale system replaced the Mod-1 system in 1977. 
The heater rods in this system were basically identical to the Mod-1 
rods, with the exception of the length and axial power profile. Both 
rod designs had an axially stepped, cosine power profile, but the Mod-3 
rods were 3.66 m in length and the Mod-1 rods, as discussed above, were 
1.68 m in length. Also, the Mod-3 rods had an axial peak-to-average 
power ratio of 1.55, whereas the Mod-1 rods had a peak-to-average power 
ratio of 1.58. Many experiments, including large break blowdown (3), 
reflood (3), large break integral blowdown-reflood (4), small break 
(12), and Three Mile Island transient simulation (10), have been 
conducted with the Mod-3 system.° The heater rods have proven to be 
both durable and reliable during the conduct of these tests. 

SEMISCALE HEATER ROD DESIGNS 

Three basic heater rod designs have been used in the Semiscale 
Program. The design and operating conditions for these rods are 
described in this section. 
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23-cm Heater Rods 

The configuration and heater rod design used for the core con
figuration in the Semiscale Single Loop Test Facility are shown in 
Figure 1. The electrically heated core consisted of 121 heaters 
arranged in a triangular pitch of 2.461 cm, as shown in Figure 1. The 
heaters were cartridge types, consisting of 23-cm Nichrome resistance 
elements located 15.24 cm from one end of 165-cm-long, 1.118-cm-
diameter (OD), 0.165-cm-thick, Inconel sheaths. The heating element 
was insulated with boron nitride and the remainder of the cartridge was 
insulated with magnesium oxide. The heaters had a flat axial power 
profile and were capable of operating at a linear heat rate of 
54 kW/m. Twenty of the heater rods were instrumented with four 
ChromeI-Alumel thermocouples located within the sheath and with one 
Chrome1-AlumeI thermocouple located on the interior of the sheath. The 
thermocouples within the sheath were swaged in grooves milled in the 
sheath, whereas the interior thermocouples were placed against the 
sheath with the lead wires routed through the insulation, 

1.68-m Heater Rods 

The heater rod bundle used in the Semiscale 1-1/2 Loop system 
consisted of 32 heaters, as shown in Figure 2, whereas the bundle used 
in the Semiscale Mod~l system consisted of 40 heaters, as depicted in 
Figure 3. The rods in both systems had 1.68-m-long heated lengths and 
were of similar construction except for the sheath (cladding) design 
and thermocouple installation technique. The Mod-1 rod construction is 
shown in Figure 4. The overall length of the rods was about 526 cm, 
extending from the bottom of the heated section to the vessel upper 
plenum where they passed out the vessel upper head. The rods were of 
typical PWR fuel rod diameter (1.08 cm) and pitch (1.43 cm). 

The rod heating element was constructed of constantan wire 
(55% copper, 45% nickel), coiled with a varying pitch, and sized 
(either AWG #12 or #14) to develop the specified axially stepped, 
chopped cosine power profile shown in Figure 5. The axial power 
peaking factor of the rods was 1.58. Compacted boron nitride sur
rounded the element and insulated it from a composite sheath (0.089 cm 
thick). A mica moisture seal was located at the heater terminal end. 
The filament was brazed to the lead-in conductor and to the ground lead 
extension. A 2,54-cm square tab was brazed to the top end of each 
lead-in conductor, and the copper cables from the power supply were 
bolted to the tabs. The grounding plug was welded to the ground lead 
extension and to the composite sheath, and the ground lead extension 
was threaded to provide for termination of a copper grounding wire. 
The composite sheath (Figure 4) was manufactured from 316L stainless 
steel. The inner sheath was creased along the total rod length 
(coEcavely) at four locations spaced azimuthally around the rod 
circumference to accept four, 0.064-cm-diameter, laser beam tack welded 
thermocouple assemblies. The thermocouple leads exited the heater 
assembly at the heater terminal end (Figure 4). The creases from the 
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Figure 2. Semiscale 1-1/2 Loop core configuration. 
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Figure 3. Semiscale Mod-1 vessel cross section and core layout. 
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thermocouple junction to the grounded end of the inner sheath were 
filled with 0,064-cm welding wire, which was laser beam tack welded in 
place. The outer sheath was positioned over the inner sheath after 
installation of the thermocouples, and the composite assembly was 
redrawn. The thermocouples provided rod cladding temperature 
measurements at four different axial locations along the 1.68-cm heated 
length of the heater rods. 

The 40 rods were positioned and held in the core with 10 grid 
spacers that maintained the heaters on a typical PWR pitch (1.43 cm), 
as was shown in Figure 1. Figure 6 illustrates the heater rod matrix 

\ heated lenath 
INEL-A-16 317 

Figure 6. Semiscale Mod-i heated core - plan view showing 
instrumentation. 
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and cladding thermocouple locations. The heater rods were located 
within the matrix by reference to the row of letters across the top and 
the column of numbers down the side of the matrix (Figure 5). 
Similarly, the thermocouples were located by the rod they are on and by 
their elevation above the bottom of the heated length of the core. The 
thermocouple on Rod D5 at the 73.7-cm elevation was thus referred to as 
TH-D5~29, where TH means a core heater cladding temperature, D5 refers 
to the rod upon which the thermocouple is located, and 29 gives the 
thermocouple elevation in inches above -the core bottom. (The arrows in 
Figure 5 indicate thermocouple azimuthal locations.) 

A heat shield assembly composed of 0.117-cm-thick stainless steel 
surrounded the rod matrix and reduced the core flow area to 
47.68 cm^. The four centrally located rods (the high power rods) 
individually produced 66.23 kW (62.5 kW/m maximum linear heat rate) at 
173 Vdc (nominal resistance of 0.453 ohms), and the remaining 36 rods 
(the low power rods) each produced 36.9 kW (34.8 kW/m maximum linear 
heat rate) at 173 Vdc (nominal resistance of 0.811 ohms). These 
different profiles allowed the simulation of the radial peaking that 
exists in nuclear cores. A sufficient factor of safety was built into 
the rods to allow for the implementation of a flat radial power profile 
on the core simulator if desired. When assembled in the core 
simulator, the 40 rods produced a total core power of 1.6 MW. 

3.66-m Heater Rods 

As stated earlier, the 3.66~m rods used in the Semicale Mod-3 
system are of the same basic design as the 1.68-m rods. The major 
differences are the length of the heated section, the number of thermo
couples (6) along the heated length, the number of rods, and the 
operating voltage. Twenty-four rods capable of producing 116 kW each 
(49.2 kW/m peak linear heat rate) at 380 Vdc were employed in the Mod-3 
system. The nominal element resistance was 1.245 ohms. 

TESTING OF THE CURRENT ROD DESIGN 

Qualification testing and rod response and analysis during num
erous transient tests that have been conducted using the heater rod 
design will be discussed in this section. Since the majority of the 
testing and analysis has been conducted on the Mod-1 heater rod design, 
the discussion will be limited to the 1.68-m rods. 

Qualification Tests 

The Mod-1 heater rods were tested at Columbia University to dem
onstrate their capability to operate in the expected test environment 
and to obtain supplemental data, such as thermocouple reliability, on 
heater performance. Heater rod prototypes were subjected to a series 
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of warmup, blowdown, and reflood thermal cycles similar to conditions 
under which the rods would operate in the Semicale Facility. A sec
ondary objective of the tests was to obtain information regarding the 
rod failure margin during repeated operation at excessively high rod 
temperatures (above design values). 

The heater testing was performed in the Chemical Engineering 
Research Laboratory at Columbia University. The heaters were instal
led in a small bypass loop that was, in turn, attached to a larger 
pressurized water test loop, shown in Figure 7. The larger loop pro
vided the source of high pressure hot water for flow through the heater 
test section. Isolation valves were provided to permit a blowdown of 
the test section without also blowing down the main loop. A source of 
simulated emergency core coolant injection water was also provided. 
Parameters measured and recorded during the tests, in addition to the 
heater sheath thermocouple measurements, included test loop inlet and 
outlet water temperatures, loop pressures, flow rates of the 
circulating and reflood water, and the time of test section blowdown 
initiation. Each test cycle consisted basically ofs (a) warmup to 
full power; (b) system blowdown with full power on the heaters until a 
preselected cladding temperature was obtained, with a reduction to 
6% power thereafter; (c) a water reflood initiated at a cladding 
temperature of 1230 K| and (d) a reduction to zero power at a cladding 
temperature of 1310 K. 
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Figure 7. Test system diagram. 
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The minimum acceptable service life for the heater was specified 
as ten blowdown cycles. To successfully pass the qualification test, 
each heater was required to be operable within +10% of the rated power 
at rated voltage after completion of the series of ten blowdown 
cycles, A bundle of three heaters that sucessfully passed this qual
ification test program with zero failures would provide a 95% confi
dence level that the mean time between failures of a heater would be 
equal to or greater than ten blowdown cycles under the most severe 
blowdown conditions expected. Minor dimensional or electrical changes 
were not considered to be test failures. 

Heater Qualification Test Results 

A bundle consisting of three low power heaters was subjected to 
eleven test cycles. No heater failures occurred and the average and 
maximum rod electrical resistance changes were 1.5 and 3.6% of the 
initial value, respectively. Of a total of 12 cladding thermocouples, 
3 of them failed during the 11 tests. Posttest examination of the rods 
indicated no apparent damage, although rod bowing was evident, as was 
expected. 

A three-rod, high power heater bundle was subjected to the same 
test conditions as the low power bundle. One of the heaters failed (at 
an indicated cladding temperature of 950 K) during steady state, 
full-power operation prior to the ninth test. Posttest investigation 
revealed that an instrumentation error had inadvertently caused the 
bundle to be subjected to 120% of the specified test power, which 
probably contributed to the heater failure. Examination revealed that 
a 0.65-cm hole had been burned in the high power zone of the failed 
heater. The two undamaged rods were subjected to the required ten 
cycles, and no additional failures occurred. The average electrical 
resistance change was found to be 0.42% of the initial resistance value 
for the two unf ailed rods. As with the low power bundle, three 
thermocouples failed during the high power bundle tests; one of the 
failed thermocouples was due to the heater failure. Posttest 
examination showed that all of the heaters were bowed in the high-power 
zone. 

Heater Destructive Test Results 

The destructive tests were basically the same as the qualification 
tests and were conducted on a high power rod to determine an 
appropriate maximum cladding temperature at which the heater power 
should be reduced to a low value in order to prevent rod failure. The 
full-power trip was initially set at 1033 K, and was then increased by 
14-K increments for each additional test. The heater failed during the 
sixth test at an indicated temperature of 1116 K. Examination of the 
failed rod showed that significant arcing had occurred in the high 
power zone and had produced a large hole in the cladding. 
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Conclusions reached from the results of the qualification test 
were that even though one rod failed, the fact that it survived eight 
tests at 120% of maximum power was sufficient to warrant acceptance of 
both the low and high power heaters. On the basis of the test results, 
the 950-K cladding temperature was selected as the full power operation 
cladding temperature limit in lieu of the 1033-K value. This limit was 
increased to 1033 K after significant operating experience with the 
full core indicated that it was safe (and necessary) to do so. 

TRANSIENT TESTS 

As stated in an earlier section, more than 50 blowdown-type 
experiments and 12 separate effects reflood experiments were conducted 
in the Semiscale Mod-1 facility. The first series of experiments in 
which the heated core was used was denoted Test Series 2 (the Blowdown 
Heat Transfer Test Series)^, and the heater rod behavior during this 
group of tests has been carefully analyzed.® It was during this 
series of experiments that control techniques required for the 
simulation of nuclear rod behavior with the electrical heaters were 
determined, rod cladding temperature behavior was analyzed from a rod 
construction viewpoint (in addition to thermal-hydraulic effects), and 
estimates of uncertainties in actual rod geometry and electrical 
properties were addressed. The following sections discuss some of 
these areas. 

Transient Power Control 

One of the requirements for using electrical resistance heaters in 
the simulation of PWR fuel transients is that the surface temperature 
of the electrical heater rods behave in a fashion similar to that 
expected of nuclear rods. An examination and comparison of the thermal 
properties of the materials used in the construction of the electrical 
and nuclear rods suggests that the power supplied to an electrical rod 
in the simulation of a transient cannot simply be equivalent to nuclear 
fuel decay heat. This is evident from an examination of the thermal 
properties in Table 1, which presents a comparison of the thermal 
conductivity, density, specific heat, and thermal diffusivity at two 
different temperatures for the principal components of the nuclear and 
electrical rods. The values in Table 1 show that the thermal 
conductivity, specific heat, and density of the principal rod 
components by volume (boron nitride and uranium dioxide) are 
significantly different; the thermal diffusivity of UO2 is nearly a 
factor of three less than that of boron nitride. A comparison of the 
calculated steady state radial temperature profiles (Figure 8) for an 
electrical rod and a nuclear rod operating at 36.1 kW/m linear heat 
rate illustrates the effect of the property differences on the 
temperature and stored energy distributions. An additional property 
limitation of the electrical rod is that due to filament limitations 
(melting); the peak centerline temperature limit is lower than that for 
a nuclear rod. 



TABUE 1. COMPARISON OF SEMISCALE HEATER ROD AND NUCLEAR FUEL ROD MATERIAL THERMAL PROPERTIES AT TWO 
DIFFERENT TEMPERATURES 

Thermal 
Conduc t iv i ty , k 

(W/m-K) 

600 K 

13.25 
5.45 

17.74 
16.95 

900 K 

10,2 
3.72 

21.19 
20.41 

Den s i 

(g / 

600 K 

2.01 
10,96® 

8.03 
6.56 

t y , p 

cm ) 

900 K 

2,01 
10.96® 

8.03 
6.56 

Spec i f i c 1 
( J / k g 

600 K 

1435 
296.9 

543.7 
317.8 

teat, cp 
• K) 

900 K 

1835 
313.7 

595,9 
347.1 

Thermal Diffusivity, a 

(cm /s) 

600 K 900 K 

Boron nitride 13.25 10,2 2.01 2,01 1435 1835 4,59 x 10~2 2,77 x 10"^ 
Uranium dioxide 5.45 3.72 10,96® 10.96® 296.9 313.7 1.67 x lO'^ 1.08 x 10~2 

Stainless steel (316L) 17.74 21.19 8.03 8.03 543.7 595,9 4.06 x 10~2 4.43 x 10~2 
Zircaloy-4 16,95 20.41 6.56 6.56 317.8 347.1 8.13 x 10"^ 8.90 x 10"2 

a. Theoretical. 

^ 
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Figure 8. Comparison of nuclear and electrical rod radial temperature 
profiles. 

The criterion for selecting an electrical rod power control is 
that it must cause the surface temperature of an electrical rod to 
approach as closely as possible the surface temperature calculated for 
a nuclear rod. This criterion was met by matching the transient 
surface heat flux calculated for an electrical rod with that calculated 
for a nuclear rod, assuming both rods were subjected to the same 
transient boundary conditons. These calculations were performed using 
one-dimensional analytical heat conduction models of the electrical and 
nuclear rods. In all cases, the power decay curve applied to the 
nuclear rod was the proposed standard power decay discussed in 
Reference 9. Since the Semiscale electrical heater rods had a fixed 
axial peaking factor of 1.58, use of the technique described to specify 
the core power control allows the electrical and nuclear rod surface 
heat fluxes to be matched at only one axial location. The rod axial 
location of peak power generation (the hot spot) was the point at which 
the nuclear and electrical fluxes were matched, because the cladding 
temperature response at this location was of prime concern during the 
Blowdown Heat Transfer Test Series. 

The initial core power profile used in the Semiscale Blowdown Heat 
Transfer tests was derived using the method of heat flux matching 
described above, assuming that the heat transfer mechanism at both rod 
surfaces was nucleate boiling for the entire blowdown transient. As a 
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result of this assumption, the power profile caused the electrical rod 
response to closely simulate a nuclear rod only up until the time at 
which departure from nucleate boiling (DNB) occurs. To provide better 
representation of a nuclear rod, improved post-DNB core power controls 
were used for later experiments. In the improved case, measured data 
(core fluid temperature, rod heat transfer coefficients, etc.) from 
experiments were used as transient input boundary conditions for the 
analytical models, A comparison of the nuclear decay heat, the initial 
electrical power, and the improved electrical power is shown in 
Figure 9, An obvious drawback of this method of power control is that 
it is applicable only for one particular transient, and an iterative 
procedure must be used to define the appropriate power. An improved 
technique for controlling the electrical power during blowdown 
experiments is discussed in Reference 10. 
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Figure 9. Normalized transient core power. 



49 

Heater Rod Behavior During Blowdown Tests 

Both hot and cold leg break loss-of~coolant transients were con
ducted during the course of the Semiscale Mod-1 program. The heater 
rod behavior during the hot leg break experiments was generally as 
expected. A sustained positive core flow caused the cladding temper
ature to essentially follow system saturation temperature until com
plete core dryout (fluid quality approached unity) caused the cladding 
to begin heating up. The core behavior during cold leg break experi
ments was generally characterized by departure from nucleate boiling 
shortly after the initiation of the transient (0.5 to 3.0 s), and a 
resultant rod cladding temperature increase to values approaching 
1050 K. A comparison of typical rod cladding temperatures for the hot 
and cold leg break experiments is shown in Figure 10, In many cases 
during the cold leg breaks, rewetting (a phenomenon whereby sufficient 
liquid comes into contact with the rod surface after DNB to cause a 
significant increase in the heat transfer rate until rod surface dry-
out again results in a degradation in heat transfer) of various heater 
rods occurred. The occurrence of rewetting causes energy that would 
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Figure 10. Comparison of rod high power zone temperature response for 
hot and cold leg break loss-of-coolant experiments. 
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otherwise be stored in the rod (consequently contributing to rod tem
perature rise) to be removed. Rewetting is then an important consid
eration because a rewetted condition generally results in lower rod 
cladding peak temperatures. This difference in cladding peak temper
ature is illustrated in the Figure 11. The results shown in the figure 
were somewhat unexpected in that although the thermocouples shown are 
on adjacent rods, the thermocouples face the same fluid subchannel and, 
therefore, should experience similar fluid conditions. One postulated 
explanation for the behavior was that signficant differences existed in 
the rod local linear heat rate. However, detailed analysis of rod 
local linear heat rates (discussed below) have failed to explain the 
behavior shown in Figure 11, 

Azimuthal, radial (core wide), and axial variations in the rod 
rewet behavior were noted during the numerous experiments conducted. 
Slight azimuthal variations were verified by studying cladding tem
perature behavior on a rod that had more than one thermocouple at 
nearly the same axial location. The behavior differences were noted to 
be ratner minor and can be attributed to slight local fluid condition 
variances and possible thermocouple radial location variances (although 
data presented in Reference 11 suggest that thermocouple location 
influences should be minor). 
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Figure 11. Comparison of the response of two 73.7~cm elevation 
thermocouples that both face the core central fluid 
channel. 
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Radial distributions of the core DNB and rewet behavior were 
investigated by considering selected groups of rods and tabulating the 
rewets in each group. Grouping of the rods on a quadrant basis (i.e., 
upper left, lower left, upper right, and lower right as shown in 
Figure 6) indicated that more rewets (on a percentage basis) occurred 
in the upper left and lower right quadrants. Analysis of the average 
rod electrical resistance suggested that this behavior could have been 
partially attributed to lower power generation (higher resistance) in 
these quadrants, although the quadrant-to-quadrant resistance variation 
was relatively small. 

Grouping the rods in other ways failed to reveal any pattern in 
the radial rewet behavior. The rewet distributions did not seem to 
correlate with any physical rod parameters. In fact, it appeared that 
any radial pattern may have been overshadowed by the effects of axial 
location of the thermocouples within a given power zone and the axial 
rewet distribution in general. Analysis of DNB and rewet character
istics of all thermocouples from several similar experiments showed a 
pronounced trend in rewet behavior as a function of axial position. 
The heated length of the core could be divided into distinct axial 
regions on the basis of DNB and rewet phenomena occurring within these 
regions. These divisions did not necessarily coincide with the axial 
power step divisions. The heated length of the core could be 
categorically divided into the following regimes; 

1. Early DNB without rewet 

2. Early DNB without rewet and early DNB with rewet 

3. Delayed DNB and early DNB with rewet. 

The axial distribution of rewet behavior is shown in Figure 12. 
The different shaded regions in this figure correspond to the regimes 
discussed. The figure shows that a definite axial pattern existed in 
the Semiscale core rewet phenomena. This axial dependence existed for 
all of the flat radial power profile tests conducted, suggesting a 
strong relationship between local power density, fluid conditions, and 
whether or not a rod is able to rewet. Two definite regions existed 
(approximately 0 to 27.9 cm and 43.6 to 66.0 cm above the bottom of the 
heated length) in which rewets did not occur. Apparently, the fluid 
quality and power density in these regions were such that rewetting was 
prohibited. However, thermocouples at elevations between 33 and 
38.1 cm and between 68.6 and 78.7 cm contained a mixtu- of rewets and 
some nonrewets. The relationship between fluid quality and power 
density here must have been such that rewetting is possible but not 
certain. Upper core thermocouples between 81.3 and 99.1 cm indicated a 
variety of responses, including delayed DNB and early DNB with rewets. 
Thermocouples at elevations above 99.1 cm indicated either delayed DNB 
or no DNB. The variation in thermocouple response noted for the upper 
core elevations was probably due to radial variations in fluid 
conditions. 
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In addition to the suspected strong relationship between rod power 
density and fluid quality with reference to the rod rewet phenomena, 
flow maldistributions in the core due to the grid spacer locations 
could possibly infuence the occurrence of rewetting. Three grid 
spacers were located along the heated length of the rods at elevations 
of 44,2, 86.4, and 128.5 cm above the core bottom. The grids at 44.2 
and 86,4 cm were located directly above the two zones in the core in 
which a mixture of both rewets and nonrewets occurred. The presence of 
the grids could possibly bias the flow in a reverse core flow situation 
in such a manner as to affect the rewetting characteristics for some 
distance downstream of the actual location of the grid spacer. 

A reasonable additional postulation is that if the proper combi
nation of fluid and heater rod surface conditions exist (such as sur
face flux and surface roughness), rewetting could propagate axially 
from upper core elevations to lower core elevations. The point of the 
rewet penetration into the high power zone on the Semiscale heater rods 
appeared to be a function of the initial peak power density. If the 
peak power density is plotted against the high power zone elevation 
below which rod rewetting does not occur, the result is a straight line 
as shown in Figure 13. This result tends to indicate that the 

Peak power (kW/m) 

Figure 13. Axial penetration of rewets into rod high power zone 
versus rod peak power density. 
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relationship between power density and fluid quality plays an important 
role in determining whether or not a rod will rewet. The axial quality 
gradient was not expected to be significantly different for any of the 
100% power tests? however, as shown in Figure 13, differences in the 
peak power density had a noticeable effect on the rewet behavior during 
the rod peak power step. Comparisons of cladding thermocouple DNB and 
rewet behavior from three similar experiments indicated that the core 
thermal response during the Blowdown Heat Transfer Test Series was 
repeatable. The cladding temperature response was shown to be 
repeatable, with a few exceptions at all axial elevations in the heated 
core. Although some exceptions were noted along the upper 10 cm of the 
rod high power zones, the rewet phenomena that occurred at the rod hot 
spots during the three experiments were shown to be highly repeatable. 

The numerous blowdown tests conducted in the Mod-1 system verified 
the repeatability of the core thermal response and the heater rod 
design. Throughout the course of the repeated rod heatup and cooldown 
cycles (more than 15 in Test Series 2 alone),® only three heater rods 
failed (due to resistance element electrical shorting to the 
cladding). The cladding thermocouples and installation procedures were 
also shown to be reliable since more than 50% of the thermocouples were 
still functional when the original core was replaced. 

Analysis of Rod Local Power Density 

The thermocouple response shown in Figure 11 and the rewet 
behavior of the core in general prompted the conduct and analysis of 
special tests in search of reasons to explain the thermocouple behav
ior differences. In particular, the analysis was directed toward an 
attempt to identify heater rod power density variations. 

The data used in the analysis of the Semiscale heater rod power 
density variations included 

1. Steady state cladding temperature values 

2. Power pulse test data 

3. Heater rod infrared scan profiles 

4. Heater rod X-ray photographs 

5. Dry core heatup data. 

a. Some of the heater rods used during the Blowdown Heat Transfer Test 
Series were used in subsequent reflood and integral blowdown-reflood 
tests, and were therefore subjected to many more cycles. 
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Comparison of the steady state cladding temperatures from all of 
the thermocouples at a given core elevation indicated some variation in 
the initial values of the temperature from rod to rod. The tem
perature variations, although relatively small, seemed to imply that 
differences did exist in the characteristics of individual rods. 
However, many possible reasons exist for the variation in steady state 
temperature. A few possibilities ares 

1. Radial location of the thermocouple beneath the cladding 
surface 

2. Local power density variations 

3. Thermocouple contact resistance 

4. Azimuthal location of the thermocouple in relation to the 
heater coils 

5. Thermocouple measurement errors 

6. Flow maldistribution within the core 

7. Errors in the actual thermocouple elevation 

8. Variations in the individual rod material thermal properties. 

Power Pulse Test Data Analysis 

Special tests (termed "power pulse" tests) were conducted on the 
electrical core prior to each blowdown in an attempt to detect changes 
in the rod material thermal properties. The tests were conducted by 
applying a step change to the core voltage, maintaining the voltage for 
about 10 s, and then returning the voltage to its initial value. These 
tests were conducted while the core was operating at low power (about 
150 kW), and the peak power applied to the core was generally about 
550 kW. Figure 14 shows the response of thermocouples at the same 
axial elevation (74 cm) on two different rods (D4 and D5) to the pulse 
test conducted prior to a blowdown test. Also shown in the figure is 
the predicted response, which was calculated with a one-dimensional 
heat conduction model of the Semiscale electrical rod. The prediction 
agrees quite well with the behavior of the thermocouple on Rod D5. The 
power input to the model had to be reduced by about 13% in order to 
duplicate the measured behavior of the thermocouple on Rod D4. 
However, the power generation of Rod D4 was not necessarily 13% lower 
than that of Rod D5. In applying the conduction model, the assumption 
was made that the two rods were identical in terms of material 
properties, thermocouple location, and thermocouple contact 
resistance. This assumption probably did not represent the true con
ditions exactly. The difference in response of Rods D4 and D5 during 
the pulse test was, however, in agreement with the behavior of the rods 
as indicated by the thermocouples during blowdown (the thermocouple on 
Rod D5 did not experience rewet). 
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Figure 14. Measured and predicted response of Thermocouples 
TH-D4-29 and TH-D5-29 during pulse test. 

The response of the hot spot to the power pulse tests was ana
lyzed by computing the maximum temperature difference (AT) attained 
during the course of the pulse test. The following equation was used 
to calculate the temperature difference. 

AT« [ T ^ ^ - T ^ ( Z ) ] ^ - [ T ^ ^ - T ^ ( Z ) ] 2 (1) 

where 

••TC 

Tf(Z) 

measured thermocouple temperature 

fluid temperature at the thermocouple elevation, 

The subscripts 1 and 2 refer, respectively, to the time prior to 
application of the power pulse and to the time when the temperature had 
stabilized after the power pulse was applied. The temperature differ
ences attained at the rod hot spots are shown plotted against 
individual heater rod electrical resistance in Figure 15. Those hot 
spots that experienced rewet during the blowdown are also shown in 
Figure 15, The data indicate substantial variation in the values of 
the pulse AT of the individual rods. Seven of the twenty-four values 
plotted had a deviation from the mean AT value (32 K) that was larger 
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Figure 15. Heater rod hot spot temperature difference during pulse 
test versus rod electrical resistance. 

than one standard deviation®. Also, four of the thermocouples that 
experienced rewet indicated a pulse AT above the average. If the pulse 
AT response was a good indication of rod power variation, then more 
rewets would probably be expected to occur on rods whose thermocouples 
indicated a lower-than-average pulse AT. Also, the larger the rod 
resistance (lower power generation), the lower the pulse AT would be 
expected to be. The data in Figure 15 do not reflect this expected 
correlation between rod resistance and pulse AT. The lack of agreement 
in the rewet, power pulse AT, and total rod resistance data led to an 
investigation of the local power density variation (variation within a 
given power step) on the Semiscale heater rod high power zones. 

Heater Rod X-Ray and Infrared Scan Analysis 

Both X-rays and infrared scans of the Semiscale heater rods were 
used in investigating the existence of local power density variations 
on the Semiscale rods. The infrared scan tests, conducted as part of 
the heater rod acceptance tests, were conducted by taking a series of 
infrared photographs of the heater rod while power pulses were applied 
to the rod in an air environment. Figure 16 shows an infrared scan of 

a. Hypothesis testing can be used to relate the sample mean to the 
nominal calculated mean from Figure 14. The null hypothesis that the 
calculated mean is the true sample mean must be rejected, however, 
indicating that the conduction model may require basic revision. 
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one of the heater rods. Locations where abnormalities were detected on 
the infrared scans, such as that indicated in Figure 16, were then 
investigated on the X-rays of the rods. In many instances, variations 
on the infrared scans could be correlated with differences in the local 
pitch on a given rod power step. For example, examination of the X-ray 
for the rod infrared scan shown in Figure 16 revealed that the pitch of 
the resistance wire in tne rod varied about 6% in the vicinity indicated 
by the hump on the scan. Table 2 indicates the variation in effective 
coil wire length based on the measured pitch variations. Similar 
results were noted on other rods that were analyzed in this manner. 
Table 3 presents a comparison of the pitch and wire lengths of the high 
power zone resistance wire for several of the high power rods. The 
variations noted in the resistance wire pitch are not intolerable as 
far as the Semiscale tests were concerned. However, an important con
cern in the application of the analytical technique used to calculate 
rod heat transfer coefficients, surface fluxes, and surface tempera
tures from the measured data is the axial location of the thermocouples 
in relation to the power density variations. If the power input to the 
analytical model does not accurately reflect the rod power density, 
then incorrect results are obtained for the calculated rod surface flux 
and surface heat transfer coefficients. Attempts to improve the power 
input values for the analytical technique and perhaps partially account 
for thermocouple location relative to power density variations required 
a special Semiscale dry core heatup test. 

Dry Core Heatup 

The dry core heatup was conducted on the Semiscale system by step
ping the core power from a low value to a higher specified value, main
taining the power for a short time, and then shutting the power off. 
This test was conducted with air as the medium surrounding the heater 
rods I the test was then essentially an adiabatic heatup of the core. 
The core was also reflooded at a very low flood rate subsequent to the 
power shutdown. The reflood portion of this test allowed quench times 
of the thermocouples to be compared for verification of their elevation 
in the core. New power factor multipliers were calculated by evaluating 
the slope (AT/At) for each hot spot temperature measurement during the 
heatup portion of the test and then normalizing the individual slopes 
to the average slope. Consequently, a new power multiplier of less 
than 1.0 would indicate that, according to the thermocouple response 
during the dry heatup, the power density on that particular rod was 
somewhat less than the nominal desired power density. Similarly, a 
power multiplier larger than 1.0 would indicate a power density larger 
than nominal. The power multipliers calculated in this manner were 
verified by using them in conjunction with the analytical inverse heat 
conduction calculations to determine whether essentially zero rod sur
face heat fluxes were calculated as they should be, because the heatup 
was essentially adiabatic. Table 4 lists the new power multipliers 
calculated. Also indicated in Table 4 is whether or not the thermo
couple experienced rewet during a representative blowdown experiment. 
Comparison of the data in the table does not indicate any correlation 
between the new power multipliers and the rewet characteristics. For 
example, some of the rewets occurred in zones that had power 
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TABLE 2, RESISTANCE WIRE LENGTH VARIATIONS IN ROD E5® HIGH POWER ZONE 

Pitch 
(cm of rod/coil turn) 

Length 
(cm of wire/cm of rod) 

0.406 
0.416 
0,396 
0.422 

3.2782 
3.2075 
3.3544 
3.1692 

a. Serial Number 88112. 

TABLE 3, COMPARISON OF 
FOR THE HIGH 

Rod 
(Serial Number) 

E4 (88102) 
D5 (8890) 
E5 (88112) 
D4 (88107) 
D5 (88118) 
E5 (88114) 

1 

AVERAGE PITCH 
POWER 

cm of 

RODS 

Pitch 
rod/coil 

0.389 
0.410 
0.407 
0.412 
0.400 
0,408 

AND RESISTANCE 

turn) 

WIRE LENGTHS 

Length 
(cm of wire/cm of rod) 

3,4125 
3,2524 
3.2708 
3,2361 
3.3274 
3.2696 
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TABLE 4. POWER FACTORS 

Thermocouple 

TH-E5-21 
TH~F3-22 
TH-F2-22 
TH-E4-23 

TH-G5-24 
TH-E5-25 
TH-D6-25 
TH-F3-25 

TH-F5-26 
TH-E4-27 
TH-C3-28 
TH-E6-28 

TH-F6-28J 
TH-C2-28 
TH-C5-28 
TH-D3-29 

TH-F7-29 
TH-A4-29 
TH-D5-29 
TH-B6-29 

TH-A5-29 
TH-B5-29 
TH-D4-29 
TH-E6-31 

CALCULATED FROM THE DRY CORE I 

Power Factor 

0.90 
0.9908 
0,9825 
0.9481 

1.0263 
0.9687 
1.0126 
1.0220 

1.0331 
0.9766 
1.0296 
1.0057 

1.0370 
0.9838 
1,0401 
1,0258 

1,0161 
0,9989 
0.9774 
0.9964 

1.0016 
1.0360 
0.9476 
0.9781 

JEATUP TEST 

Rewet 

No 
No 
No 
No 

No 
No 
No 
No 

No 
No 
Yes 
No 

No 
Yes 
Yes 
Yes 

No 
Yes 
No 
No 

No 
No 
Yes 
Yes 
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multipliers larger than 1.0, and many rods that had calculated power 
multipliers of less than 1.0 did not experience any rewetting. In 
addition, the data taken during the core flooding conducted subsequent 
to the heatup tests verified (with only three possible exceptions) the 
axial location of the thermocouples. 

In summary, the special tests conducted and analyzed have qualita
tively substantiated the existence of power density variations both 
within the high power zone on a given rod and among the high power 
zones on all the rods. New power multipliers for the rod high power 
zones were developed using data from the dry core heatup test. The new 
power multipliers, when used in conjunction with the analytical 
technique used to calculate rod heat transfer quantities, did improve 
the results, but neither the pulse test differential temperatures or 
the new power multipliers seemed to correlate with the occurrence of 
rewetting in the rod high power zones. The reflood test conducted on 
the system verified that all but three of the high power zone 
thermocouples were located (axial position) where they were thought to 
be. 

CONCLUSIONS 

The qualification tests and numerous blowdown experiments 
conducted in the Semiscale Mod-1 system have verified the acceptability 
of heater rod design. The rods were shown to be reliable and the 
cladding thermocouples showed good survivability during the rigorous 
transient heatup and cooldown cycles to which the heater rods were 
subjected. Furthermore, the DNB and rewet behavior exhibited by the 
cladding during blowdown transients was shown to be repeatable. 
Although no definite, physically explainable pattern in the radial 
rewet behavior was evident, the behavior was repeatable. A definite, 
repeatable axial pattern was observed and was shown to be related to 
core grid spacer location, and the penetration of the rewet phenomena 
into the heater rod high power zone was dependent on the linear heat 
rate. Special tests and analyses conducted on the heater rods 
substantiated the existence of rod-to-rod linear heat rate variations 
and variations of the linear heat rate within a given rod power step. 
New power factors were derived from dry core heatup tests to account 
for rod-to-rod power variations. However, the rod rewet behavior could 
not be correlated to the rod power factors. The rewet behavior was 
speculated to be due to a combination of factors, including local fluid 
condition variations and rod local power variations, 

T. K. Larson has been involved in two-phase flow and 
heat transfer research related to pressurized water reactor 
safety at the Idaho National Engineering Laboratory since 
1974 and is currently an engineering supervisor in the 
Semiscale Program. His formal education includes B. S, and 
M, S, degrees in Mechanical Engineering, 
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NOTICE 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States Gov
ernment nor any agency thereof, or any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or 
responsibiity for any third party's use, or the results of such use, of 
any information, apparatus, product, or process disclosed in this 
report, or represents that its use by such third party would not 
infringe privately owned rights. The views expressed in this paper are 
not necessarily those of the U.S. Nuclear Regulatory Commission. 
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A POTENTIAL USERS VIEW OF LMFBR FUEL ROD SIMULATORS 

by 

I P Warneford 

United Kingdom Atomic Energy Authority 
Risley Nuclear Power Development Laboratories 

Risley? Warrington^ Cheshire, England 

ABSTRACT 

A review of LMFBR electrically heated fuel rod simulators 
(FRS) used by those countries with a sodium boiling pro
gramme is presented. Details of the requirements of FRS 
are discussed, together with those factors which influence 
the customers choice of FRS design and choice of manu
facturer . 

INTRODUCTION 

The UKAEA are considering a programme of work to study sodium boiling 
in a fast reactor fuel siib-assembly. The main area of interest is 
the problem of loss of pumping power to drive coolant through the 
core combined with a reactor trip. This problem has been studied both 
theoretically and experimentally (on the Prototype Fast Reactor at 
Dounreay), the results ̂  1) of which indicate that natural circula
tion would be established and boiling is unlikely to occur. 
However, it is considered prudent to obtain knowledge of the type of 
sodium boiling which could occxir in pin bundles at decay heat powers 
and flows in order to further the investigation of a 'lower limiting' 
value for natural circulation following a reactor trip. Later studies 
may also include the study of sodixmi boiling at heat fluxes appropriate 
to the loss-of-flow with failure-to-trip incident. 
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At the outset it was recognised that the correct selection of a 
heater pin to simulate a reactor fuel pin was crucial to the success 
of the programme. A survey of FRS was therefore undertaken, the 
results of which are reported, together with details of the factors 
which influence the customers choice of FRS design and choice of 
manufacturer. 

SODIUM BOILING TEST SECTION 

The test section will be installed in the High Temperature Sodium 
LoopC2) in the Risley Nuclear Laboratories of the UKAEA. The test 
section, shown schematically in Pig 1, will consist of a 19 pin bundle 
of heater pins arranged to simulate part of a sub-assembly. The pins, 
supported by grids, will be contained in a Wrapper of circular cross-
section with edge filler wires to prevent excess over-cooling of the 
edge sub-channels. The heat generated in the upper axial breeder 
region of the fuel pins will be represented by a radiant heater 
external to the test section wrapper. The pins will be sealed into 
the test section using a sodiim freeze seal, to simplify the removal 
of any faulty pins. At the exit of the bundle, the test section flow 
mixes with a cooler by-pass flow and returns to the main loop. 

FACTORS INFLUENCING THE CHOICE OP HEATER PINS 

Good heater design requires a large number of factors to be satisfied. 
These may be broadly classified as basic heater pin requirements, 
design factors and reliability factors. 

Basic Heater Pin Requirements 

Geometric Simulation 

The pin should have the same physical characteristics as an LMFBR fuel 
pin ie outside diameter, heated and unheated lengths and sinrface 
finish. 

Thermal Simulation 

The pin should have the same thermal characteristics as an LMFBR fuel 
pin. This will include such items ass-

(a) axial power profile - linear or chopped cosine. 
(b) Heater pin power. 
(c) Thermal characteristics - in boiling experiments, the transient 

response of the pin becomes important. Such factors as the 
thermal capacity and thermal diffusivity of the pin should be 
considered. 
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Electrical and Instrumentation Requirements 

(a) a minim'um of three thermocouples are required for the 
detection of dryout and to prevent overheating and subsequent 
failure of the pins. 

(b) The resistance of the heater pins should be greater than 1 Q 
to simplify the electrical power supplies. 

(c) The electrical power connections to the pins must allow for 
independent pin power control and must be suitable for small 
pin pitch to diameter spacing Ĉ* 1.26). 

(d) The heat generated in the electrical conductors should be small 
to simplify the cooling arrangements of the freeze seal. 

Other 

(a) Ease of installation of the pins into the test section. 
(b) Price. 
(c) Delivery time. 

Design Factors 

Because of the high temperatures at which the pins will be operating 

it is essential that the construction materials are compatible and 

that the sheath material is compatible with sodium. There should be 

no violent reaction between the materials and sodium in the event of 

a pin fracturing. Other factors of importance areo

la) the heating element should have a low temperature coefficient 

of resistance to minimise shifts in heater power profiles. 
(b) The peak temperature of the heating element should be as low as 

possible. 
(c) As the thermal conductivity of the insulating material is a 

strong function of density, the density should be as high as 
practicable to reduce the temperature differentials between the 
sheath and heating element. 

(d) The heater pin should have a high thermal capacity to increase 
its survival time after dry-out. 

(e) The insulation thickness should be sufficient to allow for 
possible impurities and ease fabrication problems. However, it 
should not be so thick as to increase the heating element 
temperature too high. 
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Reliability Factors 

Because of the high cost of sodium boiling test sections, it is 
crucial that the heater pins have a high reliability. In choosing a 
manufacturer the following factors will play an important role. 

(a) Quality assurance ie. material certification, dimensional 
checks, resistance checks, radiography, infra-red scans. 

(b) Operating experience of similar heater pins. 
(c) Nxomber of pins previously manufactured. 
(d) Prototype testing of the heater pins. 
(e) Continuity of personnel at the manufacturers - this is 

particularly important as the quality of the product is 
dependent on the personnel. 

(f) Collaboration between the manufacturer and the research 
organisations so that the most up-to-date techniques for 
manufacture axe used. 

Heater Design Requirements 

The basic requirements for the heaters to be used in our boiling 
experiments are given in Table 1. 

Nimiber of heated pins 
Pin outside diameter (mm) 
Pin heated length (mm) 
Pin lower unheated length (trim) 
Sheath material 
Surface finish {yaa cla) 
Straightness 
Max. Heat Flux (W/cm^) 
Mean Pin Rating (kW) 
Heat Flux Distribution 

Maxim-urn sheath temp. (°C) 
In strnmentation 
Thermocouple accuracy 
Pin performance 

Special requirements 

19 
5.84 

lOOO 
up to 600 
preferably 316 s/s 

0.4 - 0.8 
1 in 600 
28 
4 

chopped cosine with a form 
factor of 'V 1,3 

lOOO 
3 or more internal thermocouples 

± 0.75% 
50 hrs in sodium at 1000°C without 
boiling 
10 hrs in boiling sodium 

100 full power switch offs at max. 
temp. 
The pin should survive for at least 
1 sec. after void initiation 

Table 1 - Heater Pin Bundle Requirements 
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At a later date a new bundle will be required which will be operated 
at pin powers of the order of 20 kW. Hence the heater pins used for 
our initial low power tests should preferably have the potential to 
operate at these powers. 

SURVEY OF FRS USED IN SODIUM EXPERIMENTS 

Because of the limited market for LMFBR FRS, those countries with a 
sodium boiling programme have tended to develop their own FRS. This 
section gives a brief summary of the various FRS used. The survey 
does not claim to be comprehensive, 

France 

(3) 
The French heater pin was developed by Teytu at the CEA Laboratories 
at Grenoble. The original design of pin consisted of a 6.6mm o.d. 
tantalum sheath containing 8 tungsten/rhenium wires separated by boron 
nitride (BN) insulation. These were arranged in two sets of four, one 
set forming the electrical return. Thermocouples are located in grooves 
inside the sheath. The heated length was 60Qram. In the mid-1970's, 
the heater pin was re-designed to have an o.d. of 8.65mm. 

Germany 

Karlsruhe Nuclear Research Centre (KfK) have developed two basic types 
of heater pin for use in sodixmi (̂ ). The first type consists of a txabe 
or helical wire of nichrome supported on a magnesixm oxide (MgO) ceramic 
and insulated with BN from a stainless steel sheath. Both insulants 
are in a powdered form and the whole pin is swaged to increase the 
density. After swaging sheathed thermocouples are brazed into external 
slots in the sheath. 

The second type uses the same method of construction but it has a 
tantalxMoa sheath, the heating element is tantalum/tungsten and the 
supporting insulator is BN. 

Italy 

(B) 
The CNEN have developed a FRS using a graphite heating element . The 
graphite is insulated by a BN sleeve from a stainless steel sheath. 
The pin has an o.d. of 6.8mm and a heated length of 30Qmm. Thermo
couples are embedded in the sheath. In early pins the electrical 
connection to the graphite used a spring loaded device but this has 
since changed to a hard mechanical joint, (6) 
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Japan 
(7) 

Early Japanese sodixam boiling experiments used 6.6mm o.d. pins 
manufactured by the CEA but a later 7 pin bundle^^^ used pins 
manufactured by a Japanese company. No details of the pin con
struction are available. 

Netherlands 

(9) ECN have developed a FRS using a nichrome txibular heating element 
insulated by BN sleeves from a stainless steel sheath. The centre 
of the heating element is filled with an inert gas. 

United Kingdom 

The UKAEA have manufactured heater pins to the basic design 
developed by the CEA at Grenoble. The pins have an o.d. of 7.2mm 
and a heated length of lOOQram. 

United States of America 

The American design of FRS has been well docxmented by ORNL . The 
ORNL designs are similar to those of the Germans. The helical heater 
element tape is supported on BN and insulated with BN from a stain
less steel sheath. Thermocouples are installed in the BN layer 
between the sheath and the heating element. After assembly the pin 
is swaged to give good compaction of the BN. In the main nichrome 
heater elements have been used but pins have been manufactured using 
Kanthal Al and Platinum/Tungsten, 

DISCUSSION 

Of the designs surveyed only the helical coil or straight tube design 
are capable of being manufactured to give the required geometric 
simulation. With the multiple wire design, a reduction in pin dia
meter would create too small an insulation gap between the heater 
wires. Because of the fragility of graphite, it is doubtful if the 
CNEN pin size could be reduced. An alternative to these later two 
designs would be to use a single wire as the heating element. 

Performance curves have only been pxiblished for the ECN and KfK 
FRS as shown in Figs 2 and 3. The ECN cxirves show the effect of 
reducing the heat rating at a given sheath temperatxire, the operating 
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times being increased considerably. These results, together with 
the more sparse information on the other FRS, indicate that all the 
designs will operate satisfactorily at 1000°C and 4kW power. 
However, it is not possible to guarantee the operational lifetime of 
50 hrs at 1000°C, Of the designs, the helical coil heating element 
is thought to have the best chance of surviving as its design allows 
for differential expansion in the axial direction. It is also 
relatively easy to produce a cosine heat flxix distribution. 

Estimates have been made of the smeared thermal capacity and thermal 
diffusivity of the FRS and these have been compared with those of a 
fuel pin of equivalent diameter. All the pins described have thermal 
capacities within ± 25% of a fuel pin. The simulation of the thermal 
diffusivity is much more difficult to achieve. The stainless steel 
sheathed pins have a thermal diffusivity approximately twice that of 
a fuel pin and the tantalum sheathed pins approximately six times. 
With the tantalum sheathed pins the high diffusivity could affect 
the transient boiling behaviour e.g. dryout re-wetting, which would 
raise doxibts about the direct application of experimental results to 
stainless steel clad fuel. MgO is the best insulant to simulate both 
the stored energy and the diffusivity of the fuel but, because of the 
need to keep the heater element temperatxxre as low as possible, it is 
necessary to use BN, at least between the sheath and heater element. 

Because of the low heat flxixes required for our experiment, a nichrome 
heating element can be used. For the :wore highly rated pins the use 
of more exotic materials means that the requirement for heat genera
tion independent of temperature, must be abandoned. 

If permanent dryout occurs then the FRS will begin to overheat. 
Estimates have been made of the time taken for the heater element to 
exceed its maximxjm operating temperature. With the pin operating at 
4kW this gave values in the range to 30 to 40°C/sec assximing that the 
power is shared equally between all components. This would give a pin 
survival time of the order of 4 sees, for a nichrome heating element. 
If the power were contained in the wire and none conducted to the 
insulant or sheath then the temperature rise is at least a factor 5 
worse, 

However good a technical specification may be in teinns of geometric 
and thermal simulation the high cost of removing and refurbishing a 
bundle of FRS from a sodixmi facility following a premature failure 
makes reliability an over-riding consideration in the selection of a 
manufacturer. With comparatively few operating records available, 
the judgement in this area must be made on what is known of the 
manufacturer's quality control methods and manufacturing description. 
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A consistently reliable product for high performance is likely to 
follow only if the manufacturer has firstly a sound appreciation 
of the conditions under which the pin will operate. Secondly, he 
meticulously translates the lessons of the development laboratory 
to factory including not only quality of materials and technique but 
also the labour employed and thirdly resolution in inspection and 
testing to be meticulous and resist short-term coimnercial pressures. 

CONCLUSIONS 

1, The preferred design of FRS which best meets the requirements 
of the experiment is a helically wound nichrome ribbon 
insulated with BN from a stainless steel sheath, 

2, The manufacture of a reliable FRS, suitable for use in LMFBR 
support studies, is a difficult task and therefore the choice 
of manufacturer, and the criteria for selection are particularly 
important, 
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SUMMARY 

The UKAEA are considering a programme of work to study sodium boiling 
in fast reactor fuel elements. The test section will consist of a 19 
pin bundle of electrically heated FRS. These will be required to 
operate at reactor decay heat levels ('v̂  28 W/cm^ ) and temperatures up 
to 10OO°C. 

The paper discusses the factors influencing the choice of FRS design eg. 
physical simulation, simulation of heat flxix density distribution and 
transient response to sodixim boiling phenomena. Additionally, the 
reliability of a manufactxirer to produce a product of constant high 
quality is discussed. Such factors as quality control, continuity of 
personnel and operating experience are considered. 

This is followed by a description of the FRS which have been used in 
sodixmi boiling experiments and a comparison is made of their 
characteristics. 

The main conclusion of the survey is that the manufacturer of a reliable 
FRS, suitable for use in LMFBR support studies, is a difficult task and 
therefore the choice of manufacturer, and the criteria for selection, 
are particularly important. 
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FUEL PIN SIMULA.TORS TESTED IN THE THORS FACILITY* 
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ABSTRACT 

The Thermal Hydraulic Out-of-Reactor Safety (THORS) Pro
gram at Oak Ridge National Laboratory (ORNL) requires high 
performanceJ electrically heated fuel pin simulators (FPSs) 
to duplicate the configuration and capabilities of nuclear 
fuel pins. Eight FPS test bundles in thirteen test configu
rations have operated for over 30,000 hours^ with power for 
over 2500 hoursj at normal and off-normal Liquid Metal Fast 
Breeder Reactor (LMFBR) conditions. 

Over 100 sodium boiling tests have been run, sodium tem
peratures as high as 1010°C (1850°F) have been imposed, and 
bundle temperatures have reached the melting point of stain
less steel during extreme test conditions. 

INTRODUCTION 

The Breeder Reactor Program (BRP) in the United States and abroad 
has generated a strong need for improved understanding of core thermal-
hydraulic phenomena in sodium-cooled reactors and for detailed investi
gations of safety-related occurrences in the core. The requirements for 

Research sponsored by the Office of Research and Technologys 
U.S. Department of Energy under contract W-7405-eng-26 with the Union 
Carbide Corporation. 

'Consultant to ORNL Engineering Technology Division. 
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information on local flow and temperature conditions In fuel subassem
blies over a range of operating conditions were identified by the Fast 
Test Reactor (FTR) core designers. The evaluation of flow coastdown 
effects and the damage potential of partial inlet blockages, heated zone 
blockages, and blockages arising from fuel failure due to loss of flow 
is necessary to assure LMFBR safety* The reactor designers also need 
experimental data to develop and validate practical analytical models 
by which data obtained from relatively small experiments can be applied 
to full size reactor geometries. A large-scale sodium test facility, 
the THORS Facility [formerly called the Fuel Failure Mockup (FFM) Fa
cility] ̂ »2 ̂ as built in 1970 at ORNL for testing large, simulated LMFBR 
fuel subassemblies. 

FACILITY DESCRIPTION 

The THORS Facility was designed specifically to subject simulated 
LMFBR core segments to thermal and hydraulic testing at normal and off-
normal FTR operating conditions. The test subassemblies are composed of 
bundles of electrically heated pins having the same axial power density 
and external configuration as LMFBR fuel pins; thus, the reactor fuel 
pins are simulated by special purpose electrically heated fuel pin 
simulators. 

The test facility as it now exists is shown schematically in 
Fig. 1. It consists of a 40-liter/s (600-gpm) centrifugal pumpi a 

T.MK ;^3(,o„3, I 

SOOigM LEVEL 

Fig, 1. Flow diagram of THORS facility (ORNL-DWG 78~16496R2). 
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40-liter/s electromagnetic (EM) pumpi two test section housings, the 
larger of which is designed to operate up to 982°C (1800*F)| a 2.0-lfiJ 
bundle power supply; a 2,0-MW heat dump system| a 0.5-MW heat dump sys
tem, which can be used for lower power testing; an expansion tank at the 
large test section outlet to simulate the free liquid surface of the re
actor; a sodium purification system! a bypass line in parallel with the 
large test section housing to simulate the flow path through the many 
other reactor fuel elements| and, necessary instrumentation to monitor 
the facility parameters. An isometric view of the facility is shown in 
Fig. 2. Table 1 presents the principal capabilities of the facility. 

Table 1. Principal design characteristics of the THORS facility 

Test section design pressure 689 kPa (100 psl) 
Test section containment design temperature 982°C (1800°F) 
Test section containment operating temperature 306-982°C (600-1800°F) 
Test section FPS power 2000 kV 
Heat removal capability 2468 kW @ 538°C (lOOO'F) 
Facility piping system design pressure 689 kPa (100 psl) 
Facility piping system design temperature 704°C (1300°F) 
FPS 40 kW/pln 

The sodium-containing equipment is contructed of American Iron and 
Steel Institute (AISI) type 304H stainless steel, except the pump and 
the 0.5-MW radiator, which are constructed of Inconel CX-900, and the 
test section housing, which is constructed of Hastelloy X material. 
Figure 3 is a photograph of the facility that shows the large test bun
dle housing and the 2.()-MW heat exchange,r» 

The FPSs are connected to a variable voltage power supply with a 
voltage range from 40 to 400 V and a total load capacity of 2.0 MW. A 
pair of silicon-controlled rectifiers (SCRs) are provided for each of 
37 circuits. (For a 61-pin bundle, two FPSs are connected in parallel.) 
The SCRs act as switches that can be programmed to provide power control 
from 0 to 100% in 1% increments.^ The individual FPSs are electroni
cally protected to prevent electrical damage in the event of a short cir
cuit.'* Figure 4 is a schematic diagram of the electrical supply system 
for the test bundles. 

Data are recorded during actual bundle testing using a 512-cliannel 
data acquisition system (DAS) controlled by a PDP-8/E computer. Data 
are logged at a rate of up to 10,000 points per second and stored on 
magnetic tape for subsequent processing and display. At the THORS DAS 
operating console, data may be displayed on a high-speed line printer or 
on two cathode-ray tube (CRT) terminals, A data management system^ has 
been developed to provide operating and data logging programs and the 
capability of translating DAS-generated data into a tape format that can 
be used in IBM computers. 
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Fig. 2. Isometric view of THORS facility (ORNL Photo 3236-79) 

\ 

Fig. 3. Test bundle housing and heat exchanger of THORS 
facility (ORNL Photo 7157-79). 
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Fig. 4. Sixty-one-pin bundle connections to 2.0 MW power supply. 
(Power is limited to 1.3 MW in this configuration.) (ORNL-DWG 79-14209) 

TEST BUNDLES 

Since testing was initiated in 1970, eight test bundles have been 
assembled and operated in 13 different configurations. Bundles lA and 
IB were unblocked bundles in a scalloped duct.^ Bundle 2, which was en
closed in a hexagonal duct, originally was designed to obtain thermal-
hydraulic data without a blockage and, in this configuration, was re
ferred to as bundle 2A.' After completion of the test program in this 
configuration, the bundle was still viable; thus it was inverted in the 
test section and operated with blockage plates of various sizes In
stalled at the inlet of the bundle. In this latter configuration, it 
was referred to as bundle 2B.^ Bundle 3A,^ which was placed in a scal
loped duct with dummy wire-wrap segments on dummy edge rods and which 
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contained a six-channel central blockage in the heated zone, was used 
for single-phase experiments. Bundle 5, which was enclosed in a hexa
gonal duct with half-size [0.71~mm (0.028-in,)] wire spacers between 
the FPSs and the duct wall, was designed for operation in four configu
rations; 5A, 5B, 5C, and 5D. Bundles 5A-̂ ° and 5B^^ contained a block
age along one of the hexagonal sides that blocked one-third of the flow 
area. Bundles 5C^^ and 5D^^ were run in tests with the blockage plate 
removed, and bundle 5D was the first THORS bundle taken to temperatures 
high enough to produce sodium boiling in October 1974. Bundle 3A was 
reinstalled in the facility following the completion of the bundle 5 
boiling tests and renamed bundle 3B^^s^^ with which tests such as 
quasi-steady-state soidum boiling and inert gas injection were run. 
Bundle 6 was designed with a low heat capacity duct. The main objec
tives for this bundle were to establish steady-state temperature dis
tributions at various flow-to-power ratios for comparison with data from 
previous bundles and to provide experimental data to verify computer 
codes used for predicting core parameters. This bundle also was used 
for transient-free convection tests-̂ ^ and transient sodium boiling (in
cluding several partial dryout) tests. The objective of the bundle 
3C tests was to investigate axial and radial blockage.^^»^^ A six-
channel blockage plate was attached to the central pin in the heated 
zone as in bundles 3A and 3B; an extra row of 12 FPSs was added to flat
ten the temperature profile across the bundle; and an unheated section 
was added downstream of the 31 FPSs to give a simulation of the fission 
gas region in the reactor. 

Bundle 9, a 61-pin bundle, is the largest bundle built to date. 
The primary objectives of the tests with this bundle are to provide ad
ditional design information for the BRP designers by supplying tempera
ture distributions, maximum cladding temperatures, and peripheral tem
perature structures In larger simulated fuel assemblies. Experimental 
data from the 61-pin bundle will provide information for computer code 
verification with larger bundles and will give greater confidence in 
reactor design calculations for the 217-pin assemblies. Steady-state 
and transient boiling tests analogous to those conducted for the smaller 
bundles have been run, and a direct comparison of results, particularly 
in the temperature structure, can be made for 19- and 61-pin bundles. 

An elevation view of a test bundle (bundle 9A) installed in the 
test section housing is shown in Fig, 5. It consists of 61 electrically 
heated 5.84-mm-diam (0.230-in.) FPSs spaced by 1.42-mm-diam (0.056-in.) 
helical wire-wrap spacers on a 305-mm (12-in.) pitch. This bundle has a 
heated length of 914 mm (36 in.) with an axial chopped-cosine heat flux 
distribution. The unheated simulated fission gas plena are located 
downstream of the heated section and are 1537 mm (60.5 in.) long. 

Figure 6 IS a photograph of the partially assembled bundle, Fig, 7 
is a close-up photograph of the 61 FPSs installed in the tube sheet, and 
Fig. 8 is a photograph of the test bundle and containment housing before 
assembly. Figure 9 is a photograph of the 61-pin bundle Installed in 
the facility that shows the bundle power leads and instrumentation leads 
connected to the facility lead wires. 
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Fig. 5. THORS bundle 9 (61-pin) installed in the test section 
housing (ORNL-DWG 76-5310). 
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Fig. 6. THORS bundle 9. 
(ORNL Photo 6902-78). 

Photograph, of bundle during assembly 

Fig. 7. THORS bimc.„ .. 
bundle (ORffl. Photo 6421-78). 

jube sheet of a 61-pin 

Fig. 8. THORS bundle 9. Photograph of test section housing and 
test bundle (ORNL Photo 7157-78). 
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f 

Fig, 9. Photograph of bundle 9 power and Instrumentation connec
tions (ORNL Photo 7156-79). 

FUEL PIN SIMULATORS 

Three distinct categories of FPSs were developed and fabricated for 
the LMFBR Safety and Core Thermal Hydraulic Program by both Industrial 
suppliers and ORNL. s The operating criteria for these different 
categories are described in Table 2. Magnesium oxide, boron nitride 
powder, and boron nitride preforms were used for insulating the electri
cal components from the cladding in the FPSs. Active heating elements 
fabricated from both wire and ribbon material were used in the FPSs. 
The heating elements were fabricated from Nichrome V (80% Nl-20% Cr), 
Kanthal Al (72% Fe-22% Cr-5.5% Al-O.5% Co), and Ft-8% W. Variable width 
and variable pitch ribbons were used to provide a chopped-cosine heat 
flux profile over the length of some of the FPSs. The heated length of 
the FPSs in the various bundles varied from 457 mm (18 in.) to 914 mm 
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Table 2. Fuel pin simulator operational requirements 

Category 1 Category II Category III 

Peak heat flux, M/cm2 
(Btu hr-l ft-2) 

MaKimum sodium temperature, "C (°F) 

Heated length, mm (in.) 

Fabrication details 

Diameter, mm (in.) 
Spacer diameter, mm (in.) 
Spacer pitch, ra/turn (in./turn) 
Sheath material 
Surface finish, ym (yin.) 
Straightness, mm/m (mils/ft) 

Heating element temperature 
coefficient of resistivity, 
°C-1 CF-l) 

Heat flux uniformity, % 

Axial 
Circumferential 

Thermocouple accuracy 

Junction location accuracy 

Lifetime, hr 

Thermal cycling. °G/s CF/s) 

Special requirements 

252 
(800,000) 

650 (1200) 

460-910 (18-36) 

5.84 (0,230) 
1.42 (0.056) 
0.31 (12) 
316 stainless steel 
0.81 (32) 
0.8 (10) 

0.0002 (0.0004) 

+2.5 
+2.5 

±1°G at SSS^C 
(+2''F at 1000''F) 

+6°C at 158 W/cm^ 
(llO-F at 500,000 
Btu hr"5 ft"2) 

100 

315 
(1,000,000) 

1000 (1830) 

FPS, 910 (36) 

Plenum, 1070 (42) 

5.84 (0.230) 
1.42 (0.056) 
0.31 (12) 
316 stainless steel 
Test dependent 
0.8 (10) 

0,0005 (0.0009) 

+2.5 
±2.5 

±3°C at 1000°C 
(+6°F at 1820''F) 

±6°C at 315 W/cm^ 
(tlO'T at 1,000,000 
Btu hr"^ ft"^) 

250 (steady state) 

56 (100) 

Prototypic heat 
capacity in fission 
product plenum region 

315 
(1,000,000) 

1000 (1830) 

FPS, 910 (36) 
Plenum, 1070 (42) 

5.84 (0.230) 
1.42 (0.056) 
0.31 (12) 

316 stainless steel 
Test dependent 
0.8 (10) 

0.0005 (0.0009) 

+2.5 
+ 2.5 

Same as category II 

Same as category II 

10 (stable boiling) 

222 (400) for 1 s 

20% overpower, axial power 
profile; prototypic heat 
capacity in fission pro
duct plenum region; sur
vive for 1 s after void 
initiation 

(36 in.). Type K thermocouples^ either stainless steel sheathed or as 
bare wire thermoelements j were attached to the inner surface of the 
cladding material at specific locations. The internal thermoelements 
were connected in an intrinsic junction configuration to provide thermal 
response times fast enough to allow monitoring of local boiling and dry-
out conditions* 

Figure 10 shows the general configurations of the three types of 
FPSs used in the THORS facility bundles. Voltage is applied to the 
heating element through the copper lead at the open end of the FPS, and 
the electric circuit is completed at the opposite end, where the element 
is grounded through the end plug to the sodium. (FPS development and 
fabrication are described in detail In Refs» 23 and 24 and in another 
paper being presented at this meeting.) 

Table 3 lists all the bundles and their operating histories. Boil
ing tests at sodium temperatures above 1010°C (1850®F) were conducted 
with five of the eight bundles and include over 100 separate tests and 
over 10 min of continuous boiling in one bundle (bundle 3B). A total of 
38 boiling tests, five of which were to dryout (unstable) conditions» 
were conducted with bundle 6A. 
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•MAY VARY FROM 3 - 1 1 ! 4 in (76-292 mm 
DEPENDING ON TYPE OF FUEL PIN SIMULATOR 

(a) 

THERMAL ELEMENTS 

SECTION A A 

0 0 1 6 X 0 125 in 
(0 41 X 3 2 mm) BN INSULATION 

0 230-m - O D INTERMEDIATE 
MATERIAL 

GROUND LEAD EXTENSION 

{ & ) 

21 m (B33 mm) < 

SO 3/8 in (1 3 m) 

0 015- in OD ( a 3 8 - m m ) 
SHEATHED THERMAL 
ELEMENT 

CENTRAL BN INSULATION 

EXTERNAL THERMOCOUPLE 

ANNULAR BN INSULATION 

INTERNAL THERMAL ELEMENTS 

.ALIGNMENT 
PLUG 

Pt 8% W HEATING 
ELEMENT 0 0t3«0 125 
RIBBON 0125 d OD 
10 32 >3 18 mm) 
VARIABLE PITCH 

BN INSULATION^ 

TYPE 316 STAINLESS 
STEEL SHEATH 
0 230 m OD 
0 015 in WALL 
(58«038mm)x 

INTERMEDIATE MATERIAL 
TYPE 504 STAINLESS STEEL 

Fig. 10. Three categories of FPS fabricated for LMFBR Program us 
for THORS bundles. (a) Category I, (b) Category II, (e) Category III 
(ORNL-DWG 81-8035). 
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Table 3. THORS operating experience 

Bundle 
Identification 

lA 

2A| 

A 
IB 

3A 

3B«.fc 

5A, 5B, 5C 

SD'̂  

^K° 
3C^ 
ge 

Number of 
heated pins 

19 

19 

19 

19 

19 

19 

19 

19 

31 

61 

Heated 
length 

mm/(in.) 

Isothermal 
operation 

(hr) 

Operation 
with power 

(hr) 

FPS category 
(see Table 2) 

610/24 

533/21 

610/24 

533/21 

533/21 

457/18 

457/18 

914/36 

533/21 

914/36 

1,300 

3,010 

894 

3,039 

537 

3,252 

2,827 

7,864 

3,666 

5,602 

200 

470 

13 Category I, 6 Category II' 

13 Category I, 6 Category II 

III^ 

I 

II'̂  

f 

Total hours operation 31,991 

Boiling tests were run with and without gas injection, which was a simulation of fission gas 

release from a ruptured fuel element. 

Boiling tests included 45 s with full bundle and 11 min, 15 s with FPS 7 inoperative. (FPS 7 
opened during boiling tests with gas injection.) Of the 11-min, 15~s period, 10 min and 16 s was 
continuous (without gas injection). 

A total of 38 tests were run in which boiling occurred; five of these were to dryout 
(unstable) conditions. Total boiling time for the bundle was '>J11.5 min. 

A total of 25 boiling tests were run to sodium temperatures near 1010°C (1850°F). Total 
boiling time for the bundle was "̂ 10 min. 

®A total of 45 flow transients to or near to temperatures of 1000°C (1832''F). The total 
boiling time for the bundle was ~148 min. 

J Uniform heat flux pattern. 

^Capable of meeting life, cycling, and special requirements for Category III individually but 
not collectively. 

Chopped-cosine heat flux pattern. 

Bundle 5D, a 19-pin bundle, was operated to destruction.^^ Dryout 
occurred during a flow coastdown run, and some of the FPS sheaths and 
heating elements melted. Figure 11 is a photograph of a cross section 
of the bundle where most of the melting occurred. Note that both the 
heating element and the FPS cladding are melted in some of the FPSs. 

Table 4 gives typical test conditions during several boiling runs. 
These values are for bundle 9̂  a 61-pin bundle which has been operated 
at powers up to 1.2 MW (20 kW/pin). A total of 45 flow transients to 
or near to sodium boiling temperatures have been run with this bundle, 
and a total of 139 min of sodium boiling at temperatures near 1000°C 
(1832°F) was recorded in 36 of these tests. Thirteen of these tests re
sulted in dryout. Figure 12 is a typical plot of flow and temperature 
for a boiling test run in which dryout occurred. As the flow is de
creased and while the power remains constant, the temperatures of the 
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F i g . 1 1 . Cross s e c t i o n of bundle 5 showing damage to t h e shea th 
and hea t ing element of FPS (Y-12 Photo 160884). 

No 

202 

203 

204 

205 

Run 

100 
101 
102 
103 
104 

100 
101 
102 
103 
104 
105 

101 
102 
103 
104 
105 
106 
107 

101 
102 
103 
1021 

Total 
(kW) 

191 
191 
191 
204 
227 

254 
254 
253 
275 
290 
289 

411 
413 
410 
411 
409 
408 
407 

904 
924 
920 
920 

Table 4. THORS Facility bundle 

Power 

kW/pln 

3 1 
3.1 
3 1 
3.3 
3.7 

4.2 
4.2 
4.1 
4.5 
4.8 
4.7 

6 7 
6.8 
6.7 
6.7 
6.7 
6.7 
6.7 

14.8 
15.2 
15.1 
15.1 

kW/m 

3.4 
3.4 
3.4 
3.7 
4.1 

4.6 
4.6 
4.5 
4.9 
5.2 
5.2 

7.4 
7.4 
7.3 
7.4 
7.3 
7.3 
7.3 

16.1 
16.6 
16.5 
16.5 

(kW/£t) 

(1.0) 
(1.0) 
(1.0) 
(1.1) 
(1.2) 

(1.4) 
(1.4) 
(1.4) 
(1.5) 
(1 6) 
(1.6) 

(2.2) 
(2.3) 
(2 2) 
(2 2) 
(2.2) 
(2.2) 
(2.2) 

(4.9) 
(5.1) 
(5.0) 
(5.0) 

Test 
app. 

U • s-

0.26 
0.27 
0.28 
0.31 
0.32 

0.31 
0.29 
0.28 
0.31 
0.29 
0.28 

0.98 
0.84 
0.76 
0.61 
0.64 
0.56 
0.45 

2.08 
1.65 
1.47 
1.53 

section 
low flow 

1 (gpm)] 

(4.1) 
(4.3) 
(4.4) 
(4.9) 
(5.1) 

(4.9) 
(4.6) 
(4 4) 
(4 9) 
(4.6) 
(4.4) 

(15.6) 
(13.3) 
(12.0) 
(9.7) 
(10.1) 
(8.9) 
(7.1) 

(32.9) 
(26.2) 
(23.3) 
(24.3) 

9 boiling 

Time at 
low flow 

(s) 

58 
41 
265 
689 
689 

15 
43 
686 
608 
13 
66 

119 
119 
116 
116 
116 
43 
27 

58 
56 
12 
27 

tests 

Boll 

Duration 
(s) 

None 
None 
None 
667 
675 

2 
30 
676 
600 
6 
58 

None 
None 
31 
111 
110 
38 
23 

None 
55 
12 
27 

mg 

Intensity 

None 
None 
None 
Intense 
Violent 

Incipient 
Intense 
Intense 
Intense 
Intense 
Violent 

None 
None 
Incipient 
Intense 
Intense 
Violent 
Violent 

None 
Intense 
Dryout 
Dryout 

Max. FPS 
tempei 

[°C 

955 
945 
945 
968 
968 

977 
975 
958 
960 
955 
965 

860 
933 
965 
962 
969 
965 
980 

842 
990 

>1010 
>1010 

internal 
"ature 

(°F)] 

(1751) 
(1733) 
(1733) 
(1774) 
(1774) 

(1791) 
(1787) 
(1756) 
(1760) 
(1751) 
(1769) 

(1580) 
(1711) 
(1770) 
(1764) 
(1776) 
(1770) 
(1800) 

(1548) 
(1814) 
(>1B50) 
(>1850) 
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Fig. 12. Typical flow temperature plot for boiling test in which 
clad dryout occurred (ORNL-DWG 80-5563 ETD) . 

FPS internal cladding and the sodium rise. The difference in the two 
temperature readings is due to the heat conduction through the FPS clad
ding. The sodium temperature reading was taken in a flow channel at the 
same bundle elevation as the FPS internal thermocouple. At cladding 
dryout the FPS internal temperature rises rapidly. A control circuit 
operates at a preset high temperature to turn the power off to the bun
dle and to reset the sodium flow to a higher value and, thus, cools the 
bundle. 

Figure 13 is a plot of the temperature rise during the dryout con
dition. The magnitude of the rate of temperature rise was probably not 
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Fig. 13. Plot of FPS internal temperature showing rapid increase 
in temperature during clad dryout (ORNL-DWG 80-5555 ETD). 



91 

as great as indicated by the plot. Other temperature information gath
ered during the test indicates that the temperature rise was approxi
mately 300°C (570°F) per second during the dryout condition. 

SUMMARY AND CONCLUSIONS 

Eight different test bundles of simulated fuel subassemblies have 
been operated in thirteen different configurations in the THORS facility 
since 1970, These test assemblies are composed of fuel pin simulators 
having the same axial power density and external configuration as LMFBR 
fuel pins. These fuel pin simulators were of three distinct categories 
developed and fabricated for the LMFBR Safety and Core Thermal Hydrau
lics Program by both industrial suppliers and ORNL. Boiling tests in 
sodium at temperatures above 1010°C (1850°F) were run with five of the 
bundles. The test bundles have operated for over 30,000 hours, at power 
for over 2500 hours, and at normal and off-normal Liquid Metal Fast 
Breeder Reactor conditions to provide experimental data for the Breeder 
Reactor Program in the United States and abroad. 
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FUEL ROD SIMULATOR DEVELOPMENT 

B G Carpenter 
A.E.E. Winfrith U,K.A.E.A. 

ABSTRACT 

This paper describes the design, materials, fabrication and 
instrumentation used in the development of Fuel Rod 
Simulators at the Heat Transfer Laboratory, Winfrith. 

These FRS, which derive from Winfrith experience in the 
development of simulators for SGHWR out of pile studies, 
will be used for the UKAEA programme of PWR Safety Studies 
including Reflood and Level Swell in clusters of undistorted 
and distorted pins. 

1 INTRODUCTION 

Because of the economic, access and safety limitations of in-pile-
experiments, the successful study of thermal and hydraulic performance of 
reactor fuel depends to a large extent upon out-of-pile simulation of the 
fuel elements. These simulations must be designed to operate under 
conditions similar to those in the reactor and must futhermore be able to 
withstand repeated subjection to the more severe condition of a 
postulated reactor accident. 

The programme of the Winfrith Heat Transfer Laboratory has included 
studies of fuel heat transfer in the British Steam Generating Heavy Water 
Reactor (S.G.H.W.R.), Sodium Cooled Fast Reactor, and Pressurised Water 
Reactor (P.W.R.), Each study has required the development of specific 
Fuel Rod Simulators (F.R.S.) with closely defined thermal characteristics 
and novel instrumentation. 

This paper reviews the present development and status of the S.G.H.W.R. 
and P.W.R. simulators and discusses trends and development to meet future 
requirenents. 
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2 GENERAL 

In general F.R.S. can be divided into two categories according to the 
type of electrical loading employed. Directly heated pins are normally 
used in steady state tests where the internal thermal characteristics of 
the simulator do not influence the phenomena being studied; they are used 
at Winfrith for experiments involving high powers and modest surface 
temperatures, eg P.W.R. cluster C.H.F. tests. 

Indirectly heated pins, on the other hand, are used for experiments 
involving high surface temperatures and for cases where the modelling of 
the thermal properties of the fuel is important, for example in 
Emergency Core Cooling Transient Studies where release of stored heat is 
significant. 

This presentation is concerned only with simulators of the latter type; 
a description of the Winfrith directly heated F.R.S. can be obtained 
from the open literature (Reference 3). 

The indirectly heated F.R.S. for S.G.H.W.R. studies has an external dia
meter of 12.2mm (0.48 inches) with a heated length of 3660mm (144 inches). 
It has been designed to operate in a demineralised water environment at 
70 bar and a continuous temperature of 300^C and is capable of with
standing surface temperature excursions up to 1000°C, The axial heat 
flux profile is of a chopped cosine form. 

The F.R.S. for P.W.R. studies has an external diameter of 9.5mm (0.374 
inches) with a heated length of 3660mm (144 inches) and similar operating 
conditions to the S.G.H.W.R. simulator. The axial heat flux profile is 
currently uniform, but a stepped cosine version is under development. 

The Emergency Core Cooling studies are designed to demonstrate the 
cooling and quenching capabilities of the S.G.H.W.R. spray cooling 
systems. For these studies simulators are required which are capable of 
operating at a temperature of up to 1000°C but with a modest power rating 
to represent the stored and fission product decay heats some time after 
a loss of coolant accident. They must also withstand very rapid local 
quenching to saturation temperature while maintaining mechanical strength. 
An essential feature of the experiments is the need for detailed 
temperature distribution measurements in order to observe the propagation 
of the quenching fronts. 
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3 S.G.H.W.R. SIMULATORS 

A highly successful Fuel Rod Simulator has been developed for S.G.H.W.R. 
Emergency Core Cooling Studies and over 3000 expexiiDents have been 
performed. As shown in Figures 1 and 2 the design of this simulator 
consists of a central spiral heater tape surrounded by a ceramic 
material and contained within an Inconel tube. Instrument thermocouples 
are laid around the outside of this basic heater and the whole assembly 
is contained within a second tube to form the simulator. Details of the 
various coû jonents and the method of assetnbly are discussed in the 
following paragraphs. 

3.1 Heater Tape 

As mentioned above the simulator operates at the start of the experiment 
with a surface temperature of up to lOOO^C. For this work the heat 
rating is comparitively modest and the heater tape can be made from 
80/20 NichrouB Alloy, which has a maximum continuous operating 
temperature of IISO^C, by keeping the temperature difference between 
cladding and tape to a maximum of 150°C. 

The heater tape spiral is manufactured by winding the tape around a 
mandrel, the pitch of the spiral being controlled by the angle that the 
mandrel forms with the direction of tape feed. To produce a spiral 
which has a heat flux of cosine form the angle that the mandrel makes 
with the tape feed is varied by means of a cam which has a suitable 
profile. In this way a form factor of 1.2 is achie-ved. The ends of the 
spiral are welded under controlled conditions to stainless steel 
terminals. 

Where the heater terminal passes out of the pressure vessel it is 
necessary to make a change in the terminal material in order that there 
shall be low heat flux produced through the sealing block. This change 
is brought about by vaccum brazing a copper terminal onto the stainless 
steel. 

3.2 Ceramic Insulator 

The heater tape is surrounded by an insulator which has a two fold 
purpose, 

(i) To provide electrical insulation between the heater tape and 
sheath. This is determined by the dielectric properties of the 
insulant and the thickness. 
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(ii) To provide a heat transfer path between the tape and sheath 
adequate for the experimental needs of the heater. This requires 
that the electrical insulating material should have high thermal 
conductivity. Unfortunately for the common insulating material 
high thermal conductivities are generally associated with low 
coefficients of thermal expansion (See Table). 

Table 1 Relative Coefficients of Thermal Conductivity 
and Expansion for Various Materials at ]000°C 

Material 

Aluminitmi Oxide 
Magnesium Oxide 
Boron Nitride 

Inconel 600 

Heliimi 
Air 

Thermal 
Conductivity 
W/cm C° 

0.063 
0.07 
0.426 

0.29 

0.44 X 10"^ 
0.076 X 10"^ 

Coefficient 
of Thermal 
Expansion 

/C° 

8.5 X lO"^ 
13.6 X 10"^ 
1.0 X 10"^ 

16.7 X 10"^ 

If the thermal expansion of the insulant is less than that of the clad
ding material to any significant degree, the gas gap between the cladding 
and insulant increases as the element heats up. If this gap is filled 
with air which has a poor coefficient of thermal conductivity we get 
large temperature differences across the gap. It may be filled with 
pressurised helium to improve the thermal conductivity but this 
complicates the design. 

Boron Nitride or Magnesium Oxide are generally the materials most suited 
for the insulant. At Winfrith magnesium oxide has been successfully 
used. Although this material has a lower thermal conductivity than boron 
nitride it has a thermal expansion closer to that of the materials which 
are used as cladding. The higher temperature difference across the 
insulant is compensated by the lower differences across the gas gap in 
the hot condition. 
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3.3 Instruments 

The main requirement is to measure surface temperature. This is 
achieved by the use of thermDcouples within the cladding. The method of 
construction which has been established for the S.G.H.W.R. simulator is 
to place the thermocouples between the basic and outer sheaths, the 
low heat rating allowing this relatively simple method of construction. 
A standard F.R.S. carries 12-1.00mm NC/NA mineral insulated, metal 
sheathed thermocouples, although for special applications as many as 18 
thermocouples have been used. The positions of the hot junctions of the 
thermocouples are located axially and radially along the heated length 
of the simulator. The space between the thermocouples is filled with 
wire of the same diameter and a similar material to the thermocouple 
sheaths. (See Figure 3) 

3.4 Cladding 

The cladding material which has been used for both the Basic Heater and 
Outer Sheath is Inconel 600. The choice lay between Stainless Steel and 
Inconel, the latter was chosen because it has a higher melting point and 
a lower coefficient of thermal expansion which is more compatable with 
the MgO. 

3.5 Manufacturing Route 

The simulator is manufactured by a swaging process which takes the 
following route. 

The spiral heater tape together with the end terminals is placed in the 
basic heater tube. The assembly is put into the filling machine which 
vibro fills the space in and around the spiral and tube. This assembly 
is swaged giving further compaction and the top terminal is welded to 
the cladding. The instrumentation is placed around the basic heater and 
the outer tube slid over it. The final swaging too gives further 
compaction and produces the required outer diameter. Finally the top 
and bottom terminations are made to complete the simulator. 

To date some 600 simulators have been manufactured by the above process. 
All of the simulators produced have functioned satisfactorarily in 
experimental clusters with 95% of the instrumentation being usable. 

3.6 Performance Testing 

All F.R.S. manufactured are subjected to a rigorous testing programme to 
reject any rogue pins which may have material or manufacturing faults, 
but without causing detrimental effects that will shorten their 
experimental life. 
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These tests are carried out in three atioDspheric test facilities. 

(i) Heater Soak Test Rig: In this rig simulators are tested at full 
power, with a high surface temperature (ie 850°C) and allowed to 
soak at these conditions for a time equivalent to 200 experiments 
(25 hrs). They are then given a cycling test during which the 
power is switched on and off through a high speed breaker 
(ie between 250 and 850°C) 8 to 10 times per hour for periods of 
6 hrs. During the off period of the cycle the simulator is 
cooled by a forced air supply. Finally they are subjected to 
high temperature soak testing approaching the limits of the 
simulators capabilities (ie Surface temperature 1000°C). 

These tests are only carried out on a very limited number 
of simulators, say 2 or 3, of any new design or batch of 
materials. The useful life of these simulators has been 
drastically reduced and they are not subsequently used 
experimentally. 

(ii) Injection Test Rig: Here the simulators are subjected to an 
injection of approximately 2/3 full power through the high speed 
breaker, the power being maintained for 30 seconds during which 
time the surface temperature will have risen to ]50°C. This 
exposes any major flaws in the materials and manufacturing process. 

Under these conditions the thermal radiation and natural convec-
tive losses are small and the local form factors can be 
calculated from the rates of change of temperature of the 
thermocouples. 

All simulators are subjected to this test, 

(iii) Quench Test Rig: This test is to determine the thermal character
istics of all the simulators, 2kW of power is applied to the 
simulator at which the temperature will stabilise at about 500^C, 
A single jet of spray water at 90°C is then applied to the top or 
plenum section of the simulator and the propagation of the quench 
front is observed on the thermocouple outputs. This test is 
applied to all simulators and gives a thermal finger print of all 
the simulators. 

4 P.W.R. FUEL ROD SIMULATORS 

A programme of experimental studies in support of P.W.R. safety is being 
carried out at Winfrith in the Thermal Hydraulic Emergency Core Cooling 
Test Installation (THETIS). This involves cluster tests with up to 64 
pins simulating P.W.R. accident conditions and includes level swell 
(partially uncovered core), bottom flooding and alternative injection 
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systems, with both undistorted and swollen fuel rod simulators. This 
programme has required the development of a specialised type of F.R.S. 
with and without swellings in the outer sheath. 

5 INTERMEDIATE REFLOOD EXPERIMENTS 

The first cluster tests will commence operations in the third quarter of 
1981. It is proposed to build a test section of 49 F.R.S, in a 7 x 7 
pattern with a 4 x 4 (16 F.R.S.) blockage. To meet this programme date 
it is proposed to use a set of F.R.S. which were originally purchased 
for our own S.G.H.W.R. studies. The 16 ballooned simulators will have 
fabricated swellings welded to them. 

If several adjacent fuel pins have major coplanar swellings then a 
channel blockage will be formed. The shape of the swelling selected was 
based on the results of dynamic ballooning experiments in the U.K. 
(Reference 1) and Germany (Reference 2) and involves an increase in 
perimeter up to 50% which results in 90% local channel blockage. The 
shape has then been idealised to that of a square with rounded corners in 
the contact area. 

Although these F.R.S. are oversized (ie 12.2mm instead of 9.5mm in 
diameter) the correct diameter to pitch ratio will be maintained within 
the cluster to give correct modelling of the blockage effect. 

To simulate the azimuthal thermal conduction characteristics of the 
blockage thin cladding will be employed with internal pressurisation 
which in turn will provide the appropriate gas gap resistance. 

5.1 The Basic F.R.S. 

The basic F.R.S. to be used for all 49 pins is 12.2mm (0,48") 0/D x 
3660mm (144") long. It has a Cosine Heat Flux with a form factor of 1.2 
and carries 12 thermocouples. 

The Outer Sheath is of Inconel 600, there is a central heater spiral of 
Nickel Chronium Wire and an insulant of 89% Boron Nitride and 11% 
Magnesium Oxide mixture. The 12 Mineral Insulated Metal Sheathed thermo
couples are located axially and radially along the length of the 
simulator and record the sheath temperature. 
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5.2 Swellings (Balloons) 

In the proposed test configuration the swelling will occupy one grid 
interval which will give an overall length of 470mm (18,5"). The 
optimised shape involves a gradual increase in the diameter from 12.2mm 
to 16,2mm over the first lOOiran. Over the next 100mm there is a trans
ition from the round to square section of 16.2mm side with the corners 
rounded to a 4mm radius. There now follows a parallel section in the 
square shape of length 20Qmm, then a final return to a round section of 
14.2imn in a 50mm length. 

The swelling is formed by hydraulically expanding a tube which is 
contained within an appropriately shaped mould. This mould is formed in 
the following way. A pattern is machined from a solid bar to the 
required shape as shown in Figure 5. The mould is then cast in two halve 
from this pattern in "Cerabend". Figure 6. 

The two halves of the mould are clamped together and a length of Inconel 
tubing of wall thickness 0.45mm is placed in the mould. The two ends of 
the tube are secured by clamp rings at each end of the mould, to prevent 
the tube shortening as its diameter is increased. 

The assembly is now placed in a pressure vessel and connected to a high 
pressure hydraulic pump capable of pressures in excess of 30,000 lbs/ 
sq inch. On pressurisation the tube expands to fill the mould and its 
wall thickness at the point of maximum strain reduces to 0.32mm. 

In the reactor situation if the zircaloy fuel pin were subjected to the 
same strain the wall thickness will be reduced to 0.38mm. Since the 
thermal conductivity of Inconel 600 is about 20% greater than that of 
zircaloy the Inconel swelling should have a 20% thinner wall (ie 0.32mm) 
to give the same amount of azimuthal thermal conduction-

Above the swelling the diameter of the simulator remains at 14.2mm to the 
top connection. This provides an annular gap of 0.55mm between the basic 
heater and the outer sheath through which will run the thermocouples 
which monitor the swelling clad temperature and the Helium which will 
provide the atmosphere within the swelling. 

5.3 Swelling Instrumentation 

Each swelling has 3 x 0,5mm thermocouples welded to the inside surface at 
various axial levels on the tapered and parallel sections, giving 
temperatures of the surfaces where the swellings are in contact with each 
other and on the rounded corners which form the constricted sub-channel. 
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FIG. 5 PATTERN FOR SWELLING (BALLOON) 
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FIG. 6 CEREBEND MOULD FOR SVJELLING (BALLOON) 
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6 ADVANCED FUEL ROD SIMULATOR 

The advanced F.R.S. is being developed to provide a more authentic 
simulation of the P.W.R. fuel pin in physical size and thermal properties. 
It will be used in an experimental programme involving an 8 x 8 cluster, 
with and without clad ballooning and scheduled to commence in the fourth 
quarter of 1982. The simulator consists of four components, 

1. The Central Heater 
2. Annular Ceramic Preforms 
3. Outer Sheath 
4. Instrumentation in the form of thermocouples. 

6.1 Central Heater 

The central heater is a thin walled Inconel 600 tube with a heated length 
of 3660mm (144") an outside diameter of 4.8mm (0.19") and a wall thickness 
of 0.15mm (0.006"). This thickness is chosen to match the available 
electrical power supply (ie 12kW - 150 volts). Inconel 600 was chosen 
as the heater material because: 

1. It resistivity is less sensitive to temperature than 
stainless steel 

2. It has a higher melting point than stainless steel 

The bore of the tube is filled with ceramic pellets each having 4 holes 
of 0.5mm (0.02") diameter to carry the thermocouple instrumentation. 

Brazed into the bottom end of the heater is a copper tube 750mm (30") 
long, 250mm (10") of which is inserted into the heater to give an area of 
lower heat flux where it passes through the pressure seals of the 
experimental rig. The remaining 500inm (20") pass through the helium 
chamber and final rig seals finishing up with the individual power clamps 
for each simulator. Figure 7 shows these components assembled. The 
large temperature difference and expansion between the central heater 
and outer sheath result from the lower value of the thermal expansion 
coefficient of the ceramic relative to the Inconel. Although there is a 
small temperature difference between the central heater and the ceramic 
there is a large difference in their coefficients of thermal expansion 
resulting in a large difference in expansion. 

At high temperature it is conceivable, due to the tromboning effect of 
these components, that the top of the central heater will become exposed 
which could lead to overheating and failure at this point. A copper plug 
is therefore inserted into the top end to give a further zone of low heat 
flux. 
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Later we plan to produce a central heater tube with a stepped cosine 
heat flux. The variations in the resistance will be achieved by various 
thicknesses of nickel plating deposited onto the external surface of the 
tube. The nickel thickness will vary between 0.038mm (1.5 x 10~ ) at 
each end and zero in the middle. This will give a resistance variation 
of 0,234 ohms/metre (0,072 ohms/ft) at the ends to 0,435 ohms/metre 
(0.134 ohms/ft) in the middle. 

6.2 Ceramic 

The annular Ceramic Preforms which surrounds the central heater, provide 
a simulation of the Uranium Oxide (UOr,) fuel and insulate electrically 
the central heater from the outer sheath. The selection of this 
material had to satisfy the following criteria, 

1. Good thermal shock properties at temperatures up to 1000°C 
2. Ability to the manufactured to close tolerances 
3. Moderate cost 

A series of material tests was carried out, including shock quenching 
from very high temperature, which demonstrated that a material which 
fitted this specification was Alumino Silicate (AI2 O3 2 Si O2). From 
this material has been extruded the two preforms as seen in Figure 8. 

In pellet form the ceramic has a density of 2,01 gm/cwr. Its specific 
heat and thermal conductivity vary with temperature as shown in Table 2. 
These measurements were made using a heat pulse technique as described in 
References 4 and 5, 

Table 2 Thermal Properties of Ceramic Pellets 

Temperature 
OC 

100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 

Specific Heat 
J/gmOC 

0,86 
0,98 
1.06 
1.13 
1.17 
1.21 
1.26 
1.28 
1.30 
1.31 

Thermal Conductivity 
W/cfflOC 

0.0145 
0.0157 
0.0152 
0.0150 
0.0153 
0.0156 
0.0159 
0,0162 
0.0164 
0.0167 



FIG. 8 CERAMIC PREFORMS 
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It will be noted that both the volumetric specific heat and the thermal 
conductivity are lower than for U0„. This is to compensate for the fact 
that the Inconel cladding has a higher volumetric specific heat than has 
the Zircaloy cladding of real fuel. The thermal capacity would be about 
35% too high if a filling with the same volumetric specific heat as U0„ 
had been employed. With the material we are using the thermal capacity 
is a much better simulation of the real fuel, as is shown in Table 3 
below. 

Table 3 Thermal Capacities of Fuel Rod and Simulator 

Temperature 
OC 

100 
200 
300 
400 
500 
600 
700 
800 

Thermal Capacity (J/cm°C) 

Fuel Rod 

1.84 
1.90 
1.96 
2,00 
2.03 
2.06 
2.10 
2.12 

Simulator 

1.66 
1.84 
1.92 ! 
2.04 
2.10 
2.18 
2.29 
2.35 

As well as the thermal capacity, we wish to simulate the rewetting 
characteristics of real fuel. 

Table 4 Rewetting Characteristics of Fuel Rod and Simulator 
(Typical inverse rewetting speeds with and without filling - sec/cm) 

Temperature 
oc 

300 
400 
500 
600 
700 
800 
900 
1000 

Fuel Rod 

Empty 

0.31 
0.53 
0.75 
0.97 
1.19 
1.41 
1.64 
1.85 

Filled 

0.35 
0.64 
0.97 
1.35 
1.79 
2.27 
2.86 
3.45 

Simulator 

Empty 

0.55 
0.93 
1.32 
1.69 
2.08 
2.50 
2.86 
3.22 

Filled 

0.57 
0.99 
1.43 
1.89 
2.38 
2.94 
3.45 
4.00 

Simulator with ; 
UO2 filling 

0.59 I 
1.06 I 
1.58 j 
2.17 ! 
2.78 i 
3.57 
4.35 
5.00 
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Table 4 compares, in columns 3 and 5, the estimated inverse rewetting 
speeds (the time for the rewetting front to travel 1cm) on real fuel and 
on the simulator over a range of rewetting temperatures. These were 
evaluated using a simple 'one-step' rewetting model of Yamanouchi 
(Reference 6) modified to take account of the effect of the filler 
material by using the 'l~dimentional' approximates of Reference 7. The 
heat transfer conditions at the rewetting front are taken from the 
correlation of Yu et al (Reference 8) and are appropriate to saturation 
water at 3 bar. 

The fact that the simulator rewets more slowly than a real fuel rod at 
all temperatures is mainly due to the different volumetric specific heats 
of the clad materials, the value for Inconel being about twice that of 
Zircaloy. Comparing columns 2 and 4 it can be seen that empty tubes of 
these two materials would rewet at very different speeds. 

The presence of the filling material reduces the rewetting speed, at a 
given temperature, compared with that of an empty tube, because it 
releases heat to the cladding during the rewetting process. The effect 
is greatest at low rewetting speeds. For instance under the assumed 
conditions and at 1000°C Table 4 shows that the presence of UO2 pellets 
approximately halves the rewetting speed of a real fuel rod compared with 
empty cladding at the same temperature. By using a filling material of 
reletively low density and thermal conductivity in the simulator the 
reduction in rewetting speed can be minimised. Thus at 1000°C the 
filling of the simulator only reduces the rewetting speed, compared to 
that of empty Inconel clad, by 20%, So the discrepancy in rewetting 
speed inherent in the use of a cladding material other than Zircaloy 
is partially removed. 

In fact the last column of Table 4 shows that if UO2 had been used for 
the filling material the simulation of rewetting rate would have been 
poor. 

6.3 Instrumnetation 

The major data requirement for the F.R.S. is one of temperature and the 
two principle temperatures required are of the surface and ceramic. 
Other temperatures are monitored but these are principally used to 
protect the simulator against failure of components due to overheating. 
All of the temperature measurements are made by using 0.5mm M.I. Metal 
Sheathed thermocouples. It is essential that the thermocouples should 
be positioned accurately and that the position should not vary between 
experiments as a result of the racheting of the various components. To 
achieve this a tracer wire is attached to the top of each thermocouple 
and this tracer wire is attached to the top of the F.R.S.. The tracer 
wire is welded into the thermocouple by a laser welding technique in the 
following sequence of operations. 
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Firstly the thermocouple cable is prepared for making the hot junction 
weld. This operation is carried out using the Harwell-Plasma Arc Thermo
couple Manufacturing Equipment Mark III. This equipment ensures the 
complete repeatability of the junctions which are 1.5mm in depth below 
the open end of the cable. There is no back filling of powder or closure 
weld made at this time. 

Using the welding jig, (Figures 9 and 10), a 0.35mm wire is inserted 1mm 
into the open end of the cable (Figure 12), the wire is then laser welded 
to the cable sheath to seal the end of the thermocouple. The laser used 
is a 400 watt C0„ type. A pulsed welding technique is used with a 2.5 
mini second period. The welding jig rotates the specimen through six 
angular positions of 60° which gives a small overlap of each weld 
(Figure 11). 

Breaking strain tests have been carried out on a sample of thermocouple 
cables, wires and welded joints using a Houndsfield Tensile Testing 
Machine' with the following results:-

Breaking load for the thermocouple cable - 14.5 lbs 
Breaking load for the wire - 12.7 lbs 
Breaking load for the welded joint - 11.2 lbs 

The leak tightness of the welded joint was tested by immersing the joint 
in liquid Nitrogen for 15 minutes and then placing it in Alcohol, 

6.4 Outer Sheath 

The cladding material used in the fabrication of this component is 
Inconel 600. 

The swelling (Balloons) that will be required for the blocked channel 
assembly will be fabricated in a way similar to that described earlier, 
but of smaller diameter. 

6.5 Manufacturing Route 

The assembly of the F.R.S. although time consuming is a relatively 
straight forward operation. 

Firstly the ceramics to fill the bore of the central heater are threaded 
over the four thermocouples to form a stringer. The central heater tube 
is passed over the stringer, the thermocouples are positioned axially 
relative to the bottom datum and the tracer wires fixed to the top end 
copper plug. 



FIG. 9 THERMOCOUPLE AND WIRE WELDING JIG 
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^^^' 0̂ ™gg. STAGES OF PREPARING THERMOCOUPLES AND WIRE FOR WELDING 
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FIG. II WELDED JOINT THERMOCOUPLE AND WIRE 

FIG. 12 RADIOGRAPH OF WELDED JOINT THERMOCOUPLE AND WIRE 
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The Top Terminal Connector is welded to the central heater and the 
annular preform ceramics threaded onto the central heater from the bottom 
end. The eight outer thermocouples are threaded through the holes in the 
annular preforms and positioned axially to correspond to the experimental 
requirements for the simulator, the tracer wires now being welded to the 
top terminal connector. 

The outer sheath has a retaining ring welded into its bottom end to 
support the preform stack, it is then passed over the assembly and the 
top end welded to the top end terminal. 

6.6 Testing 

To date three prototypes F.R.S. to the foregoing design have been 
manufactured and tested in a single simulator atmospheric reflood 
facility, completing 400 tests with power levels up to 12kW (3.3kW/metre), 
central heater temperatures of 900°C a heliimi purge of the annular space 
and an outer sheath temperature of 570°C and flooding rate of 7.3cm (3") 
per second. No failures have occurred. 

7 FUTURE DEVELOPMENTS 

The present design of F.R.S. is internally pressurised with helium, to 
model the reactor fuel rod and to give an acceptable temperature drop 
across the assembly allowing higher outer sheath temperatures to be 
attained. The helium is supplied to the simulator via a chamber at the 
bottom of the rig which is outside the main rig pressure seals. This 
design makes the bottom end of the simulator very long and fragile. 

An alternative design concept is a re-entrant type which has a nickel 
wire running concentrically through the central heater to carry the 
electric power with the return path through the sheath. This design will 
enable the bottom end of the simulator to be sealed and the helium 
supplied through the top of the unit thus reducing the length at the 
bottom end and increasing its robustness. The development of this 
design is now in progress. 
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1. Development of Fuel Rod Simulators (FRS) 

In the field of nuclear reactor safety, the study of the thermo-hydraulic 

phenomena associated with cooling in a reactor occupies a place of primary 

importance. Reactor safety has been confirmed in experiments which included 

studies of the thermo-hydraulic properties of coolants, however, performing 

tests with nuclear fuel rods involves great risks. Hence electric heaters 

that can simulate the properties of fuel rods have been desired. 

2 
The nuclear fuel rods of FBR's have a heat flux as high as 250 w/cm and 

are heat-resistant up to 1000°C. Such performance cannot be attained with 

conventional heaters. To achieve this level of performance, difficult 

technical problems had to be solved. 

In 1966, we started joint FRS development with the Japan Atomic Energy 

Research Institute (JAERI) and, in 1971, we built a sodium loop and confirmed 

in tests that our FRS met the above performance requirements. The FRS's 

currently used in JAERI's "ROSA experiment" and "Large scale reflood experiment 

and in the "Sodium boiling experiment" of the Power Reactor and Nuclear Fuel 

Development Corp. (PNC) are the product of this development. 

2. Features of the FRS and its development 

The design specifications for FRS's are very strict and, therefore, many 

technical examinations and experiments were required. Few technical data 

were available for reference when development began, which made the solution 

of problems difficult and expensive. 

The development of a practical FRS is shown in outline in table 1. 

In the early stage of development, thin Nichrome or Tantalum tube was 

used for heating elements,,instead of the round wire coil used in conventional 

heaters,to attain high heat flux at high temperatures. We found that a high 

heat flux could be achieved without overheating of the heating element by using 



Table 1 

Year 

Develop-
Iment item 

Remarks 

Year 

pevelop-
ment item 

Remarks 

1966 
oTubular heating 

element (Nichrome) 

oWeMing of the Ni
chrome and Nl lead 

1967 

oUse of BN insula
tor 

oTria! mamifacture 
of domestic BN 

1968 
oTubular heating 

element (Ta.Ni) 

oWfelding of Nich

rome mi Ni lead 

oWeWing of Ta 
and Ta tead 

oTentative use of 
BeO insulator 

1969 

o Joint development w i th JAERI ( fo r F B R ) 

1974 

oEmbedding tech

nique *or T.C. 

oFRS for BWR 

1975 

oDonated FRS to 
Columbia Usiy. 

1976 

oFRS With centime 
ous rasine heat 
f t e distribution 

oAssembly of FRS 
for BWR 

1977 

oAssemWy of FRS 
for ATR 

oSuRilied EGiG 

and ORIML With 

FRS 

oROSA n 

1970 

1978 

o Supplied JAERI 
with FRS for 
large scale re
flood experiment 
(approx. 2000 nadS 

1971 
oSpiral ribbon hest-

irtg element (Ta) 

OUse of BN core 

oWelding of heat
ing element and 
lead !Ta wd 
Cu , Ni and Cu ) 

oBN pacNii^ ted i -
nique 

oConstructed so
dium loop in 
company 

1979 

1972 

1980 

1973 ! 

oFRS with 8tep-

ped, chopped co-

Sine heat flux 

d is t r iNt imi 

OFRS for PWR 
( ROSA n ) 

1981 
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BN, which has excellent heat conductivity, for the insulator between the sheath 

and the heating element. 

However, with tubular heating elements, excessive thermal stress due to 

the difference in the thermal expansion coefficients of heating elements and 

tubes caused the elements to break. 

Experiments and trial manufacturing runs were carried out at our company 

after construction of a sodium loop was completed in 1971, The FRS that we 

are manufacturing at present was then devised, making effective use of the 

experience that had been acquired in our joint development work with JAERI. 

In these experiments flat wires were wound into spiral ribbon heating elements. 

The technique of inserting a BN core into a spiral heating element and packing 

BN powder without a binder into the space between a heating element and 

the sheath was developed and progress was made in joining heating elements to 

electrical leads. 

Subsequently, we succeeded in developing a heating element that has a 

temperature distribution with a cosine profile. A technique for embedding 

a sheathed thermocouple in the sheath of a FRS was also developed. 

Initially the FRS was developed for LMFBR's but later FSR's were also 

developed for BWR's and PWR's. 

3. The construction and performance of FRS 

3,1 The objectives of FRS development 

The early stage objectives of FRS development were as followss 

(1) Heat-resistant temperature : 1000°C 

(2) Heat flux : 250 w/cm^ 

(3) The surface temperature of a heater should be measurable. 

The technical methods necessary to achieve these objectives are explained 

below. 
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3.2 The construction of the heating element 

In order to make a heater that has a high output and is reliabile, the 

following requirements had to be satisfied. 

(1) A heating element must be able to withstand the thermal stress caused 

by the difference in the thermal expansion coefficients of the element 

and the sheath and it must be heat resistant. 

(2) The electrical insulator must have good insulating characteristics and 

good heat conductivity. 

(3) Fabricating techniques must be developed for (1) and (2) . 

These requirements are interrelated. 

Concerning (1), when a conventional sheathed heater such as the 

one shown in Fig. 1(c), is used, the heating element overheats and burnout 

occurs, because the heating area of the wire coil is too small. If a tubular 

heating element, such as the one shown in Fig. 1(a), is used, the risk of 

burnout Is slight and a high heat flux is attainable, but there is a large 

thermal stress in the axial direction. 

This axial thermal stress can be eliminated with the spiral ribbon heating 

element shown in Fig. 1(b). As the cross sectional area of this heating 

element is larger than that of conventional wire heating elements, variation 

in resistance due to variation in length is slight and the discovery of 

Tubular heating Spiral ribbon Wire heating 
element heating element element 
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irregularities in pitch is easier. Therefore, the resistance of heating 

elements can be accurately controlled. 

This spiral ribbon heating element can be made by simply winding a flat 

wire around a core or by cutting grooves in a tube. We use both methods, each 

of which has advantages, A metal ribbon that is wound around a core will warp 

as shown in Fig. 2(a), This makes the gap between the heating element and 

the sheath uneven and causes variations in temperature and resistance. 

Therefore, a ribbon should be wound while correcting for warp, as shown 

in Fig, 2(b). The variation in resistance due to work strain is kept below 1 % 

during this process. 

Warped Corrected 

(a) (b) 

Fig. 2 Correction of warping of heating element 
(Spiral ribbon ) 

In the method in which grooves are cut into a tube to produce a spiral 

heating element, dimensions are accurate and variations in resistance are slight. 

However, this method is time consuming and expensive. It is used in heating 

elements in which the heat flux distribution is in the shape of a continuous 

cosine, as shown in Fig. 3. In this case, grooves are cut with a NC lathe. 

When using metal, e.g., tantalum, whose specific resistance changes with 

changes in temperature, for the heating element, heat flux distribution will 

be affected by ambient temperature, like the dotted line in Fig. 3(b). This 

can be adjusted beforehand by changing the pitch of a heating element. 
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Heat flux affected by 
mbient temp. 

Cosine 

Higher Ambient temp. ^ Lower 
Temp. Temp. I Temp. lem 

(a) Heating element Cbl 

Fig.3 Effect of annbient temperature on the heat flux 
profile of FRS 

X 

X 

Lead 

Stepped,chopped cosine 

Cisine 

Lead 

^•kw-VA\m\m\-\wh-w^-^ 
Heating Element 

Fig .4 FRS heat flux profile that approxjnnates a cosine 

Fig. 4 shows a stepped, chopped cosine power distribution. We have 

produced many FRS's with spiral-ribbon type heating elements. In these FRS's 

ribbon heating elements with different pitches are welded together, after 

taking measures to ensure the dimensional accuracy and mechanical strength 

of welded parts. 
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3.3 Insulator 

In order to achieve a high heat flux, an insulating layer must have a 

high heat conductivity and be as thin as possible. As is clear from Eq. (1), 

this decreases the temperature difference between the sheath and the heating 

element, which enables a FRS to withstand higher levels of heat and thermal 

stress. This also effectively reduces insulator deterioration to a minimum. 

Of course, if the insulating layer is too thin, it will be impossible to obtain 

an adequate withstand voltage. 

^2 

^X^ ..Ĵ  ............ (1) 
2Tr.X.̂  

AT = temperature difference ("C) 

Q = heating value (kcal/h) 

Tj^ =• outer radius of a heating element (m) 

T2 - inner radius of the sheath (m) 

X = thermal conductivity of the insulator 

(kcal/mh°C) 

£ = length of the sheath (m) 

BN and BeO have good electrical properties and heat conductivity at high 

temperatures, but the insulation resistance of BeO rapidly decreases at 

temperatures above 1000°C and it is highly toxic. 

BN needs strict atmospheric control because it oxidizes easily, compared 

with MgO. Moisture control is particularly important. The physical properties 

of packed BN are influenced by the packing density and purity of the BN used. 

Figs.5 and 6 show the physical properties of the BN insulating layer. 

Fig. 5 shows the heat conductivity of the BN used for FRS's and Fig. 6 shows 

the specific resistance of the BN. 
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It is clear from these figures that the greater the density and the 

purity, the better the BN is for FRS's. A decrease in the specific resistance 

of BN causes an increase in current leaks and produces electrical short circuits 

in FRS's. This should be taken into account in the design process. 

>>99°/o BN 

k97' ' / .BN 

TEMPERATURE { ' C ) 

Fig. 5 
xlOO TEh/PERATURECC ) "lOO 

Fig. 6 

Leak currents between heating elements and the sheath, i.e. at the insulat

ing layer, are given by Eqs. (2) and (3). 

i = e 
r 

3-to rj 

2lT-£ 

(2) 

(3) 

i = leak current (A) 

r = resistance between a heating element and the sheath (fi) 

e = voltage between a heating element and the sheath (V) 

p = specific resistance of the insulator (fi-cm) 

r, = outer radius of a heating element (cm) 

r^ = inner radius of the sheath (cm) 

i = length of the sheath (cm) 
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The method used to pack the insulator has a considerable influence on the 

finished dimensions of a FRS and on the resistance of the heating element. 

The eccentricity of a heating element with respect to the center of a FRS and 

the packing density of BN produce changes in the temperature distribution. 

Fig. 7 shows the internal construction of the FRS's we are currently using. 

Ungrounded £ 
type 

(Tandem helix) 

~ BN powder -, 

BN core Heating 
element 

grounded £ 
type 

BN powder 

Heating 
element 

t 
i 

Sheath 

Fig, 7 Fabrication of two types of FRS using BN core 

In these methods, a hard BN core is inserted in a spiral shaped ribbon 

heating element and the element is covered with BN powder. The powder 

covered element is then inserted in a sheath and the sheath is swaged or drawn 

to reduce its diameter. 

Fig. 8 shows the internal differences in the heating parts of FRS's with 

and without a core under the same reducing conditions. With a core, an insulating 

layer with a high packing density and a heating element that is round in cross 

section can be obtained. Covering the outside of a heating element with formed 

BN powder allows an insulating layer of uniform thickness and density to be 

produced. 

When a core is inserted in a heating element, the electric resistance of 

the heating element increases through reduction, because, as is shown in Fig. 

9(a), the presence of a hard core allows a heating element to stretch more 
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BN pov\cier BN core BN powder 

Sheath Heating element Sheath 
( Ribbon ) 

With core Without core 

Fig.8 Cross sections of heating part of FRS 
easily in an axial than in a radial direction. Elongation of a heating 

element reduces its sectional area and, therefore, increases its resistance. 

Fig. 9(b) shows that the resistance of a heating element decreases when 

a FRS is only packed with BN powder, because, in such a case, the reduction 

in the diameter of an element is greater than the increae in length. This is 

due to the low density of the packed BN powder and an increase in the sectional 

area of the heating element. 

Heating .Sheath 
eiennent / BN core 

Heating 
Gap eiennent BN powder 

S I'crs'Ezfi'cia 

I 
\ 
BN powder 

Resistance 
Before reduction < 

After reduction 

(a ) 

C 3 c=3 n r s 11=3 

7 ^ = 
q.r—i.c=3.cr3 o 

Resistance 
B^ore reduction > 

After reduction 

(b) 

Fig. 9 Resistance change in heating eiennent 
due to reduction 
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2 
In the method shown in Fig. 9(a), with a constant current, heat flux (w/cm ) 

is almost the same before and after the reduction process. This is due to the 

fact that even though a FRS is elongated and the size of its heat transfer 

area increases, the resistance of a heating element Increases in the same 

degree and the power density remains virtually unchanged. This is demonstrated 

by Eq. (4). 

ĉ  _ R-I^ _ (R+AR)-I^ f , . 

Sd = heat flux (w/cm) 

R = resistance of heating element (fi) 

I = current flowing in the heating element (A) 

D - outer diameter of sheath (the rate of change of D is small 

when a core is used) (cm) 

I = length (cm) 

AR,AJl = increments of R and I, respectively 

3.4 Lead 

As the current that flows in a FRS is from ten to fifty times greater 

than that flowing in conventional sheathed heaters, electrical leads should be 

made of a material with a small specific resistance. The sectional area of 

a lead should also be large and a lead should be designed to minimize resistance. 

However, it is also necessary to keep insulating layers thick enough to obtain 

an adequate withstand voltage. Furthermore, considering that there is no 

such lead section in fuel rods, it is desirable to make the lead section as 

thin as possible. Therefore, copper is a suitable lead material. The heating 

value at the lead should be kept below 1 % of that at the heating part of the 

FRS. Required lead diameter that meets these conditions can be obtained 

with Eq. (5). 
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d = 
4l2. p 

TT^.D'Sd.n 

(5) 

d = minimum diameter of the lead (cm) 

I = current flowing to lead (A) 

P = specific resistance of lead material (fi-cm) 

D = outer diameter of sheath (cm) 

2 

Sd = heat flux of the center of FRS (w/cm ) 

n = percentage of the lead heating value against heating value 

of the center of FRS (0 ^ 1.0) 

In general copper Is not easily welded and, therefore, special connecting 

techniques are necessary to allow heating elements to be joined to a copper lead. 

Table 2 shows the lead materials and the connecting method that we currently 

employ. 

Table 2 

Material of 
heating 
element 

Nichrome 

Ta 

Intermediate 
lead 

Ni 

Ta 

Lead 

Cu 

Cu 

Remarks 

Welded (TIG) 

Welded (TIG) 

Figs.10 and 11 show the connecting structures of the heating elements 

and leads listed in Table 2. The nickel and copper leads shown in Fig. 10 have 

comparatively similar melting points and, therefore, they melt and dissolve into 

each other during welding. As for the tantalum and copper leads shown in Fig. 

11, their melting points are very different and, therefore, the interface 

between them has a brazed appearance, i.e., Cu diffuses into tantalum near 

the boundary between the two metals. Welding of tantalum and copper leads is 

very difficult. In the structure in Fig. 10, when the copper lead is thick, 
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Nichrome 

i 
Ca) 

(b) 

d >5mm 

d:^5mm 

Nichrome 

Fig.lO The connection of the heating element to the lead 
(for low-power FRS) 

Fig.11 The connection of the heating element to the lead 
(for high-power FRS ) 

( a ) : grounded type 
( b) : ungrounded type 

much heat is lost in an axial direction, which necessitates more heat for 

welding. As a result, oxidation occurs and grains grow, which causes a decrease 

in mechanical strength. For these reasons, the welding structure in Fig. 10(a), 

is spot welded. The joint is also strengthened by swaging. 

Nickel was selected for the female part of the joint and copper for the 

male, after considering their strengths and the difference in their thermal 

coefficients. 

Table 3 shows the results of tensile tests conducted with the leads shown 

in Figs. 10 and 11. 

The leads shown in Fig. 11 were swaged or rolled after welding. Leads 

No. 1 and No. 2 in Table 3 have the same tensile strength as No. 3. This is 
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proof that a welded joint can withstand the FRS manufacturing process. 

Table 3 

No. 

1 

2 

3 

4 

Specimen 

Rg.10~(b) 

Fig. 11 

CuCCold rolled) 

Cu (Annealed) 

Tensile strength 

29 l̂ /mm= 

33 Ig/mm^ 

35 \g/^^2 

22 l^/mm^ 

Fracture 

fir""~:) Can 
Welded 

r^^~D COTI 
Welded 

Welded 

Lead ,, 
(part A) 

Sheath-^ 
(partB) 

-Terminal lead 
Connector 

(Cu) 

(single) (multiple) 

Fig, 12 Structure of lead end section 

The other feature characteristic of FRS lead construction can be found 

at the end of a lead. Fig. 12 shows the structure of this terminal section, 

where a lead end connector with a large sectional area is welded to part A 

of the lead. 
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A characteristic of this structure is that heat that arises at A can be 

released toward the terminal lead connector, which reduces the heat at the 

welded connection. This prevents A, which has a small heat transfer area, 

from becoming hotter than B. 

3.5 Embedding of the Thermocouple 

Accurate measurement of the surface temperature of the sheath is also 

important in a FRS. In order to carry out such measurements,the measuring 

instruments used must be able to withstand the severe conditions of heat 

cycles at temperatures up to 1000°C and must not themselves have any influence 

on the surface temperature of the sheath. Thin sheathed thermocouples have 

been found to meet these requirements. 

Sheath 
0 0.3 Sheathed 

Thermocouple 

Heating Element 
(mm) 

Fig.13 Thernnocouples embedded in FRS for FBR 

Fig. 13 shows sheathed thermocouples with an 0. D. of 0.3 mm embedded 

in the sheath of a FRS for a LMFBR. This type of FRS has such a small diameter 

and thin sheath that it is difficult to make grooves in which thermocouples 

can be embedded. Therefore, only the hot junction part of a thermocouple is 

fixed in the sheath. 
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*0 5 Sheathed 
Thermocoupie 

Heating 
Element 

(mm) 

Fig.lA Thermocouples embedded in FRS's for 
BWR.PWRandATR 

Fig. 14 shows thermocouples in FRS's for BWR, PWR, and ATR. The thermo

couples, which are embedded in the sheaths along their entire length, register 

changes in sheath temperature almost as soon as they occur. However, they 

do not affect sheath temperature very much, because the heat transfer surface 

and heat flow around the FRS's remain virtually unchanged. The thermocouples 

are completely embedded in the sheaths, so that water droplets do not form 

streams on the surface of the sheaths when the FRS's are sprayed with cooling 

water, 

A thermocouple should fit snugly in a groove, without protruding from it. 

Therefore, shape accuracy is very important in the production of thermocouple 

grooves. We have developed a special technique to cut such grooves, 

Table 4 shows examples of FRS's with embedded thermocouples that we have 

produced. 

Fig. 15 is a graph of the results that were obtained in experiments on 

the separation of thermocouples from FRS's. The results Indicate a relation 

between separation and temperature and the number of heat cycles that a FRS is 

subjected to. A heat cycle begins with a FRS at room temperature and continues 
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Table A 

\ 

FBR 

PWR 

BWR 

ATR 

Items 

61 pin bundle 
91 pin bundle 

ROSAII(lto5) 
large scale re
flood 

ROSAllldtoS) 
cosine heater 
( 1 t o 8 ) 

breakage experi
ment FRS 
36 cluster 

Maximum 
heat flux 

200-300 
w/cm^ 

110 w/cnrf 

9.5 w/cnr? 

50 w/cn? 

40 w/cnr? 

70 w/cm^ 

42 w/cm^ 

Number 
of FRS 

61 
91 

approx.100 

approx.2000 

256 

64 

78 

36 

Dimension 
(mmO.D.) 

6.5 
6.5 

10.7 

10.7 

12.52 

12.27 

16.45 

14.3 

No. of T.C. 

approx. 
100/bundle 

afprox. 
100/bundle 
approx. 
lOro/bundle 
approx. 
200/bundle 

approx 
50/bundle 

afprox. 
30/bundle 

approx. 
40/bundle 

7 8 9 10 
TEMPERATURE ( "C ) 

11 12 
xlOO 

Fig. 15 FRS heat cycle experiment 

through the heating of the FRS to a high temperature and then the cooling of 

the FRS back to room temperature, by plunging it into water. After a number 

of heat cycles, the thermocouples become flattened as shown in Fig. 16, which 

allows them to move freely in the grooves, and thermal stress causes the FRS 
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to bend. This combination of factors causes the thermocouples to protrude 

from the sheath. When the protruding thermocouples can no longer keep pace 

with the rate of thermal expansion of the FRS, they snap. 

Sheath Sheathed 
Thermocouple 

^C^ 
Heat Cycles 

Fig. 16 Heat cycle deformation of thermocouple 

The position of thermocouples in the FRS sheath is also important. It is 

necessary to choose optimum positions for embedding the thermocouples in order 

to accurately measure the surface temperature of the FRS. 

Ruid temp.:oonst. 
f 

'L^^No.ofetements:438 X No. of elements:450 

(a) (b) 

*K# 
No.erf elements ;4^7 

(c) 

Fig.17 Model for analyzing tenperature distribution in FRS sheath 
Heat transfer coefficient : ZiaxK^kcal/rrfh-c 
Heat flux: 2,15x1(f kcal/rrfh 
Fluid terrperature: MO'C 
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Though it is hard to ascertain the temperature distribution inside a 

FRS sheath empirically, it can be determined mathematically with the finite 

element method. Fig. 17, 18 and 19 show examples of the determination of 

steady state temperature distribution with this method. 

XlOO 
9 

(b) (a) 

UJ 

M) 
. Temp, of inner surface 

AC. ' y / Temp, of outer surface 

XlOO 

9 

UJ 
I T 

g 
Q. 

s 

/(a)(b)(c) 
r - . / A n g l e : 36° 

•fc / v v . 

(c), (b), (a) 
Angle; C 

'.••• 

>\ 

• 

. 
10 20 30 0 1 2 3 4 5 6 7 , 8 

AhJGLE (deg) THICKNESS ( m m ) J< 10̂  
Fig.18 Analyzed temperature distribution in the Fig.B Analyzed temperature distribution in the 

FRS sheath (circumferential direction) FRS sheath (radial direction) 

It is clear from Figs. 18 and 19 that the temperature of the sheath is 

affected by the presence of a thermocouple, but this presents no practical 

problems. However, as shown in Fig. 17, the temperature of the sheath near 

a thermocouple is lower than the temperature at other points on the sheath and 

the temperature is lowest when a thermocouple is placed as shown in Fig. 17(a), 

3.6 Magnetic effect 

The magnetic field which is generated when a current flows through the heat-

(2) 
ing element in the FRS is the cause of errors in the output of the Chromel-

Alumel thermocouple at low temperatures; However, this problem does not occur with 
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actual nuclear fuel rods. In the experiments, these errors reached a 

maximum at about 150*C, although the seriousness of the errors depended on 

the type of heating element used. The output error observed with a Chromel-

Alumel thermocouple In the grounded FRS shown in Fig. 7 was 9''C with a current 

of 150 A. The output error observed with the same type of thermocouple in the 

ungrounded FRS shown In Fig, 7 was so small that it can be ignored with both 

AC and DC. 

3.7 Assembly 

The assembly of FRS bundles is one of the most difficult tasks in the 

FRS manufacturing process. Taking the thermocouples, which have an O.D. of 

0.3'̂ '0.5 mm, out of the vessel without damaging them is particularly difficult. 

// Welded 
Sheath 
Welded 

(b) (C) 

Fig. 20 Methods for taking thermocouples 
out of the vessel lid 
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Fig. 20(a) shows a structure that uses a pipe to take out thermocouples. 

Fig. 20(b) shows a structure that uses a sleeve, which is attached to a part 

of the FRS lead and which has grooves to hold the thermocouples, to take out 

thermocouples. Fig. 20(c) shows a structure that uses a thermocouple extraction 

outlet that is separate from the FRS lead to take out thermocouples. 

The diameters of the pipe and lead in Fig. 20 are made smaller near the 

lid in order to minimize the volumes of the pipe and lead, because there is 

nothing in actual fuel rods that corresponds to the FRS lead. These 

structures effectively prevent the weakening of the lid that would be 

caused by drilling a larger diameter hole for the FRS lead. The ease of 

attachment of the sheath to the lid is also improved, because a sleeve is 

intermediate in thickness between the sheath and the lid, i.e., it is easier 

to weld a sleeve to the lid and then weld the sheath to the sleeve than it 

is to weld the sheath directly to the lid. 

4. Conclusions 

The construction, manufacturing and assembly of an FRS have been presented 

in outline in this paper. 

Present experiments concerned with the safety of nuclear reactors are 

increasing in scale and experimental methods are becoming more sophisticated. 

In order to meet the demands of this situation, we are continuing to devote 

efforts to improving the FRS that we are producing now. 
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ELECTRICALLY HEATED FUEL ROD SIMULATORS 
FOR THE FLECHT-SEASET PROGRAM 

E. R. Rosal 
Westinghouse Nuclear Technology Division 

ABSTRACT 

This presentation discusses the design requirements, 
development, and operation of electrically heated fuel 
rod simulators used in the Full Length Emergency Gore Heat 
Transfer Separate Effects and System Effects (FLECHT-
SEASET) program sponsored jointly by the NRC, EPRI and 
Westinghouse. PWR reflood experiments impose stringent 
requirements on fuel rod simulators, such as operating at 
low powers up to 8kw but with rod surface temperatures up 
to 13150C (2400OF). These temperatures are at the 
rod material of construction safe operating limits and 
require innovating fuel rod simulator fabrication tech
niques surpassing today's state of the art. The high 
temperatures have caused problems mainly with thermo
couple and some heater rod failures, and have clearly 
indicated the need for carefully designing the rod bundle 
support structure to allow for rod thermal expansion to 
preserve rod bundle geometry. 

Introduction 

Out-of-Pile Thermo-Hydraulic Experiments which provide data to develop 
and assess analytical models for predicting the behavior of Pressurized 
Water Reactors (PWR's) and its Emergency Core Cooling System (ECCS) 
during a hypothetical Loss-Of-Coolant Accident (LOCA) require simulation 
of PWR core geometries. This can be most economically accomplished by 
using electrically heated rods which have the same physical dimensions 
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and can generate the appropriate heat flux. Postulated PWR reflood 
experiments, in particular, impose stringent requirements on fuel rod 
simulators (FRS), such as operating at low powers up to 8 kilowatts but 
with rod surface temperatures up to 2400OF (13150C), At these con
ditions, the heater rod operate in a very hostile, non-equilibrium envi
ronment ranging from highly superheated steam and water droplets to 
subcooled water, which causes sudden changes in temperature when the rod 
surface in wetted (quenching) from temperatures as high as lOOOOF 
(5930c) down to about 260OF (127oc). 

This paper discusses the design requirements, development, application, 
and operation of electrically heated fuel rod simulators use in the Full 
Length Emergency Core Heat Transfer Separate Effects and System Effects 
(FLECHT-SEASET) Program (Reference 1) sponsored jointly by Nuclear Regu
latory Commission - Reactor Safety Research Branch (NRC-RSR), The Elec
trical Power Research Institute (EPRI) and Westinghouse (W). The main 
objectives of this program ares 

1. To address safety and licensing requirements for steam cooling 
and flow blockage effects imposed by the NRC 10CFR50 Appendix K, 
during reflood. 

2. To examine the system and core reflood response for a postulated 
LOCA and to determine the primary system behavior during the 
different modes of natural circulation. 

Heated Rod Requirements 

The heater rod should have the following requirements; 

1. The rods should simulate the current PWR fuel rod geometries, 
with a diameter of 0.374 inches (9.5 mm), and a 12 feet (3.66m) 
long heated length. 

2. The heater rod should be able to produce a power of 8kw at 440 
volts AC. The axial power profile should have a modified cosine 
shape with a peak power to average power ratio of 1.66. This 
ratio is high in comparison to the current PWR's peak to average 
power ratios of about 1.5 to 1.55, but it was chosen to conform 
to all the previous FLECHT data available for comparisons. 

3. Two types of electrical connections are required: a) a double 
ended connection in which the heater element power leads are 
completely isolated from the rod outer sheath, and b) a single 
ended connection where one end of the heater element is grounded 
to the outer sheath. Application of these types of connections 
will be discussed later. 
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4. The rods should be able to withstand repeated thermal cycling 
with rapid heat up rates up to I70F (9.4°C) per second to 
temperatures as high as 2250OF (12320C) for the double ended 
rods, and up to 2000OF (1093OC) for the single ended rods, 
following by rapid cooling by steam, two-phase mixture or 
single-phase water down to temperatures as low as 260oF 
(I270C). 

5. The instrumented heater rods should have small sheathed thermo
couples T/C with ungrounded junctions placed at various eleva
tions along the heater axial length, and attached to the rod 
sheath or cladding inner wall. Routing of the thermocouple 
leads should be in such manner as to minimize "shunting" effects 
due to the thermocouple leads passing through higher temperature 
zones other than the zone where the thermocouple junction is 
located. The "shunting" phenomenum occurs when the electrical 
resistivity of the isolation material between the thermocouple 
leads drops causing current leakage across these leads. This is 
due mostly to impurities and most often due to water vapor 
trapped in the insulator during fabrication. For these reasons, 
the thermocouples should be of premium grade, and fully 
annealed. In addition, the maximum grain size of each thermal 
element should be equal or better (smaller grain) than ASTM #7. 
The thermocouples should have a minimum failure rate to be able 
to complete the full test matrix with the largest number of 
heater rod instrumentation. 

Heater Rod Application 

The rods are assembled in rod bundles simulating portions of a 17 x 17 
PWR assembly. Table 1 lists the various bundle sizes, their purpose, 
types of tests performed with these bundles, and measured or expected 
maximum rod surface temperatures for the FLECHT-SEASET Program. A cross 
sectional view of a 21-rod bundle is shown in Figure 1. Actually, the 
21 rod bundle is 5 x 5 array with the corner rods removed so it can be 
placed inside of a low mass circular housing, which provides the pres
sure and flow boundaries. Solid fillers are employed in place of the 
corner rods to minimize the excess flow area and to maintain the proper 
power to flow area ratio. This Figure also shows the simple support egg 
- crate type grid configuration, used to maintain rod spacing. Eight 
grids are spaced about 20 inches appart and are attached to the fillers 
forming the bundle support structures. Figure 2 shows the cross sec
tional view of a 161-rod bundle. This bundle represents about 60% of a 
17 X 17 PWR assembly including control rod guide tubes or thimbles. A 
low mass housing is also used to provide pressure and flow boundaries. 
The support structure is similar to the 21-rod bundle, consisting of 
eight simple grids attached to eight filler rods. Radial distribution 
of instrumented rods and instrumented thimbles is also shown in this 
Figure. 



TABLE 1 

FLECHT-SEASET HEATER ROD 

APPLICATION 

Bundle 
Size Purpose Type of Tests 

Max. 
Rod Surface 
Temp. OF 

21-Rod Bundles 
(six) 

161-Rod Bundles 
unblocked 

Evaluate effects of 
various blockage shapes 
on core heat transfer 

Core heat transfer 
data base 

Hydraulic, steam 2114 
cooling, forced (1157oc) 
reflood & gravity 
relood 

Steam cooling, 2250 
forced reflood, (12320C) 
gravity reflood 
& "boil-off" 

^ 

Blocked 

SET 

Blockage & bypass 
effects on core heat 
transfer 

System thermo-hydraulic 
effects on core heat 
transfer 

Steam cooling, <2250* 
forced reflood, (12320C) 
gravity reflood 
& "boil-off" 

Steam flow Resis- <2000* 
tance, gravity (1093OC) 
reflood, natural 
circulation & 
reflux condensation 

*Expected 
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17538-6 

FLECHT-SEASET 
21 "̂  ROD BUNDLE CROSS SECTION 

•7.62cm (3") OD x 6.82cm (2.687") ID 
X 3.99mm (0.157") Wall 304 SS 

FIGURE 1 
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17538-7 

FLECHT-SEASET SYSTEMS EFFECTS AND 
NATURAL CIRCULATION TEST LOCATION OF 

INSTRUMENTED HEATER RODS 161 ROD BUNDLE 

1 
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4 

S 

6 

7 

8 
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10 

11 

12 

13 

14 

15 

0 

Housing 

17538-7 

Note: Heat Rod Group Numbers 
Identified in Letter SE-SD-1971 
{Reference 1) 

© 
® 

Group 7 Instrumented Heat Rod 

Group 8 Instrumented Heater Rod 

Group 9 Instrumented Heater Rod 

Group 10 Instrumented Heater Rod 

instrumented Thimble or Steam Probe (SP - Steam Probe) 
(IT - Instrumented Thimble) 

FIGURE 2 
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Heater Rod Design 

The design of the first generation of double ended rods, as shown in 
Figure 3| consists of a 0.374 in,(9.5 mm) outside diameter 347 stainless 
steel sheath or cladding, with a 0.025 in. (0.635 mm) wall. The heater 
element is fabricated from Kanthal A-l wire having a diameter of 0.040 
in. (1.02 mm) wound continuously in a coil with an outside diameter of 
0.175 in. (4.45 mm) and a total length of 12 feet (366 m). Electrical 
connections are made by copper conductors attached to both ends of the 
coil. Boron nitride (BN) powder is used as a electrical isolator and 
heat conductor between the heater element and the cladding. Boron 
nitride powder densities of 85 to 90% of its theoretical density are 
achieved by swaging. 

The instrumented heater rods have eight chromel-alumel ungrounded junc
tion thermocouples incased in a 304 stainless steel sheath of 0.025 in. 
(0.635 mm) in diameter with magnesium oxide (MGO) insulator. The tips 
of these thermocouples are tack-welded to the heater cladding inner wall 
at various axial locations. The thermocouple are routed through both 
ends of the heater rod. 

The reference cosine shape axial power profile is simulated in the 
heater rods by a series of constant power steps as shown in Figure 4. 
The various power steps are obtained by varying the coil wire resis
tance. Since the wire resistance, in this case, is a function of the 
wire length, more coil turns are added to achieve longer wire lengths 
and, consequently, higher powers in the center steps. 

Heater Rod Prototype Testing 

Part of the heater rod Quality Assurance Program was to test single rods 
conditions similar to the ones experienced by the rod bundles during 
forced reflood testing. The objectives of this program were to deter
mine the following? 

1. The heater rod design integrity, and its behavior during quench
ing. 

2. The Kanthal coil performance at high temperatures. 

3. The performance and failure rate of the 25 mil (0,64 mm) 
diameter thermocouple! and 

4. The effects of elongation on the heater element and thermo
couples. 

Figure 5 is a schematic of the single rod prototype test facility used 
in this program. The facility consisted of a single rod placed in a 
vertical tube simulating a low mass housing. The rod was centered in 



17538-8 

FLECHT-SEASET-HEATER ROD 
DOUBLE-ENDED DESIGN 

Section A-A 

1. Sheath 0.374" O.D. fey 0.025" 
wall type 347 stainless steel 

2- Copper conductor 0.100" dia. 

3. Kanthal Resistance Wire 0.040" dia; 
colls 0.175" O.D. 
(Cosine dlstrlbytion along length) 

4. Boron Mitride Insolation 

5. Eight Chromel Alumel Thermocouples 
within 304 stainless steel sheath 
0.025" dia. 

17538-8 

FIGURE 3 
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17538-10 

COSINE AXIAL POWER PROFILE 
FLECHT-SEASET HEATER ROD 

Axial Power Factor «P/Pavg> 

1.8 
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0.2 —" 

1.66 / — FLECHT Heater Rod 

60 
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Elevation [Feet (Meters)] |1510~1© 

FIGURE 4 
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1 7538-12 

FLECHT-SEASET HEATER ROD 
QUALITY ASSURANCE PROGRAM 

SINGLE ROD PROTOTYPE TEST FACILITY 

Power Lead 

Heater Rod 

Rotameter 

Water Supply / — ^ 

Drain 
Power Lead 

T/C Lead 
Exhaust 

Housing 0.875"O.D. 
X 0.805" f.D. (22.2mm 
X 20.4mm) 

Grid (Typical) 

T/C Leads (Typ) 

^DT 

17538-12 

FIGURE 5 
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the housing by single cell grids cut from grids used in the rod bundle. 
The rod was fixed at the top of the housing, as it is done in the rod 
bundles, and allowed to expand downwards through an 0-ring seal at the 
bottom of the housing. A Linear Voltage Differential Transformer (LVDT) 

was attached to the rod bottom extension to monitor the rod thermal 
expansion and permanent rod elongation throughout the test. Cooling 
water at room temperature was injected at the bottom of the housing and 
measured by a rotameter. Generated steam and carry-out water were 
exhausted through the top of the housing to the atmosphere. Power was 
supplied and controlled by means of a Silicon Current Rectifier (SCR) 
power supply. However, this power supply did not have the capability of 
controlling power decay as it is done during a test with rod bundles. 
Therefore, the power decay was simulated by reducing the power in two 
steps. During the adiabatic heat up period and prior to the power step 
changes, the power was held constant at 5.1 kilowatts, which is equiva
lent to a peak power of 0.7kw/ft (23kw/m), until the initial peak clad 
temperature was reached. In the first step, the power was reduced from 
5.1 kilowatts down to 4.0 kilowatts when cooling water injection 
started. The second power change occurred 180 seconds after cooling 
water injection started further reducing power down to 3.0 kilowatts. 
After this change the power remained constant for the duration of the 
test. The initial test conditions and sequence are listed in Table 2. 
Initially, four heater rods were tested. The first prototype rod (No. 
1) test results were not considered valid because of insufficient data 
and uncontrolled test conditions. The other three prototype rods (No. 
1, 3 and 4) were tested under better controlled conditions. Table 3 
summarizes test conditions and results of these tests'. 

The heater rod thermocouple failure data for each prototype rod were 
analyzed based on the integral or the area under the temperature-time 
curve when the rod temperature was above 1500°F (8160C) (Reference 
2), as shown in Figure 6. This temperature was chosen because indus
trial application of stainless steel and small diameter type K thermo
couples are not recommended beyond such high temperatures. Results from 
this analysis are shown in Figure 7. Predictions were also made to 
determine the rod bundle integral of the temperature-time curve values 
needed to complete all tests included in the 161 - rod unblocked bundle 
test matrix. This value is shown in this figure by an arrow pointing to 
the temperaturetime axis. This figure also shows that the Prototype No. 
4 temperature-time integral values well exceed the required values to 
complete the test matrix without T/C failures. In contrast, Prototype 
No. 2 and No. 3 T/C failure temperature-time data fall short of this 
goal. The good performance of Prototype No. 4 is attributed to the 
conditions under which this rod was tested. These conditions were con
sidered to be more typical of the test conditions than the heater rods 
would experience during the rod bundle testing, that is, short heatup 
periods, power decay, controlled flooding, and, consequently, controlled 
quenching. 
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TABLE 2 

FLECHT-SEASET HEATER ROD 

DOUBLE ENDED PROTOTYPE TESTING 

Intial Test Conditions 

Pressure 
Initial Peak Sheath Temp. 
Peak Power 
Flooding Rate 
Cooling Water Temp. 

Range 

Atmospheric 
1000-2250OF (538-12320C) 
0.7 Kw/ft (2.3 Kw/m) 
1.5 in/sec. (3.81 cm/sec) 
Room Temperature 

Tes t Sequence 

1-10 
11-20 
21-40 
41-100 

Initial Sheath Temp, at Flood 

lOOOOF ( 5380C) 
2000OF (1093OC) 
2250OF (12320C) 
2000OF (1093OC) 



TABLE 3 

FLECHT-SEASET 

PROTOTYPE HEATER ROD TESTING 
AT WESTINGHOUSE 

Prototype 
tion 
No. 

2 

3 

4 

O.D. 

In. 

1.0 

2.0 

.875 

Housing 

Wall I.D. 

In. In, 

.049 .902 

.065 1.87 

.035 .805 

Support 
Grid 

Type 

(8) 
Flecht + 
one 1/8" 
dia. tie 
rod 

(8) 
Flecht + 
four 1/8" 
dia. tie 
rods 

(8) 
Flecht + 
four 1/8" 
dia tie 
rods 

Test Con 

Initial 
T6ft 

OF 

1000 
2000 
2250 

1000 
2000 
2250 
2000 

1000 
2000 
2250 
2000 
2000 

ditions 

No. of 

Cycles 

1-10 
11-80 
81-100 

1-10 
11-20 
21-40 
41-100 

1-10 
11-20 
21-40 
41-100 
101-110 

Flooding 
Rate 

In/sec 

Fast 
Quench 

1.5 

1.5 

Twater 

OF 

-v-eo 

•^60 

•^60 

Power 

Control 

Full power 
reduced to 
zero at 
flood 

l.lKw/ft max 
during heatup 
reduced to 
.55 Kw/ft max 
at flood; 
reduced to 
.42 Kw/ft max 
after 180 sec. 

.7 Kw/ft max 
during heatup 
reduced to 
.55 Kw/ft max 
at flood; 
reduced to 
.42 Kw/ft max 
after 180 sec 

Results 

Failed 
T/C Elev 

Ft-in. 

7-6 
7-0 
5-0 
6-4 
6-6 
6-2 
8-0 

6-6 
6-2 
6-4 
7-0 
7-5 
Rod 

6-0 
6-2+ 
7-0 
5-4 
6-6 
Wo more 
failures 

. 
CYCI.£ 
No. 

20 
22 
59 
67 
72 
74 
75 

12 
15 
18 
23 
25 
34 

40 

60 
54 
70 
110 

Total 

Cycle 

OF-Sec. 

(T<1500OF) 
5.3xl05 
6.5xl05 
2.6xl06 
3.1xl06 
3.5xl06 
3.6xl06 
3.7xl06 

1.1x105 
2.0xl05 
5.0xl05 
1.2xl05 
1.8xl06 
3.7xl06 

2.7xlO§ 
3.5X10° 
3.5x10 
3.7x106 
4.0x10* 
8.5xl05 

Total 
Rod 
Elonga-

Tdt 

In. 

4.3 

2.15 

2.4 

Fast quench 
produced severe 
rod ratcheting 
and elongation 

Large housing 
caused longer 
heat-up times & 
premature rod 
failure 

Small housing & 
controlled test 
conditions more 
representative 
of bundle oper
ating condi
tions rod went 
through 110 
cycles without 
failure 

en 
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Prototype No. 2 was tested in small diameter housing (1.0 in. (25.4 mm) 
X .049 in. (1.24 mm) wall) but the flooding was uncontrolled which 
subjected the rod to a fast quench causing severe rod ratcheting, large 
permanent elongation, and bowing. 

Prototype No. 3 was tested in a larger diameter housing (2.0 in. 
(50.8 mm) x .065 in. (1.65 mm) wall) because it was postulated that a 
larger housing would minimize rod and housing bowing. However, using a 
larger housing resulted in longer heat-up times for the rod to reach the 
test initial temperatures. Because of the longer heat-up periods, the 
rod was at high temperatures without cooling, which eventually caused 
the heater element to fail by electrically grounding to the rod cladding 
at several spots in the peak power step (6 ft. (1.83 m) elevation). 

Permanent elongation of each rod during these tests is shown in 
Figure 8. The data indicates that the thermocouple failure rate 
increases significantly after the rod has permanently elongated more 
than a half inch. 

In summary, the results showed thatJ 

1. The heater rod Kanthal coil performed satisfactorily at high tem
peratures. 

2. The 25 mil (0.64 mm) sheath diameter thermocouple failure rates were 
accelerated after the heater rod had been permanently elongated more 
than one-half of an inch. 

3. The housing diameter and wall thickness had a strong effect on 
heat-up times and rod failure. 

4. Fast uncontrolled quenching produced severe rod ratcheting. 

5. Under controlled test conditions more representative of bundle 
operating conditions, the rod (Prototype No. 4) went throu^ 110 
cycles without failure, although it suffered severe elongation in 
the high temperature region. 

6. The thermocouple failures occurred well beyond the temperature-time 
integral above ISOO^F (8160C)equivalent to complete the 51 tests 
of the unblocked bundle test matrix. 

Heater Rod Development Program 

Because of the thermocouple failure rates experienced in prototype test
ing, a heater rod development was established. The purpose of this 
program was to determine ifs 
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1. Other thermocouple element materials would perform better at high 
temperatures, 

2. Larger than 25 mil diameter thermocouples could be used. In pre
vious FLECHT programs and other reflood experiments with larger 
diameter rods it was observed that significantly lower failure rates 
were obtained with thermocouple diameters of 40 mils or larger. 
However, Rama, at that time, had indicated that a rod with 40 mil 
(1,02 mm) thermocouples would be difficult to build because it would 
require a reduction in the heater coil diameter in order to maintain 
the proper Boron Nitride (BN) insulation thickness between the coil 
outside diameter and the thermocouple, 

3. Other thermocouple designs could be employed, which would allow the 
use of larger thermocouple elements (wire), which would be stronger 
to withstand the thermal expansion due to high temperatures during 
reflood. 

Consequently, the following four modified heater rod designs were pro
posed: 

1. Nicrosil-Nisil thermocouples with the existing heater rod design 

1. 40 mil thermocouples (Type K, Chromel-Alumel) with a reduced 
diameter Kanthal heater coil 

3. Coaxial thermocouple with ungrounded junction with the existing 
heater rod design 

4. Coaxial thermocouple with grounded junction with the existing 
heater rod design. 

It was intended to test all four prototypes, choose the best performer, 
run additional tests on the best performer, and incorporate the best 
design in the 21 rod bundle and the 161 rod block bundle tests. 

After additional development work, RAMA was able to fabricate a proto
type rod (No. 5) with 40 mil (1,02 mm) thermocouples and a reduced 
diameter Kanthal coil. The small diameter coil was obtained by using 
smaller diameter Kanthal wire and coiling it to a radius beyond the 
recommended bending radius for this material. This heater rod (No. 5) 
was tested under the same conditions as prototype No. 4. The results 
showed that the larger 40 mil (1.02 mm) thermocouples did not show 
significant improvement in the thermocouple failure rate. However, the 
Kanthal heater element performed adequately. At the same time, testing 
with the 161 Unblocked Rod Bundle was started. After a few runs, signi
ficant thermocouple failures occurred although peak clad temperatures 
did not go over 1500°? (816oc). The thermocouple failure rate was 
accelerated as the peak clad temperatures increased during testing. In 
addition, about eight heater rods showed a drop in isolation resistance 
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between the heater element (coil) and the cladding. These two phenomena 
were not experienced in the prototype heater rod testing. Based on 
these results and the results from the 40 mil (1.02 mm) thermocouple 
poor performance an extensive investigation on possible causes for this 
behavior was started with the cooperation of the Oak Ridge National 
Laboratories (ORNL) and RAMA Corporation. 

ORNL-RAMA Cooperative Program 

ORNL has been conducting an extensive program to determine causes of 
fuel rod simulator (FRS) (Reference 2) and small diameter thermocouple 
error and failures at high temperatures (Reference 3, 4, and 5). ORNL 
uses electrically heated rods to simulate fuel rods in the following 
programs; 

A. Slowdown Heat Transfer - Thermal Hydraulic Test Facility (BDHT-THTF) 

B. Breeder Reactor Program - Thermal Hydraulic Out-of~Reactor Safety 
Facility (BRP-THORS) 

C. Gas Cooled Fast Reactor Program - Core Flow Test Loop (GCFR-CFTL) 

D. Multi-Rod Burst Test Program (MRBT) 

Although ORNL has not used heater rod in reflood experiments, the 
problems with their electrically heater fuel rod simulator and small 
diameter sheathed thermocouples for high temperature applications (above 
I8OO0F (9820C)) are similar to those for heater rods in reflood 
testing. 

Results from ORNL matallographic analysis of small diameter thermo
couples and investigations of thermocouple failures in small diameter 
rods showed thati 

1. The main cause of failure of a small diameter thermoelement wire 
exposed to temperature higher than I8OOOF (982oc) is the 
recrystalization grain growth of the chromel (K^) and Alumel 
(K~) crystals. 

2. Alteration of the thermoelectrical properties of the thermoelement 
by chemical reaction with the surrounding materials. For example, 
oxidation of chrome and aluminum by moisture, carbonates and other 
impurities in the magnesium oxide insulation and the sheath material 

3. Mismatch of the thermal expansion coefficient of Chromel-Alumel wire 
and the stainless steel sheath and/or the heater rod cladding 
(347SS). 

4. Small diameter sheathed Nicrosil-Nisil thermocouples decalibrate two 
to three times worse than Type K thermocouple at temperatures above 
I6OOOF (871oC) (Ref, 2). Based on these results, development of 
heater rods with this type of thermocouples was suspended. 
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The recrystalization grain growth effect is thought to be the most 
significant of these findings. Grain growth is a time-temperature 
effect. It is accelerated exponentially at higher temperatures, mainly 
when the thermoelements are subjected to cold work strains between 4 
percent and 12 percent prior to thermocycling. In the RAMA manufactur
ing process, the rods are elongated about 5,8 to 6,0 percent by swaging 
in order to obtain high boron-nitride powder insulation densities. This 
elongation can be equated to cold work strains which induce storage of 
internal energy in the thermoelement. This internal energy is released 
at high temperatures in the form of accelerated grain growth. Clear 
evidence of this phenomenon is shown in Figures 9 and 10. These micro
graphs were made by ORNL Metallurgical Services Lab, of the 40 mil 
thermocouple wire used in prototype heater rod No. 5. Figure 9a is a 
microgrpah of the original seven (7) mil diameter unswaged chromel 
thermoelement (K+) showing a good grain structure composed of small 
crystals. Figures 9b and 9c show the large crystals and inter-granular 
cracks which were formed after the thermocouple was exposed to tempera
ture cycles from 2000° to 2300OF (1093-1260OC) during testing. 
Figures 10a, b, and c show the micrographs of the 7 mil diameter Alumel 
(K-) thermo-element of the same thermocouple before and after thermo
cycling. These micrographs also show some evidence of oxidation at the 
interface between the metal and the McO insulation. 

Based on the above observations and results, the ORNL FRS Technology 
Development Group, under the direction of R. W. McCulloch, proposed and 
developed a "Low Temperature Recovery Process" (Reference 6) to remove 
the swaging induced cold work in the thermoelements during manufacturing 
of the rods. This extensive development work consisted of annealing 
several non-strained and 6% cold work strained chromel-alumel sheathed 
thermocouple samples for several periods of time at a temperature of 
8420F (450OC). The chromel thermoelement electrical resistance 
changes during annealing were used to optimize the process period. No 
further significant changes in the thermoelement resistance during 
annealing indicated that the cold work strain was removed. It was 
determined that the annealing period should be 60 hours at a temperature 
of 8420F (450OC). 

The ORNL cooperative program also included applying their infrared 
scanning inspection techniques to evaluate each heater rod BN powder 
density uniformity. This evaluation cannot be easily measured by other 
means but by performing destructive testing. An infrared scan of a 
production heater rod is shown in Figure 11. The 12ft. (3.66m) heated 
length is scanned in three 4ft (1.22m) sections. Three types of tests 
are performed? 

1. A steady state test by applying low voltage power to the heater 
element raising its mid plane temperature about 1760F 
(BOOc). This test shows the axial heat generation distribu
tion in the rod. 

2. A one second core (heated element) transient test by applying 
high voltage to the coil. This scan shows the heat generation 
in each power step of the heater element. 
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3. A one second clad transient test by applying low voltage power 
to the heater cladding showing the uniformity of heat transfer 
to the center of the heater rod. 

On these tests, variations or anomalies in the BN powder density, heater 
element, or cladding will appear as spikes in the infrared scan traces. 

In addition, ORNL recommended a new heater design for the FLECHT-SEASET 
Program, based on their experience with BN preforms built rods. This 
design would consist of a heater rod with a Kanthal ribbon element, 
which is needed for using crushable BN preforms, a 347 SS heater clad
ding, 40 mil (1.02mm) diameter thermocouples with inconel sheath, and 
less than 1% elongation due to swaging used as a final step to provide 
rod diametrical uniformity. This heater rod design was not pursued 
because of schedular and budgetary constrains resulting mainly from the 
time needed to transfer this technology to the industry. Moreover, 
elongation-to-break tests and micrographic evaluation of thermocouples 
showed that if low temperature recovery annealing process improves the 
performance of swaged rods with induced cold work strained thermocouples 
at high temperatures, it may not be necessary to change the heater 
design to rods fabricated with BN preforms and non-strain thermocouples 
(ORNL Design) which have shown better performance, and low thermocouple 
failure rates at high temperatures applications. 

An attempt was made to fabricate a swaged rod with less than 3% elonga
tion. But the ORNL infrared scans showed a significant variation of BN 
powder density uniformity along its length. Consequently, this rod was 
not tested and further development work for this design was suspended. 
To determine the effects of low temperature recovery annealing a rod 
(Prototype 6) of the original design with 6% elongation and 25 mil 
(0.64mm) thermocouple was annealed for 60 hours at 8420F (4500C) and 
tested in the Single Rod Test Facility under the same conditions as 
Prototype No. 4. The test results showed some improvements on the 25 
mil (0.64mm) thermocouple performance. Examination of the rod after 
testing showed less bowing and less permanent elongation. Encouraged by 
these results, a second generation of swaged heater rods were designed 
to include 40 mil (1.02mm) thermocouples, reduced diameter coil, reduced 
coil wire diameter, and low temperature recovery annealing at 8420F 
(450OC) for 60 hours. The rods would still have a 6% elongation due 
to swaging. This design could be for either double ended or single 
ended rods. A schematic of a single ended rod is shown in Figure/9«. 
The rod is called single ended because one end is grounded to a nickel 
terminal welded to the rod cladding. At the other end, the heater ele
ment copper wire conductor is isolated from the cladding. The heater 
element is made of Nichrome V wire which has a different electrical 
resistivity than Kanthal. The rod operates at 277 VAC and its connected 
to a common ground plate. The heater element design consists of a 
triple wire coil at the lowest power zones at both ends of the rod, and 
a dual wide coil for the remaining power zones. The coil pitch for 
these power zones are varied in order to provide the required cosine 
axial power profile. Because of the nichrome heater element the rod 
maximum operating temperature is limited to 2000OF (1093OC). 
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As part of the Qualification Program, a Prototype (No. 7) of this rod 
designed was tested in the single rod test facility at the same condi
tions Prototype No. 4 and No. 5. The resulting thermocouple failure 
rate data were analyzed using the temperature-time integral method. The 
results were plotted on Figure No. 13 along with data from Prototype No. 
4, No. 5 and No. 6, the 161-rod unblocked bundle, and two 21-rod bundle 
tests. In this analysis, the thermocouple failures were normalized to 
the total number of thermocouples monitored at the same elevations as 
those of the Prototype rods. An average temperature-time integral value 
was calculated from individual thermocouples that operated and were 
monitored throughout the test matrix. Prototype No. 7 results showed a 
significant improvement in thermocouple performance over the other 
prototypes. This is attributed to the recover annealing, the larger 
size (40 mil (1.02mm)) thermocouples, and lower operating temperatures. 
The data from the 161-rod unblocked bundle, where the rods had 25 mil 
(0.64mm) thermocouples and were not annealed, show a large and not 
acceptable thermocouple failure rates. On the other hand, the 21-rod 
bundle No. 1 test results show a significant improvement in thermocouple 
performance although these rods had 25 mil (0.64mm) thermocouples but 
the rods were annealed. 

Rod Bundle Support Structure Effects 

Another factor which affects the rod and thermocouple performance during 
thermocycling at high temperatures is the mechanical interaction of the 
rods and the support structure. Rods with cosine axial power distribu
tions have the highest temperatures at the peak power zones. When this 
temperature goes above 1800OF (982oc) the strength of the rods is 
small, and because of the thermal linear expansion the hottest section 
(peak power zone) is pushing the cooler zones (lower power) through 
grids and pressure seals, rod bowing can occur. If the friction caused 
by the rods sliding through these components is high, the rod bends at 
the weakest point (hot zone) causing additional strains on the thermo
couples. During reflood the grids are cooled more rapidly while the 
rods remained hot. The grid dimples grab the rods producing a racheting 
effect. This phenomenom causes undue rod permenent elongation. The 
detrimental effects of rachetting was most evident during Prototype No. 
5 testing, where the rod was literally pulled apart after 80 thermo-
cycles. Consequently, it is important to provide rod to grid dimple 
clearances at hot conditions to minimize these effects. Evidence of the 
benefit obtained by providing a reasonable gap between the rod and the 
grid dimples at hot condition is shown in Figure 13-. The unblocked 
bundle had no rod to grid dimple clearances at hot conditions and the 
thermocouple failure rate and bundle distortion were high. The 21-rod 
bundle No. 1 rod to grid dimple clearances were increased and the rod 
thermocouple failure was substantially reduced. In the 21-rod bundle 
No. 2 in addition of providing rod to grid clearances at hot conditions, 
the dimples of the peripheral cells were removed from three grids below 
the 6 ft (1.83m) elevation because the rods expand through this portion 
of the test section, resulting in only less than 1 percent thermocouple 
failures during testing. 
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Other mechanical interaction affecting rod performance in rod bundles 
are the low mass (thin wall) housing and the solid fillers. These com
ponents are heated by radiation from the rod to temperatures up to 
1500OF (8160C). These components, like the grids, tend to quench 
before the rods creating high stresses in the material leading to dis
tortion, which in turn affect the bundle rods. Filler bending has been 
minimized by having a hinge design at the mid-span between the grids. 

Heater Rod Fabrication and Quality Controls 

The current design double-ended heater rods are manufactured by RAMA 
according to the procedures outlined belows 

1. The thermocouples are tack-welded to the heater clad inner surface. 

2. The Kanthal coil is automatically machine wound in one continuous 
coil with a constant outside diameter, and the proper coil pitch 
changes for each power step. After the coil is fabricated, power 
step lengths and coil resistances are measured at each power step. 
A slight coil pitch change is made at the end of each power step to 
facilitate step length measurements from X-rays after the rod has 
been swaged. The step length and resistance measurements are used 
to calculate the actual power axial profile for each rod. 

3. During the filling operation, the BN powder is compacted by tamping 
to obtain densities equivalent to 75 percent of the BN theoretical 
density. The components are maintained at temperatures above 
250OF (121°C) to minimize moisture absorption during this opera
tion. After filling is completed, temporary moisture seals are 
installed and the rod is radiographed. Then a "baked out" operation 
is performed at 350OF (177oc) for a minimum of 8 hours. After 
the "bake out" insulation resistance measurements with a 500 VDC 
megger and insulation current leakage test are performed. The 
insulation current leakage is not to exceed 100 micro-amps at 1400 
VAC. If the rod passes these tests, permanent moisture seals are 
installed. 

4. Before swaging, the heater rod sheath should have been fully 
annealed. The rod is swaged to obtain BN powder densities greater 
than 1.8 grams/cc. Actual BN densities have been obtained between 
1.9 and 2.0 grams/cc. The swaging operation causes approximately a 
6 percent elongation of the rod. After swaging the rod surface 
texture should be 63 micro inches or better. 

5. RAMA's Quality Controls. To insure the rod meets the design speci
fications, RAMA performs an extensive quality control program which 
includes i 

o Heater element and thermocouple measurements 

o Insulation resistance testing 
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o Full length radiographs at 0° and 90° apart 

o Mechanical dimensions 

o Thermocouple thermal search for axial and azimuthal location 

o Rough infrared scanning 

6. Finally, the rod is subjected to a "low temperature recovery anneal
ing" at 8420F (4500C) for 60 hours. 

Westinghouse Quality Assurance Program 

The success of the FLECHT-SEASET program largely depends on the perfor
mance of the heat rods and the information obtained from the rod thermo
couples. During testing, consequently, Westinghouse implemented an 
extensive heater rod quality assurance program, outlined in Table 4, in 
addition to RAMA's Quality Control Program. One of most useful checks 
in this program, is the ORNL infrared scanning of each rod. This non
destructive test is a powerful inspection tool which allows to detect 
rather quickly and economically non-uniformity of the swaged boron 
nitride powder density along the entire length of the rod, coil and 
cladding imperfections, and coil eccentricities which would provide 
non-uniform radial heat fluxes. It is imperative to know if a rod has 
these anomalies so it cannot be installed in a test bundle. The con
sequence of rod and thermocouple failures and increased data uncertainty 
during testing are costly and compromises the validity of the data. 

Summary 

The experiences and lessons learned in the FLECHT-SEASET Heater Rod 
Development Program indicate that; 

o Innovating designs, careful manufacturing techniques, and exten
sive quality assurance programs are required for fabricating 
fuel rod simulators capable of operating at high temperatures 
beyond the materials of construction recommended limits, 

o The performance at high temperatures of small diameter thermo
couples used in swaged fuel rod simulators can be improved by 
low temperature recovery annealing and minimizing rod-support 
structure interactions. 

o Adequate rod and support grid structure clearances at hot condi
tions are a must to minimize bundle distortion and preserve 
geometry integrity. 



TABLE 4 

WESTINGHOUSE QUALITY ASSURANCE PROGRAM 

NON-DESTRUCTIVE TESTING 

Test 

1. Electrical - Resistances 

o Heater Element (+_ 2%) 
o Heater Element Isolation (> 6500 MSGOHM-Fr) 
o Thermocouple Wires 
o Thermocouple Isolation 

2. Mechanical Dimensions 

o Overall Lengtii (+ 2.0") 
o Sheath Diameter (+ 0.002") 
o Camber (< 0.01 in. per ft) 
o "Go - No Go" Gauge for Sheath at Both Ends 
o "Go - No Go" Gauge for Collar O.D. 

3. Radiograjii Review at Each Power Step 

o Step Location and Length (+ 1.4%) 
o Coil Wire Diameter (+ 0.0005") 
o Coil O.D. (+ 0.001") 
o Total Coil Turns 
o Coil Eccentricity (+ 0.010") 
o Sheath Thickness (+ 0.001") 
o Artifacts 

4. Sheath Liquid Penetrant 

5. ORNL Infrared Scan Review 

o Coil Steady-State and Transient 
o Sheath Transient Test 

Rod Sample - % 
Non-

Instrumented Instrumented 

100 
100 
100 
100 

100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 
100 

100 
100 

100 
100 
100 
100 
100 

10 
10 
10 
10 
10 
10 
10 

100 
100 

100 
100 
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ABSTRACT 

The design, development and performance of two types of 
internal heater are described for out-reactor high tempera
ture transient studies of Zircaloy clad fuel elements. One 
has twenty tungsten heater wires in peripheral axial grooves 
in lava pellets; the other has a tantalum heater coil 
contained within annular UO2 pellets. 

INTRODUCTION 

Part of the Canadian research and development program aimed at 
understanding the behaviour of CANDU fuel under postulated accident 
conditions involves a study of the deformation of electrically heated 
fuel elements and fuel bundles during high temperature transients in the 
laboratory (1), The manner in which this testing is carried out has been 
influenced significantly by a number of the design features of the CANDU 
fuel bundle. Some of these features which are discussed below are 
Illustrated in Figure 1, showing a Pickering 28-element fuel bundle. 

Brazed Sheath Appendages 

The spacing between the individual fuel elements and between the 
outer elements and the pressure tube is maintained with spacers and 
bearing pads brazed directly onto the Zircaloy sheaths. Direct 
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3476 J 

FIGURE 1 Pickering 28-Element Fuel Bundle 

resistance heating of empty Zircaloy sheaths without brazed appendages 
produces relatively uniform sheath temperatures and this method of 
heating was used extensively to obtain material properties in uniaxial 
creep (2,3) and pressurized tube tests (4,5), However, direct resistance 
heating of sheaths with brazed appendages attached results in significant 
temperature variations (~ 100°C) in the vicinity of the appendages. 
This problem provided the initial impetus for the development of internal 
electric heaters which would provide temperature gradients similar to 
those expected In nuclear fuel elements. 

Low Internal Volume 

CANDU fuel elements have a low internal free volume (2,7% for a 
Pickering fuel element) by virtue of there being: 

i) no internal plenum space, only sufficient cold axial clearance to 
allow for thermal expansion of the fuel stack at power, and 

ii) low diametral clearance between the UO2 pellets and the sheath to 
avoid the formation of longitudinal ridges by action of the coolant 
ptessure on the thin (0.43 mm), collapsible cladding. 

The sheath strain behaviour of a low volume sealed element during a high 
temperature transient is appreciably different from that of elements 
deformed at constant internal pressure. Consequently, considerable 
effort has been devoted to developing low volume electric elements to 
better represent the strains expected in various transient histories. 
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Horizontal Orientation 

CANDU fuel bundles are irradiated in horizontal pressure tubes, 
hence the high temperature sag behaviour of the individual elements in 
the bundle must be taken into consideration. The elements will deform by 
creep at low stresses due to the weight of the contained fuel pellets. 
To investigate this mode of deformation with internally heated electric 
elements, the following characteristics should be as close as possible to 
those of nuclear fuel elements: weight per unit length, rigidity/ 
flexibility, pellet/clad interaction and temperature gradients. 

In addition to the above characteristics, it was also desirable that 
the internal electric heater design should satisfy as many of the 
following considerations as possible: high peak sheath temperature 
(> 1100°C), high heating rate ( > 100°C/s), sheath temperature uniformity 
before sheath strain, chemical stability, ruggedness, reusability and 
reasonable cost. It was obvious that no single heater design could 
incorporate all of these features; many could be emphasized, but some 
would have to be compromised. 

Heater development work was undertaken at Westinghouse Canada Inc., 
(WECAN), Hamilton, Ontario and at Canadian General Electric Company 
Limited (CGE), Peterborough, Ontario, under joint contract to Atomic 
Energy of Canada Limited and Ontario Hydro. WECAN concentrated on a 
design which would be suitable for studying fuel bundle deformations in 
the horizontal orientation and CGE worked on a heater design to study 
deformations in the vertical orientation, in order to separate the effect 
of element sag from thermal bowing and sheath diametral strain. 

This paper describes the two electric heater designs, traces their 
development, outlines their capabilities and limitations, and describes 
how they have been used to date, 

PERIPHERAL FILAMENT HEATER DESIGN 

Design Evolution 

In 1973 CGE undertook to design and develop a low volume, internal 
electric heater to replace the direct resistance heating technique in use 
at that time. Since it was intended that tests be conducted in the 
vertical orientation, simulation of the proper weight per unit length of 
a nuclear fuel element was unnecessary. Another design objective was 
that the heater assembly be capable of being used at least five times. 

The initial development work concentrated on the design of a 
reliable half-length (250 mm) heater for Pickering-size (15,23 mm OD by 
0,43 mm wall thickness) Zircaloy-4 fuel sheaths with an internal free 
volume of ~4 cm-̂  (compared to 2T35 cm-̂  for a Pickering fuel element). 
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The design featured an Inconel-600 or 304 stainless steel tubular heater 
brazed or welded to end fittings and coated with a ceramic cement, A 
heating rate of 100°C/s to >1000°C was achieved, but the thickness of the 
ceramic layer necessary to obtain the desired void volume reduced the 
heat transfer rate to the sheath and led to large temperature variations 
in the sheath. This produced bowing of the sheath, spalling of the 
ceramic cement, hot spots and failure. 

It was decided that a rigid, tight-fitting, internal heater design 
was Impractical. Instead, a smaller Inconel tube (9,53 mm OD by 0.99 iran 
wall thickness) was used, spaced from the sheath by two tight fitting 
glass-ceramic collars. The purpose of the collars was to keep the heater 
concentric within the Zircaloy sheath so as to achieve a uniform 
temperature distribution over the central portion of the specimen. Tests 
showed that the temperature variation around the mid-plane was within 
30°C at 950°C. Cold spots (~ 75°C variation) occurred over the collars. 
Maximum sheath temperatures attained were 975°C, However, bowing of the 
Inconel tube and/or the Zircaloy sheath still occurred occasionally. 

Flexible Heater Design 

Experience with the tubular heaters led to the conclusion that the 
internal heater should possess a degree of lateral flexibility sufficient 
to avoid "hot spots" associated with sheath or heater bowing during 
temperature transients. Thus a flexible heater was developed consisting 
of twelve 0.9 mm tungsten wires supported in axial grooves in a stack of 
27,5 mm long lava pellets to simulate fuel pellets. The tungsten wires 
were brazed to threaded, stainless steel power terminals at each end. 
The grooves containing the heater wires were filled with ceramic cement 
to hold the wires in place and to reduce the void volume within the 
element. The fuel sheath was sealed to the heater using swage-type tube 
fittings at each end. A pressure inlet was provided at the upper end 
fitting. Lava and Teflon seals were used on the power terminals to 
provide a pressure seal, electrical insulation, and to allow some 
relative axial movement between the heater and the sheath. 

Tests with this heater to above 1050°C resulted In longitudinal 
ridges being formed in the sheath in the proximity of the heater wires. 
The design was modified by increasing the number of heater wires to 
twenty (0.63 mm diameter) (Figure 2) and no sheath ridging was observed 
at sheath temperatures up to 1145°C. 

A series of tests was run to determine the performance character
istics of the 20-wire heater* The tests were performed at nominal 
heating rates of 25, 50 and 100°C/s from an initial temperature of 300°C 
to a maximum sheath temperature of 900°C (to preserve the heaters for 
repeated tests). The results showed good linearity of heating rates. 
Circumferential temperature uniformity at a ramp rate of 25°C/s to 900°C 
was found to be within 40°C, 
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HEATED LENGTH 

420 nm 

VIEW A -A 

(2 X) 

FIGURE 2 Full Length Peripheral Filament Heater Design 

Further testing to higher temperatures with appendaged tubes 
revealed unacceptable outgassing of the ceramic cement which caused an 
oxygen stabilized alpha layer to be formed on the inside surface of the 
sheath after prolonged isothermal holds. This required elimination of 
the ceramic cement and because of the resulting large internal volume, 
this heater design is only suitable for constant pressure tests. Without 
the ceramic cement to hold the wires in place and to prevent them from 
bowing into contact with the sheath, it was necessary to use two turns of 
0.13 mm tungsten/rhenium thermocouple wire wrapped around the circum
ference of the heater at 0,25 mm gaps between the lava pellets. 

TESTS INVOLVING THE PERIPHERAL HEATER DESIGN 

Tests Involving The Peripheral Heater Design 

The peripheral heater design has been successfully used in three 
areas of experimental investigation: 

(1) to study the effect of brazed appendages on the strain and rupture 
of Zircaloy sheaths, 

(2) to verify the sheath strain model, and 
(3) to study sheath deformation in a cluster configuration. 
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Tests on Sheaths With Brazed Appendages 

Because direct resistance heating of appendaged specimens produces 
temperature variations in the region of the appendages, it was desirable 
to confirm the deformation and rupture behaviour of such sheaths with 
Internally heated specimens. Half-length Pickering-size tubes were used 
with four appendages brazed to the mid-plane (Figure 3). The 20-wire 
peripheral heater was used with the grooves filled with ceramic cement. 
Specimens were housed in an evacuated steel containment vessel. The 
inside of the specimens was evacuated to a pressure of <5 Torr until the 
isothermal temperature was reached. They were then pressurized to 
commence the test. A total of 19 tests were run to maximum temperatures 
ranging from 775°C to 1250°C, at hoop stresses of 3 to 38 MPa and for 
holding times of 10 to 380 seconds. Some specimens were given complex 
temperature/pressure histories. 

Outgassing of the ceramic cement occurred in some of the higher 
temperature tests and it resulted in an a stabilized layer on the inside 
surface of the sheaths, somewhat affecting the results. However, a 
majority of the results supported the strain and rupture behaviour 
determined by the direct resistance heated specimens. 

APPENDAGED SHEATH 

20-WIRE HEATER 

STAINLESS 
STEEL 

POWER TERMINAL 

ASSEMBLED SPECIMF:̂ -

4' i i '^si 

\ 
PRESSURE 

CONNECTION 

FIGURE 3 Half-Length Peripheral Heater Design as Used in the Brazed 
Appendage and Sheath Model Verification Tests at CGE 
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Sheath Strain Model Verification Tests 

The objectives of model verification tests are to confirm that the 
model predicts the correct strain for a variety of test conditions and, 
if it does not, to determine the weaknesses in the model (6,7). Thus 
verification tests tend to be multivariable transients as opposed to data 
generation tests which are generally single variable steady state 
experiments. 

A set of verification tests for the sheath strain model was done at 
CGE in 1978 with non-appendaged specimens and the peripheral filament 
heater. It employed half-length Pickering-type fuel cladding tubes and 
the 20-wire flexible heater with ceramic cement filled heater grooves, A 
total of 23 specimens were tested and the results have been reported by 
Hunt (8). Several types of thermal cycle were tested, including single 
ramp, ramp and hold and double ramps with holds. 

A second series of verification tests were run in early 1980. The 
specimens were again half-length Pickering-type fuel sheaths containing a 
central induction brazed zone with four brazed spacers attached (Figure 
3). The braze heating cycle produces three zones with different metal
lurgical structures in the sheath. The test temperatures were kept below 
the a/a+3 transition temperature (~ 830°C) to see if the model was 
capable of predicting the strain behaviour in the three metallurgical 
structures. Simple and complex temperature and pressure histories were 
used. The 20~wire heater was also used for these tests, but no ceramic 
cement was used to fill the grooves thereby avoiding any possibility of 
internal sheath oxidation. 

Cluster Test 

One 7-element cluster test was conducted with full length, 20-wire 
flexible heaters without ceramic cement in the grooves (Figure 4). Equal 
power was applied to all elements. The bundle was held in the vertical 
orientation and was surrounded by a heated shroud tube to reduce the 
temperature gradient around the outer elements to zero in order to 
maximize element strain. 

After an initial hold at 300°C, the bundle was ramped at 5°C/s to 
900°C with the elements pressurized to produce a hoop stress of 18 MPa in 
the sheaths. Six of the seven elements ruptured at hold times ranging 
from 100 seconds to 250 seconds at 900°C. In this test the peripheral 
filament heaters performed extremely well. Despite considerable 
ballooning of the elements it was found that no channel was completely 
blocked. Greatest subchannel area reductions occurred between the outer 
elements and the centre element, whereas least reductions occurred in the 
outer subchannels between the bundle and the shroud tube. 
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FIGURE 4 Full Length Peripheral Heater Assembly Used in Vertical 
7-Element Cluster Test at CGE 
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CENTRAL FILAMENT DESIGN 

Design Evolution 

An analysis, conducted by WECAN in 1975, concluded that it would be 
feasible to develop an electric fuel element which could be used to study 
the distortion of horizontal CANDU fuel bundles at high temperatures. 

Early heater prototypes used a coiled tungsten filament wire wound 
onto a boron nitride rod with helical grooves machined ito It. Alumina 
sleeves were used to insulate the filament from the UO2 pellets. This 
design was rejected due to embrlttlement of the tungsten wire which 
caused breakage after one thermal cycle, A graphite coil was also tried, 
but it proved unsatisfactory because it reacted with the alumina 
insulators at high temperatures. Tantalum wire was chosen as the 
filament material because it was found to be non-reactive with the 
alumina, ductile enough to form a stress-free coil, and able to with
stand high temperatures and repeated thermal cycles. 

Alumina was selected as the insulating ceramic because it retained 
good electrical resistance at elevated temperatures, had satisfactory 
thermal shock resistance, was compatible with the fuel and heater 
materials, and was available in thin wall tubing. In the early 
development heaters the alumina sleeve was in one piece; however, since 
this caused the heater to be too rigid, a segmented sleeve was adopted. 

Much of the early development was done with double ended heaters, 
having electrode connections at each end of the element, because it was 
easier to work with this type. However, the requirements that tests be 
done in different atmospheres and that an end plate be used in the bundle 
configuration required that a pressurizable, single ended element be 
developed. 

Mark I Design 

The Mark I design consists of a helical coil of tantalum wire 
located inside a stack of annular UO2 pellets and insulated from the 
UO2 by alumina sleeves (Figures 5 and 6). The sleeve length and radial 
hot clearance were selected so that the heater assembly did not stiffen 
the electric fuel element« 
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BORON NITRIDE 
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FIGURE 5 Mark I - Central Filament Heated Fuel Element 
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FIGURE 6 Components of the Mark I Central Filament Heater 
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The element assembly consists of a 400 mm long heated length 
containing the tantalum filament and a 200 mm unheated length containing 
a tantalum rod electrode. Boron nitride sleeves are used to insulate the 
electrode from the sheath. The filament is connected to the electrode at 
one end and to the end cap at the opposite end, with the Zircaloy sheath 
acting as the electrical ground return. Crimped connectors join the 
filament to the electrode and to the end cap. Both end caps are 
resistance welded to the sheath. The unheated length contains a Mullite 
tubular sleeve and a compression spring. The electrode end of the 
element is fitted into a stepped hole in the flange of the test chamber, 
thereby grounding the sheath to the flange. The end cap extension, 
containing the grooved. Teflon insulated electrode, penetrates the flange 
to provide electric current and helium pressurizing gas connections to 
the element. 

The Mark I design differs from a nuclear fuel element in several 
ways. Approximately 20% of the weight of the UO2 is removed by 
drilling the central hole through the pellets, and only about half of 
this weight is restored by the weight of the ceramic sleeves and 
filament. This results in a weight per unit length of about 90% of that 
of a typical fuel element. The internal void volume Is approximately 
21.4 cm-', almost an order of magnitude larger than that of a normal 
Pickering fuel element. 

The tantalum filament is designed to carry 120 amps at 50 volts at 
the full rated power of 6 kW, when operating at an estimated filament 
temperature of 1500°C. 

A set of experiments was conducted to determine the operating 
characteristics and limits of the Mark I heater. The tests were run in 
stagnant helium atmosphere contained Inside a horizontal Pyrex glass test 
chamber with metal flanges at each end. The heater was instrumented with 
thermocouples, one of which was connected to a programmable temperature 
controller. The elements were given several thermal cycles at various 
voltages until failure occurred. 

The maximum sheath temperature reached was 1060°C. The maximum ramp 
rate recorded was 16.2°C/s for 17.3 kW/m of applied power. The elements 
appear to be limited by a maximum voltage/temperature combination, beyond 
which shorting occurs. At a sheath surface temperature of 950°C all 
elements failed at 70 volts. Limitations on the power rating is set by 
the alumina sleeves which insulate the filament from the UO2 pellets. 
Failure of the heaters was characterized by arcing at the start of the 
heated length, where the voltage difference between the filament and the 
sheath is highest, indicating electrical breakdown of the alumina 
insulator. 



190 

Mark II Design 

Further attempts to provide a better representation of a nuclear 
fuel element behaviour led to the development of the Mark II design. The 
heated length was increased from 400 to 500 mm which corresponds to the 
length of a normal CANDU fuel element (Figure 7). 

To reduce the internal void volume the unheated length was reduced 
from 200 to 100 mm, the Mullite spacer was eliminated and the boron 
nitride spacer was extended to fill the annulus between the electrode and 
the sheath. In the heated section, short lengths of 1.53 mm diameter 
alumina rod were used to fill the central hole of the helical filament. 
These changes reduced the overall internal void volume to 10.13 cm^, or 
a 53% reduction in void volume from the Mark I design. 

Previously, the UO2 pellets were drilled in the "green" state 
prior to sintering. Suitable techniques were developed to press hollow 
UO2 pellets directly to the finished dimensions, eliminating the 
drilling operation and reducing the breakage and handling costs. 

The basic operating characteristics (power and temperature 
capabilities) of the Mark I and Mark II electric elements are essentially 
the same. 

ZIRCALOY 
END CAP 

UO2 FUEL 

PELLET 

STAINLESS 
STEEL SPRING 

— HEATED 

LENGTH (500 mm) 

SEGMENTED 
ALUMINA SLEEVES 

BORON NITRIDE ZIRCALOY 
SPACERS SHEATH 

ZIRCALOY 
END CAP AND EXTENSION 

FIGURE 7 Mark II Central Filament Heated Fuel Element 
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Mark III Design 

The Mark III heater differs from the previous designs primarily In 
the use of tantalum ribbon (3.35 mm wide by 0.51 mm thick) in place of 
wire for the filament coil (Figure 8). The ribbon has a larger surface 
area per unit length of heater, providing a more uniform temperature and 
a reduction in potential "hot spots" that could cause failure of the 
alumina insulators. Also, the helical ribbon filament has a larger ID 
which allows a larger diameter ceramic rod to be inserted inside, thus 
reducing the void volume in the heated section to 8.23 cm-̂  with nominal 
dimensions, or to 6,68 cm-̂  with the optimum combination of tolerances. 

Since crimping is not a suitable method for joining the ribbon 
filament to the electrode and end cap, it was necessary to develop 
techniques for brazing tantalum to Zircaloy and for welding tantalum to 
tantalum. 

TANTALUM ALUMINA UO2 ZIRCALOY - 4 
-RIBBON r" SLEEVES PELLET SHEATH 

FIGURE 8 Schematic Diagram of the Tantalum Ribbon in the 
Mark III Central Filament Heater Design 
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A prototype Mark III element was ramped in steps to various 
increasing surface temperatures until the element failed due to breakdown 
of the alumina insulation. Sheath surface temperature was measured at 
several locations and a thermocouple was inserted into the centre of the 
filament. The filament temperature peaked to 1900°C before failure 
occurred. Unfortunately, the test was done with an internal vacuum 
(20 Pa absolute), and therefore the internal heat transfer was poor and 
the sheath only reached 1050°C before the filament failed. Improved 
performance can be expected with an internal helium atmosphere. 

Future Development 

Short-term heater development effort will concentrate on improving 
the Mark III heater design. Since the maximum sheath temperature 
attained by the Mark III design is limited by the decreasing resistivity 
of the alumina insulator when its temperature exceeds 1800°C, it will be 
replaced with a boron nitride insulator. Boron nitride is a better 
insulator than alumina at these temperatures; however, it must be vacuum 
heat treated to drive off contaminents before it can be used. A heat 
treating procedure was established and a boron nitride insulated Mark III 
heater element was successfully tested at sheath temperatures from 300°C 
to 1000°C at a heating rate of 10°C/s. This is the preferred design for 
low void volume sealed elements because boron nitride can be machined to 
tighter tolerances than alumina. 

The unheated length is also being redesigned to further reduce the 
internal volume. This involves shortening and redesigning the spring 
supports and the end cap extension piece. 

Long-term heater development effort will concentrate on increasing 
the maximum sheath temperature to 1200°C and above, while maintaining the 
pellet/clad interaction, flexibility and weight per unit length of the 
current Mark III design. 

TESTS WITH THE CENTRAL FILAMENT HEATER DESIGN 

Sag Tests 

Since the central filament heater design has 90% of the weight per 
unit length of a nuclear fuel element, it can be used to investigate the 
sag deflection of CANDU fuel elements. The Mark I electric heater was 
used for the sag tests at WECAN, The elements were not pressurized 
internally to avoid element distortion due to sheath strain. Some of the 
parameters investigated in this series of tests included the sheath maxi
mum temperature and the support length of the heater. The experiments 
gave two important results, namely, that sag alone cannot be isolated 
from thermal bowing with the experimental techniques employed, and 
secondly, that the steady state deflection rates measured were all very 
low. 
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7-Element Cluster Tests 

An experimental program is underway to study the deformation 
behaviour of 7-element clusters during high temperature transients using 
the central filament heater design. Testing is being conducted in the 
horizontal orientation. The seven elements are fixed into the grounded 
flange at one end and fusion welded to an end plate at the opposite end. 
The cluster is located inside a suspended Zircaloy flow tube which 
presses up on the bottom of the cluster with a force equal to the weight 
of the cluster. The entire assembly is contained inside a cylindrical 
steel chamber which is evacuated prior to a test. Provision is made for 
up to 24 thermocouples to measure sheath, flow tube and chamber 
temperatures. The temperature and pressure signals are sampled by a 
mini-computer at the rate of five samples per second and stored on 
magnetic tape. 

To date, four commissioning tests have been completed at WECAN to 
check out the apparatus, instrumentation and performance of the central 
filament heater design in the 7-element cluster configuration. Tests 
have been run to central element sheath temperatures of 800, 900 and 
1100°C. Since the flow tube was unheated, the temperature variation 
around the outer elements was about 120°C in the test run at 1100°C, and 
from 40 to 85°C in the 800°C tests. In all tests, the sheath strains 
were largest on the centre elements, because they were at a slightly 
higher temperature and had the more uniform circumferential temperatures. 
Maximum strains (9%) occurred in the as-received portions of the sheaths. 
Strains in the braze zones were considerably lower (1.5% maximum). These 
results agreed reasonably well with the predictions of the sheath strain 
model. The central filament heater design performed without problems in 
all four tests. 

COMPARISON OF INTERNAL HEATER DESIGNS 

The heater development programs and the experimental test programs 
outlined in the previous sections have shown that each heater design can 
be successfully operated to meet certain requirements. The character
istics of the two heaters are listed in Table 1; each design has its own 
particular capabilities and limitations. 

The pellet/clad interaction and flexibility of a nuclear fuel 
element are represented fairly well in the central filament heater 
design. Its lower internal void volume makes it the logical choice for 
studying the deformation of sealed CANDU fuel elements. Its higher 
weight per unit length also makes it the logical choice for studying 
element or cluster deformation in the horizontal orientation. However it 
does suffer from a large thermal resistance between the filament and the 
sheath which tends to restrict the temperature ramp rate. Significantly 
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TABLE 1 

CHARACTERISTICS OF INTERNAL ELECTRIC HEATERS 

Heater Type 

Characteristics 

Peripheral 
Filament 
Heater 

Mark III Central 
Filament Heater 

(Alumina 
Insulator) 

Maximum Sheath Temperature 

Maximum Temperature Ramp Rate 

Power Requirements 

Weight Relative to Nuclear Fuel 
Element 

Internal Void Volume 

Rigidity/Flexibility 

Pellet/Clad Interaction 

Circumferential Temperature 
Uniformity Before Sheath Strain 

Reusability 

>1100°C 

'-100°C/s 

-18 kW/m at 100°C/s 
~6 kW/m at 25°C/s 

30% 

-20 cm 

very flexible 

very weak 

-30° at 900°C 

>5 tests 

-1100°C 

"'15°C/s 

-17 kW/m at 15°C/s 

90% 

-8 cm-̂  

About same as 
nuclear fuel element 

About same as 
nuclear fuel element 

-30° at 900°C 

not reusable 



195 

higher ramp rates are possible with the peripheral filament heater de
sign, but because of its lower weight per unit length and larger internal 
void volume, it is suitable only for constant pressure tests in the 
vertical orientation. This type of heater has a cost advantage since can 
be reused a number of times. 

Since the central filament heater design appears to perform 
satisfactorily, and because it is a closer representation of a nuclear 
fuel element, all future 7-element cluster tests at WECAN and CGE will be 
conducted in the horizontal orientation with this type of heater. No 
further tests will be done in the vertical orientation with the 
peripheral filament heater design. 

SUMMARY AND CONCLUSIONS 

Two types of internal heaters have been developed for high 
temperature transient studies on Zircaloy-4 sheathed fuel elements and 
clusters; one with a peripheral filament and one with a central filament. 
The peripheral filament heater design is capable of temperature ramp 
rates of up to 100°C/s, but because it has 30% of the weight of a nuclear 
fuel element and has a 23% internal void, it is recommended only for 
tests at constant internal pressure, in the vertical orientation. With 
tests of this type, the peripheral filament heater design has been used 
successfully to investigate the strain behaviour of sheaths provided with 
brazed appendages, for sheath strain model verification tests and for a 
study of the deformation of a 7-element cluster. 

The central filament heater design more closely resembles a nuclear 
CANDU fuel element in weight per unit length, internal void volume and 
pellet/clad interaction than the peripheral filament design, but it is 
not capable of high temperature ramp rates. The central filament design 
has been used successfully in single element sag tests and in 7-element 
cluster tests, both in the horizontal orientation. It has been selected 
as the heater design to be used in all future 7-element cluster tests, 
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DESIGN OF FUEL ROD SIMULATORS FOR THERMODYNAMIC EXPERIMENTS 

V. Casal 

Kernforschungszentrum Karlsruhe 
Institut fur Reaktorbauelemente 
Postfach 3640, 7500 Karlsruhe 1 
Federal Republic of Germany 

ABSTRACT 

The thermodynamic behavior of nuclear fuel rods are discussed. Require
ments for thermodynamic fuel rod simulators (FRS) are listed, the per
formance of different simulation principles are compared with the re
quirements. FRS developed in Kernforschungszentrum Karlsruhe are described. 
Their reliability, performance, and the degree of simulation of nuclear 
fuel rods will be presented. 
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1. Requirements on Fuel Rod Simulators 

Fuel rod simulators must simulate the thermohydraulic behaviour of fuel 
rods such that, the data obtained out-of-pile from the simulators cor
respond to fuel rods operating under reactor conditions. For actual 
application, the steady-state behaviour of an oxide fuel rod is simula
ted best by a simulator with a nearly constant circumferential heat 
flux density, which is influenced very little by local cooling tempera
tures. This was shown by the calculations of Malang and Rust /!/, (see 
Fig. 1). The figure exhibits normalized heat flux densities along the 
circumference of a rod eccentrically arranged in an annular gap with 
sodium flow. Due to the eccentric configuration, temperatur variations 
occur at the rod circumference which give rise to variations of the 
local heat flux density. The normalized difference of the local heat 
flux densities between a simplified theoretical fuel rod model and the 
actual fuel has been plotted as a function of the angle (j). The follow
ing four simplified models have been considered: 

- constant heat flux on the inner cladding tube surface, 
- constant heat flux on the outer cladding tube surface, 
- constant temperature on the inner cladding tube surface, 
- constant temperature on the outer cladding tube surface. 

Full agreement with the fuel rod would be attained by a model providing 
a horizontal straight line through the origin. 

It is seen that model 1 with a constant heat flux at the cladding inner 
side approaches very closely the actual fuel rod. 

In regard to the non-steady-state behavior, simplified data on the de
sired behavior cannot be given so easily. Differences in heat storage 
capacities of the fuel rod and the simulator, given by (p'cp), as well 
as differences in the relaxation time of the temperature, described by 
the heat diffusivity (a), can often be compensated in the experiment 
by appropriate adjustment of heat production during the non-steady-state 
process. Table 1 shows that the material data (p«cp) and (a) of U0_ and 
MgO, which are decisive for the non-steady-state behavior, agree quite 
well. By contrast, the heat diffusivity greatly differs for boron nitride 
(BN) from that for U0„. 

2. Discussion of Different Principles of Simulation 

In the following paragraph different systems of fuel rod simulators will 
be discussed. The main properties are listed in Table 2. 

- Single ghase, fluid_heated_£i£es have a local heat flux distribution 
proportional to the local temperature difference and the local overall 
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U02 

BN 

MgO 

AI2O3 

AI2O3 

theoretical 
density 1 Vol 

95 

93 

85 

85 

95 

density 
p [g/cm^' 

10.40 

2.05 

3.0A 

3.-40 

3.80 

spec, heat 

^ Ws 1 

0.30A 

1.61 

1.22 

1.17 

1.17 

thermal 
conductivity 

x [ W 1 
xmK^ 

0M2 

0.20 

OM 

0.032 

0.10/» 

p -cp 

3.16 

3.3 

3.7 

A.O 

A = ^ 
p Cp 

0.0133 

0.060 

0.011 

0.008 

0.02A 

temperature: 500®C 

table 1 materials properties 
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SIMULATOR 

SINGLE PHASE 
FLUID HEATED PIPE 

CONSTANT HEAT FLUX DENSITY AT LOW POWER 
DENSITY ONLY 
NO STORAGE CAPACITY 
COMPLICATED TEST SETUP 

- CONDENSER TUBE CONSTANT CLADDING TEMPERATURE, INFLUENCED 
BY INTERNAL CONDENSATE FlUi THICKNESS 

HEAT PIPE SIMILAR TO CONDENSER TUBE 

SUBLIMING SURFACES SUITABLE FOR STEADY-STATE HEAT TRANSFER 
EXPERIMENTS FOR GAS COOLED REACTORS 
FULL SIMULATION GEOMETRICALLY 
TIME CONSUMING MEASUREMENTS 
HIGH REQUIREMENTS ON MEASURING TECHNOLOGY 

- RADIATION HEATER VERY HOMOGENEOUS HEAT FLUX DENSITY 
DIFFICULTIES TO REALIZE INTERESTING LENGTH 

ELECTRON 
BOMBARDEMENT HEATING 

NO HOMOGENEOUS HEAT FLUX DENSITY 

DIRECT RESISTANCE 
HEATING OF CLADDING 
TUBE 

VERY HOMOGENEOUS HEAT FLUX DENSITY 
NO LIMITATION OF HEAT FLUX DENSITY 
NOT SUITABLE FOR LIQUID METAL COOLING 

INDIRECT RESISTANCE 
HEATER 

RELAT. HOM. HEAT FLUX DENSITY 
HIGH HEAT FLUX DENSITY 
STORED HEAT CAN BE SIMULATED 
APPLICABLE IN ALL FLUIDS 

JVmVL 

IRB 

TABLE 2: PROPERTIES OF FUEL ROD SIMULATORS 
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heat transfer coefficient from inside to outside. A constant heat 
flux distribution can only be achieved with a large temperature 
difference between inside and outside and a relatively low heat 
transfer from the heating fluid to the wall. Therefore» constant 
heat flux densities can be reached only with a low power density. 
No storage capacity can be simulatedi the test setup would be very 
complicated. Therefore^ these pipes are unsuitable as fuel rod simu
lators. 

~ EiESS_^§.S£®^_^Z_£23l£S£iSS_5£SS5 have a distribution of heat flux de
pending on the condensate film thickness inside the tube. Therefore, 
they are unsuitable as fuel rod simulators. 

~ M£S£_EiE£^ '^^^ ^^ considered to be similar to condenser pipes. 

~ §Hkii5i5lS_SHE£S£S,i Rods covered with naphtalene can be used in heat 
transfer tests by using the analogy between heat and mass 
transfer. This technique is suitable for steady-state heat transfer 
experiments in gas-cooled reactors. It is possible to fully simulate 
the geometry of fuel elements. But measurements are very time con
suming and require a very sophisticated measuring technology. There
fore, this simulation technique was applied very seldom. 

~ 5-Ŝ iSH£_li£S££E_E2̂ ^ ^^^ ̂ ® realized by resistance heating of a high 
temperature radiator in the cladding tube. Due to the nature of ra
diation they approach very closely the ideal of temperature inde
pendent heat production. Unfortunately, this principle of heating 
is associated with technical difficulties. 

If the radiator is installed in the cladding tube without any 
supports in the active zone, only short heated lengths can be 
realized. 

If a radiation transparent quartz tube is provided between the 
radiator and the cladding for the purpose of centering, problems 
of compatibility will arise between the very hot radiator and 
the quartz material. 

- Electron_bombardment_heating of the cladding by acceleration of elec
trons emitted from a heated electrode placed inside the cladding. 
This principle tends to entail a non-homogeneous heat flux density 
mainly because electron emission depends strongly on the cathode 
temperature, as described by the Richardson criterion. Therefore, 
this technique seems to be suitable. 

- Direct resistance heating of_a_thin-walled_stainless_steel_£ige 
gives a constant heat flux independent of the local coolant tempera-
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ture. The test results can be described very precisely. Direct heating 
is not subject to any power limits. If the pipe is filled with a 
ceramic material, it can even be used in non-steady-state experiments. 
Its main restriction is that an instrumented mockup is very difficult 
to realize and cannot be used in liquid metals. 

~ Rods with indirect electric heating with heat transfer by conduction 
between the current conductor and the cladding are capable of meeting 
the power requirements made on fuel rods. However, it is very diffi
cult to realize them in practical application. Both, the power distri
bution during steady-state operation and the non-steady-state behavior 
can be adapted to that of fuel rods to a limited extent only. In 
addition, it is difficult to calculate the thermal properties of in
directly heated rods. On the other hand, indirectly heated rods con
stitute the only principle of simulation by which the fuel rods of 
LMFBR's can be simulated by their full rod lengths. 

3. Requirements on Rods with Indirect Electric Heating 

In the following paragraphs the requirements will be discussed in more 
detail which must be fulfilled by rods with indirect electric heating 
so that they are capable of simulating fuel rods. The distribution of 
the heat flux density on the surface of indirectly heated rods is not 
constant in all cases, not even during steady-state operation and with 
a constant coolant temperature prevailing around the rod. A constant heat 
fux density calls for identical heat flux paths at all places from the 
current conductor to the cladding. This requirement entails the follow
ing consequences in regard to the design of the heater rod (table 3) : 

(1) The cross section of the current conductor must be adapted to the 
circular cross section. 

(2) The current conductor must be arranged in a centric position within 
the cladding tube and its cross section must be the same at all 
points. 

(3) The heat conductivity of the ceramic insulation material must be 
the same at all points; likewise the thermal contact between the 
insulation material and the adjacent current conductor and cladding 
must be independent of the axial and circumferential position. 

Because the requirement is made that the heat flux density is also constant 
if local temperature variations take place in the coolant, the follow
ing additional requirements must be fulfilled. 

(4) The current conductor must possess a temperature independent electric 
resistance. 
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1. CROSS SECTION OF CURRENT CONDUCTOR ADAPTED TO CIRCULAR 

CROSS-SECTION 

2. CURRENT CONDUCTOR PLACED IN CENTRIC POSITION WITHIN 

CLADDING; CONSTANT CROSS-SECTION 

3. CONDUCTIVITY OF HEAT IN INSULATION MATERIAL HOMOGENEOUS; 

THERMAL CONTACT IN THE ROD CONSTANT 

4. TEMPERATURE INDEPENDENT ELECTRIC RESISTANCE 

5. HIGH RADIAL CONDUCTIVITY IN THE ROD, LOW CONDUCTIVITY IN 

IN AXIAL AND AZIMUTHAL DIRECTION 

5. CURRENT CONDUCTOR WITH LARGE DIAMETER, FILLED WITH CERAMIC 

OF HIGH STORAGE CAPACITY AND RIGHT DIFFUSIVITY OF HEAT 

WmVl LfA[]lk 

TABLE 3: REQUIREMENTS ON HEATER RODS 
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(5) The heat conduction from the current conductor to the cladding must 
be excellent in the radial direction, but greatly restricted in the 
axial and circumferential directions. 

If it is intended to simulate the non-steady-state behavior, the follow
ing requirements must be fulfilled in addition: 

(6) The current conductor should have a large diameter, filled with a 
ceramic material of high storage capacity (p»cp) and with a heat 
diffusivity (a) comparable with that of U0„. 

The requirements 3, 5 and 6 will now be further explained: 

Ad 3) The insulator between the current conductor and the cladding usu
ally has a smaller density than the theoretical one. The thermal 
conductivity of ceramic materials is a function of the degree of 
density. This is shown in Fig. 2 by the example of MgO powder. 
The relative conductivity is plotted versus the degree of theore
tical density /2/, Accordingly, within the range of 80% to 90% 
the conductivity undergoes extreme changes with the degree of 
density. In addition, variations of the thermal contact values 
occur between the current conductor and the insulator, and also 
between and the insulator and cladding. The net effect of thermal 
conductivity and contact value as a function of the degree of 
density of the insulator is shown in Fig. 3. The relative heat 
transmission (k) from the current conductor to the cladding of 
a BN insulated heater rod is plotted versus the degree of density 
(a) of BN 111, The 93% ultimate density is to mean the maximum 
density obtained by swaging the heater rods. The points constitute 
measured values; the change of density was attained by swaging of 
the heater rod between the individual measurements of the experi
ment. It can be recognized that within the range of 80% to 90% 
of the theoretical density little variations in density cause 
large variations in heat transmission, which can cause the heater 
rods to behave in a completely unpredictable manner. 

Ad 5) Heat conduction if possible in the radial direction only: 
Compared with fuel rods, heater rods normally have only a small 
driving temperature difference from inside to outside at nominal 
load. It amounts to about 150 C in the BN heater rod as compared 
to 1500 C in the fuel rod. Possible local temperature variations 
of the coolant are superimposed on the driving temperature in the 
rod. This temperature superposition changes significantly the 
flat temperature profile in a heater rod. The required constant 
circumferential distribution of heat flux can only be reached if 
the heat can flow only in the radial direction between the current 
conductor and the cladding. 
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Therefore, special measures must be taken in heater rod design 
so as to achieve such a behaviour. Otherwise the local distribution 
of heat flux will reduce the temperature distribution in the fluid. 
This inturn will lead to overly optimistic test results. 

Ad 6) The heat storage capacity and the relaxation time are of prime 
importance in the simulation of the dynamic heat storage behaviour. 
The former is given by the term (p»cp) and the temperature field 
and the latter is given by the thermal diffusivity (a) and the 
temperature field. Since with the same power density fuel rods 
show much greater temperature differences as compared to heater 
rods and since according to Table 1 the materials values (p»cp) 
and (a) have the same order of magnitude for U0„ and ceramic 
materials, a heater rod is not capable of simulating the storage 
capacity of a fuel rod in nominal operation. If the maximum 
operating temperature in the current conductor of the heater rod 
is fixed in advance, the highest possible storage capacity is 
obtained under conditions where the heater rod in the interior 
has the flattest possible temperature field decreasing near the 
cladding only. This means that the current conductor must have 
the greatest possible diameter in the heater rod. It should be 
filled inside with a material whose heat storage capacity is large. 

4. Design of Indirectly Heated Rods 

Fuel rod simulators were developed at the Karlsruhe Nuclear Research 
Center applying the above discussed design guides. Their basic layout 
has been represented in Fig. 4 /3,4/. 
- The current conductor made as a tube or helical tape has a circular 
cross section (requirement I). 

- The diameter of the current conductor is very large; the current 
conductor contains an MgO filling (requirement 5). 

~ Since the diameter of the current conductor is large, the radial heat 
flux path is short, while in the non-radial direction the cross sections 
of heat conduction outside the current are rather narrow; in the 
current conductor itself heat conduction is likewise restricted on 
account of the low conductivity of MgO (requirement-S"). 

Requirement (3) regarding an insulation layer of constant density is 
the most difficult to comply with. For the heater rods discussed here 
BN was selected as an insulator provided in the annular gap between the 
current conductor and the cladding. BN as a powder, initial density 
about 1.5 g/cm ^ is stamped down into the annular gap and compacted to 
about 2.05 g/cm by swaging the heater rods. The change of the relative 
density of BN as a function of the reduction in diameter 
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is shown by Fig. 5. It becomes evident that the density of the BN pow
der increases up to a 15 % reduction in diameter (do-dx)/do. If the 
diameter is further reduced, the density remains constant; further 
reductions are fully converted into changes of lengths of the heater 
rods. Undesirable variations of density are prevented by reducing the 
rod diameter more than 15 %. Therefore, the diameters of the heater 
rods discussed here are greatly reduced beyond this critical measure. 
We know from extensive tests that variations in density of BN can be 
practically excluded in this way. 

Fig. 6, upper part, shows an enlarged cross section of a typical heater 
rod as used in heat transfer experiments. The lower cross section shows 
a rod with the smallest thickness of the insulation layer tested. 
Should mockups containing a great number of heated rods be investigated, 
it might be desirable to use heater rods with greater electric resist
ances. The geometry of the current conductor should be adapted as far 
as possible to the ideal tube geometry. This is achieved by current 
conductors shaped as a helical tape. Fig. 7 shows such a heater rod; 
its resistance is greater by approximately the factor 5 as compared 
to tubular current conductors. 

Heater rods simulating the actual cosine power profile can be realized 
by helical-tape current conductors with the tape widths continuously 
varying. Fig. 8, upper part, shows for an LWR emergency cooling experi
ment the specified power profile versus the rod length and the lower 
part shows the tape width required in this example for the current con
ductor. Finally, Fig. 9 shows X-ray pictures of a rod with cosine pro
file. It can be noticed that the helical tape is broad at the beginning 
and at the end, which results in a low heat flux. The tape is narrow 
in the center where the heater rod exhibits the highest heat density. 

5. Instrumentation of Indirectly Heated Rods 

As a rule, the investigations of fuel element mockups aim at the de
termination of the cladding temperatures. Therefore, the heater rods 
used as simulators must be provided with thermocouples in their claddings. 
Since thermocouples must not protrude from the cladding surface, only 
the temperature in the wall can be measured, and the cladding temperature 
must be calculated with reference to the point of measurement. This re
quires that the heat flux around the point of measurement is not falsi
fied by the thermocouple itself. 

Conventional sheathed thermocouples have an MgO insulation. The heat 
conductivity of this ceramic material is much lower than that of the 
stainless steel cladding of the heater rods. Consequently, the heat 
flux is disturbed in the very zone where the thermocouples are embedded. 
To alleviate this deficiency, sheathed theannocouples with a BN insulation 
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were developed at the Karlsruhe Nuclear Research Center as early as 1972 
/5/. The thermocouples were filled with BN around the points of measure
ment and reduced in diameter by about 20 % through swaging after fabri
cation of the measuring tip. The BN powder is so compacted during this 
process that its thermal conductivity is comparable to that of stain
less steel. These thermocouples, which are brazed into the stainless 
steel cladding of the heater rods using a nickel-base brazing material, 
allow to determine precisely the cladding temperature. At the Karlsruhe 
Nuclear Research Center these thermocouples with a constant diameter 
of 0.4 mm over the whole length were used in thermohydraulics studies. 
Fig. 10 shows a section of an instrumented heater rod cladding. 

6. Evaluation of Indirectly Heated Rods 

The heater rods presented were used in a great number of experiments. 
More than 900 heater rods in total have been fabricated to date in
cluding both constructions and 70 heater rods with a cosine power 
profile. The fabrication and control have been so well assured that no 
damaged heater rod has so far been installed. A strict specification 
is required to attain such a high degree of reliability; only 1% of 
the fabricated rods had to be rejected before use. 

The results of sodium boiling in large subassemblies are given as 
examples for evaluating the performance of the rods, because these 
experiments make the most stringent requirements on heater rods. Fig. 11 
gives a picture of a 169-rod subassembly with 90 heated rods. Fig. 12 
shows a 37-rod subassembly consisting of 37 heater rods; the lat
ter subassembly having a cosine profile. With two 169-rod sub
assemblies boiling tests of more than 1.5 h duration were carried out-
Rod powers up to 380 W/cm were attained without any failure of the 
heaters at boiling temperatures between 900 and 950°C (Refs. 7 and 8). 
The first 169-rod subassembly, for example, was used for 60 boiling 
experiments, 12 of them performed under transient conditions. As the 
coolant flow was reduced slowly, boiling at the heater surfaces in
creased, and after burnout conditions had been reached, dryout occurred. 
The temperature of the heater rod rose rapidly. Dryout was detected 
by means of sheathed thermocouples provided in the cladding of the 
heater rods. At cladding temperatures of 1050 to 1100°C the power was 
cut off. 

Fig. 13 shows a cross section of a 169-rod subassembly containing 88 
heated rods in the center of the subassembly. The cross section of a 
second subassembly is shown in Fig. 14. It can be seen that 90 heater 
rods have been arranged on one subassembly side. 

In addition to reliability and performance the degree of simulation 
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capability is the most important criterion of evaluation. 

For this purpose, we consider the behavior of heater rods, as was done 
in the beginning of the discussion for different fuel rod models. 
The heater is installed again in an eccentric position in an annular 
gap with sodium flow /!/. One result has been presented in Fig. 15. 
It shows the relative difference of the local heat flux density of the 
heater rod and the fuel rod as a function of position. The results 
shown are for heater rods having a insulation layer of 0.6 and 0.1 mm 
thickness. It is noticeable that for the selected eccentricity the local 
heat flux density for the heater rod with 0.6 mm insulation layer thick
ness deviates by +4% to-5% from that of the fuel rod. For a heat flux 
density of 170 W/cm temperature deviations from the mean value of 
-27 C to +77 C would occur around the fuel rod in this example. In case 
of the heater rod these variations would be reduced to -20 C to +65°C. 
These are the deviations which have to be accepted when heater rods are 
used. In principle, they should be indicated when thermodynamic experi
ments are discussed. 

7. Summary 

Of all the various principles of simulation which were discussed only 
two have become important for thermal fuel rod simulation. 

The first is the directly heated cladding tube. This tube distinguishes 
itself by a particularly clear thermal behavior; unfortunately, however, 
it cannot be used in liquid metal cooling. The realization of bundle 
mockups is expensive. 

The second is the indirectly heated rod. It was shown that such rods 
provided with a BN insulation are capable to simulate fuel rods in all 
fluids. But they furnish less precise test results. 
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a 
cp 
d 
h 
q 
1T 

a 
X 
P 
* 

thermal diffusivity 
specific heat 
diameter 
heat transmission factor 
heat flux density 
average heat flux density 

fraction of theoretical density 
thermal conductivity 
density 
angle 

subscripts 

F fuel rod 
H heater rod, simplified fuel rod model 
X running value 
0 starting value 
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FUEL ROD SIMULATORS-DESIGN 

FABRICATION AND INSTRUMENTATION 

BY EIR 

6. von Holzen 

Swiss Federal Institute for Reactor Research 
5303 WUrenlingen, Switzerland 

ABSTRACT 

Since 1960, EIR has designed and fabricated different ge
nerations and series of indirect heated instrumented fuel 
rod simulators. 

In this presentation we describe design, fabrication, in
strumentation, and specially developed fabrication method 
on two types of fuel rod simulators: Gas Cooled Fast Breeder 
Reactor (GCFR) AGATHE HEX and NEPTUN SPAGHETTI for NEPTUN 
reflcoding experiments. 

1. liTfRODUCTION 

Researching of thermal problems associated with Nuclear Power Stations 
require large experimental facilities. This is especially true in the 
case of fuel element heat transfer to gaseous, aqueons and metallic 
coolants and also with case of the associated E.C.C.S. 

The experimental facilities simulate geometry and thermohydraulics of 
a part of the core without the accompanying radiation, because the nu
clear fuel elements are replaced by the electrically heated rods. These 
facilities are well instrumented with temperature, pressure, heat flux 
and strain gauge detectors. The measured results accompanied by compu-
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ting methods yield information to optimize reactor geometry and 
to classify efficiency of E.C.C.S.'s. 

To aevelop and construct test sections, rod simulators and 
measuring equipment, a special group has been established in EIR 
since 1960 (Fig. 1). 

Despite the clearly established programme made over the last 20 
years, simulation experiments are still very important. For a 
better understanding in the field of reactor safety analysis, 
new and more sophisticated test sections, rod simulators and 
measuring devices are needed, 

I will concentrate here on two different types of heater ele
ments developed at EIR (Fig. 2). 

- A3ATHE HEXAGONAL (GCFR) 
A heater element simulator with roughened surfaces for a gas-
cooled fast breeder reactor, 

- HEPTUH SPAGHETTI 
A heater element simulator for loss-of-coolant experiments with 
cosine power distribution similar to that of the LOFT experi
ments (Fig, 4). 

A total of 150 AGATHE HEX. Fuel Rod Simulators (FRS) have been 
produced, 120 NEPTUN SPAGHETTI FRS's are in preparation (so far 
2U rods are finished and instrumented). 

At EIR we have concentrated on low voltage heater elements and 
indirect heating. This concerns 90 % of our production programne. 
The nominal voltages of our heaters are 40 V and 80 V. 

2. AGATHE HEXAGONAL FRS CONSTRUCTION 

Fig. 3 represents a sectional view of the FRS. 
The centerless ground Kanthal heater is in the center. The diam
eter is 6 mm + 0,01 mm. This Kanthal core is insulated by a 
plasma sprayed AI2O3 layer with a thickness of 0,3 mm + 0,01 mm. 

This narrow tolerance is automatically controlled by a specially 
constructed measuring device (Fig. 5). An AISI 316L tube with 
0,5 mm wall thickness is pulled onto the insulation layer with 
press fit tolerance of 0,02 mm on the diameter. 

The swaging of the heated zone length pulverizes the A1„0^ layer. 
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This allows axial displacement during cyclic running. Rectangular 
notches are milled into the inner cladding to carry the rolled thermo
couples (Fig. 6). The notches are 0,23 mm deep and 0,72 mm wide. In the 
measurment zone the depth of notch is reduced to 0,21 mm to guarantee an 
optimal fit between inner and outer cladding. 

The outer cladding is then pulled onto the inner cladding with the thermo
couples. An optimal pressfit is attained controlling the elongation du
ring drawing and swaging. The outer cladding is then roughened over the 
heated zone (Fig. 7). 

Mechanical treatment to roughen the tubes is excluded due to the damage 
on the extremely thin cladding. Therefore two special roughening proce
dures namely electrochemical grinding and spark erosion using wire have 
been developed at EIR (Fig. 8). 

A cross section (Fig. 9) shows the axial structure with the one way 
current flow. The maximum current per rod is 800 A at 40 V. 

The different metallic connections are electron beam welded. (Cu/Cu, Ni/ 
Ni, Cu/Ni) and flash welded (Kanthal/Ni). 

37 such rods are assembled to a hexagonal bundle and held in spacers to 
GCFR geometry (Fig. 10) with a total power of 1 MW. Each rod has its own 
current control equipment in order to simulate several core positions. 
With selected rods, a maximum heat flux of 180 W/cm2, surface temperature 
of GOO C and core temperature of about 1200°C to 1300°C have been reached. 
In total 150 of such rods were successfully tested and measured. This work 
will be completed in 1981. 

3. NEPTUN SPAGHETTI-FRS-CONSTRUCTION 

3.1 General Description 

Fig. 11 and 12 present the construction of these heater elements. The core 
and the heater element is again a centerless ground Kanthal rod with 5 mm 
diameter. This is manufactured by spark erosion in order to reach the re
quired cosine power distribution (description of the treatment will be gi
ven later). 

The insulation between the heater element and concentric return conductors 
is Boron Nitride. This powder is vibrationally filled under vacuum at 
150 C. The desired density is reached by swaging. 

The construction of the concentric return conductors is three concentric 
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tubes (Inconel-600/copper/Inconel-600). The current is returned and con
ducted back by these layers from the hot end to the cold end. 

The insulation on the concentric return conductors is a plasma sprayed 
A1„0,, layer of 0,3 mm thickness. Onto this insulation layer, with the 
same quality as in the AGATHE Element, the inner cladding of 0,5 mm wall 
thickness is pulled on. Notches are provided on the inner cladding for 
4 to 8 thermocouples. After the welding of the thermocouples, the outer 
cladding with a wall thickness of 0,4 mm is pulled on (Fig. 6). 

The Inconel tubes in the concentric return conductors protect and contain 
the copper layer in between, if melting of copper occurs. 

3.2 Boron Nitride Filling Operation 

The inner Inconel tube of concentric return conductors and the Kanthal 
layer are strongly held at the cold end and prestressed at 80 % of the 
elastic limit to guarantee centering and directronal effect (Fig. 13). 
The gap between these layers is evacuated. The powder is trickled into 
the gap by means of a powder lift and resating distribution disk. The 
device vibrates during the filling operation. Exact amount of Boron Ni
tride is measured to calculate the final powder density. 

3.3 Compressing of Boron Nitride 

After the filling operation, the Inconel tube is subjected to swaging 
operation to reduce the Inconel diameter to the desired level and also 
to obtain homogenous density distribution of the Boron Nitride along the 
heater length (Fig. 14). The swaging operation seguence is established 
first emprically and then experimentally to avoid any dimensional chan
ges on the Kanthal diameter at any axial position. 

With the above filling and swaging operations. Boron Nitride density of 
1,97 g/cmS with maximum - 5 % error is reached. This is measured during 
destructive testing of some of the heater elements. 

3.4 Fabrication of Kanthal Element 

The cosine power distribution shown in Fig. 15 was required to be able 
to simulate LOFT nuclear fuel. This distribution is required to be re
mained the same over the temperature range up to 900 C. Therefore Kanthal 
Al was selected as the resistence material. 

The commercial Kanthal rod of 6 mm diameter is reduced to 
5,00 mm - 0,005 mm by means of several grinding and drawing opera 

tions and cutted in the desired length. The Kanthal rods are bend on a 
NC formed bending tool (Fig. 16). The forming operation allows also the 
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influence of a partial compensation of the concentric return conductors. 

The Kanthal core conductor (Kanthal rod) is axially held and eroded. 
Erosion equipment was designed and manufactured at EIR. 

Fig. 17 shows the rotating Kanthal core conductor guided in hard metallic 
prismatic rolls. There are 114 rolls along 1600 mm length. The diameter 
is 14 mm. 

The wash process during the erosion is very important. The dielectric 
is conducted through the boring of the adjustment bar to the hard me
tallic rolls (Fig. 17). Scrubbing and finishing require about 5 hours. 
After the erosion the resistivity of the Kanthal core is measured and 
plotted (Fig. 18). Upper part of this figure shows the percentual devi
ation from the ideal value. The integrated resistance is shown at the 
left side and the specific resistance history together with the corre
sponding ideal values is given at the right side. 

3.5 Fabrication of the Housing 

NEPTUN bundle is composed of 33 heater elements with 4 guide tubes (Fig. 
19). The bundle is placed in a Inconel 600 housing. The thickness of 
housing is kept as thin as possible to reduce its thermal capacity effect. 
However it is designed to stand a differencial pressure of 0,5 bar at 
800 C (Fig. 20). Housing has a hexagonal geometry to cope with the bundle 
geometry. To be able to give this form, a special fabrication was applied. 
Required drawing tools and devices have been fabricated. Two different 
fabrication processes have been performed for sheet Inconel-600s and 
seamles Inconel-600 tube respectively. Both processes are shown in Fig. 
21. The first version is developed according to the required quality 
weld on the electron beam device at EIR. The drawing is done on our 
draw benchesj the intermediate annealing in Germany and the silver coa
ting to avoid the risk of fretting^ in a special workshop in Zurich. 

8 housing have been completed and intensively tested as shown in Fig. 22. 
The final precision is shown in Fig. 23. The wire eroding of the draw 
tool needs redesigning and programming (in polar coordinates) of a con
ventional device (Fig. 24). 

4. THERf'IOCOUPLES 

The thermocouple raw material was bought in USA. To be able to use opti
mally in heater elements and test sections, thermocouples have been fa
bricated in different options and geometries as shown in Fig. 6. 
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High speed thermocouples with Boron Nitride insulation junction (Fig. 25) 
were produced several years ago in EIR. 

For UEPTUN test facility, a series of u J 5 mm thermocouples have been 
produced which have a response time of 1 to 2 ms and are showing highest 
rigidity. 

Response time of thermocouples has been tested presently by shooting the 
thermocouples into a liquid metal of 300 C to 400°C. Testing of response 
time by the YA6 Laser is in preparation. 

After the fabrication, all the thermocouples are extensively tested on 
parasitic thermoelectric voltages resulting from the probable inhomo-
genities in the structure caused by cold drawing. I would like to indi
cate the importance of this rigorous testing process by giving an example. 
During the testing of the thermocouples made for AGATHE HEX measurement 
series, 20 % to 30 % of the thermocouples were found to be defective and 
eliminated. Among the 900 thermocouples used in the experiments, anly two 
of them were failed. 

Standard diameter of the thermocouples manufactured in EIR is 0,5 mm and 
they are fitted with a special mini plugs for the connections (Fig. 26). 
However, for any particular use, thermocouples with different diameters 
are also manufactured. Fig. 27 presents the instrumentation of a spacer 
with thermocouples te measure temperature distribution in the channels 
of a gas cooled bundle. The diameter of the thermocouples was down to 
0,15 mm according to the spacer wall thickness. 

Mr. G. von Holzen, Masch. Ing. HTL is deputy to the depart
ment TECHNIC in EIR since 1963 responsible for fuel rod si-
mulaters, thermocouples and special technologies for instru
mentation and production. 
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FUEL ROD SIMULATOR TECHNOLOGY DEVELOPMENT 
AT THE OAK RIDGE NATIONAL LABORATORY^ 

D. L. Clark^ R. E. MacPherson 
R. W. McCulloch 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Fuel rod simulator (FRS) technology at Oak Ridge Na
tional Laboratory (ORNL) has evolved from a base of simple 
cartridge heaters to complex, highly instrumented, shaped-
heat-flux profile devices for use in a variety of test pro
grams. FRS technology evolved through developments in the 
production and use of boron nitride (BN) powder and cold-
pressed preforms, the manufacture and application of 
small-diameter thermocouples, and the upgrading of heating 
element materials and joining methods, electric power con
trol, and quality assurance. Improvements in these areas, 
along with the establishment of an FRS technology develop
ment laboratory, have resulted in FRS fabrication by a 
precisely defined and controlled fabrication process which 
provides a bridge between operational requirements and 
actual performance. Technology developments are summar
ized and attention is focused on the ORNL-developed BN 
preform fabrication technique, including details of 
fabrication procedures and operating characteristics of 
FRSs. 

Research sponsored by the Office of Research and 
Technology, U.S. Department of Energy under contract W-
7405-eng-2 6 with the Union Carbide Corporation. 

'Retired employee of Oak Ridge National Laboratory. 
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1. EVOLUTION OF FRS DESIGN 

Fuel rod simulators (FRSs) have evolved over several years from 
simple cartridge heaters to complex, highly instrumented, shaped-heat-
flux profile devices used in several research programs. This paper 
presents a summary of this evolution and related advancements in mate
rials and fabrication technology. The continuing need for improved 
operational characteristics, reliability, and availability of high-
quality FRSs in Oak Ridge National Laboratory (ORNL) and other U.S. 
out-of-reactor research programs has been the driving force for this 
evolutionary process. 

The design of the first ORNL FRS was based on the Watlow "Firerod" 
heater shown in Fig. 1. Ninety-one FRSs of this design were used in the 
early 1960s in a test for the Medium Power Reactor Experiment (MPRE), a 
Space Nuclear Auxiliary Power (SNAP) system. This FRS had a 12.6 mm OD 
with a 305-mm-long heated section and was rated at 5 kW (415 kW/m^) at 
temperatures to 838°C. Its development, from 1960—1962, marked one of 
the early uses of Internal thermocouples and of boron nitride (BN) insu
lation. 

The type and quality of the insulation material was recognized to 
determine to a large extent the maximum operational characteristics of 
the FRS. High thermal conductivity and a thin annular gap were neces
sary to reduce radial temperature gradients. These thermal-electrical 
requirements led to a substantial development effort to improve FRS 
insulator quality and reliability. This effort, discussed in Sect. 2, 
produced an ultra-high-purity BN powder, cold-pressed BN and MgO pre
forms, and eventually a completely new fabrication technology based on 
the use of preforms. 

Fig. 1. Typical MFRE FRS (1960-1961) (ORNL-DWG 80-5699 ETD). 
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Development of improved FRSs was initiated in late 1969. Reference 
1 delineates the status of the technology at that time. The first im
provement incorporated a helically wound wire design (Fig, 2) similar to 
that of units being produced commercially at the time. This FRS was 
rated at 2200 kW/m^ at clad temperatures of 650°C. Technology im
provements in the early 1970s included installation of bare thermoele
ments within the annular BN insulation. This arrangement was subse
quently replaced by the use of individually sheathed thermoelements lo
cated adjacent to the clad inside diameter. Figure 3 shows a typically 

ALIGNMENT 
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SEAU COPPER 

TERMINAL-
S.84-mm~̂  
(0.230-in.)' 

-1280 mm (50 3/8 in.) 

Fig . 2. ORNL s ing le -ended c a r t r i d g e FRS (ORNL-DWG 71-784), 
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TERMINAL-
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Fig . 3 . ORNL s ingle-ended c a r t r i d g e FRS wi th i n t e r n a l ins t rumenta
t i o n ORNL-DWG 71-785) . 
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instrumented FRS. A later development with both bare-wire and sheathed 
thermoelements Involved spot-welding the thermoelements to the FRS 
sheath to form intrinsic Junctions. 

The need for small, accurate, and reliable internal thermocouples 
was recognized early in the program, thus leading to extensive develop
ment of both installation techniques and small-diameter thermocouple 
fabrication technology. Section 3 summarizes this technology, which 
includes (1) techniques to install up to 12 thermocouples at precise 
axial and circumferential locations on the inside surface of the clad, 
(2) development of small-diameter (<0,5-mm) BN-backfilled thermocouples, 
(3) methods to improve substantially the lifetime of type K thermocou
ples under stringent thermal-cycling conditions at temperatures above 
1000°C, and (4) methods to provide thermocouples with a thermoelement 
grain size that is smaller than was previously possible by a factor of 
2. 

As power levels and clad temperature requirements increased, heat
ing elements designs were upgraded. Designs progressed first to swaged 
or centerless ground wire coils and finally to thin ribbons to minimize 
peak internal temperatures. Techniques were developed to machine and 
wind variable-width ribbons to provide "chopped-cosine" axial profiles 
typical of the power distribution in nuclear fuel rods. Several heating 
element alloys were investigated, and techniques of joining close-
tolerance, thin-wall, and refractory materials were developed, A method 
to control the high-temperature grain growth of a platinum-8 wt % 
tungsten refractory heating element alloy was developed; however, this 
material was still susceptible to boron-platinum reactions, which re
sulted in severe lifetime limitations at temperatures above 1000°C, 
Section 4 summarizes these efforts. 

In the late 1960s, out-of-reactor research emphasis shifted toward 
"off-normal," or accident, testing, and FRS instrumentation and level of 
performance requirements increased. Power control and fault detection 
equipment also evolved to meet the changes, as discussed in Sect, 5. 

As power and clad temperature requirements were increased, require
ments for FRS quality and reliability also increased. Transient re
quirements became commonplace, data acquisition became more sophisti
cated, and highly characterized FRS thermal profiles were required for 
both steady-state and transient conditions. In-process and postprocess 
inspections such as electrical tests, radiographic evaluation, infrared 
scanning, and full-scale operational testing evolved in response. Sec
tion 6 describes these quality assurance innovations that provided the 
sensitive FRS characterization needed as feedback to development ef
forts. 

The change from wire- to thin-ribbon heating elements also in
creased the coil surface area, making it more difficult to use BN 
powder-filling techniques that were then in widespread use. With this 
technique, the annular space outside the coil is filled with powder, and 
the interior of the coil is filled by movement of the powder through the 
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turn-to-turn gaps. Thus, the thin-ribbon element, with closely spaced 
turns, made the placement of a high-density insulation material inside 
the heating element necessary for support during fabrication and to pre
vent collapse during FRS swaging. 

Figure 4 shows a typical FRS of this design. It has a 533-mm 
heated length and is rated at 3150 kW/m^ at a clad temperature of 650°C 
under steady-state conditions. Operation is possible at a clad tempera
ture of 925°C for a few minutes. Variations on this design included the 
use of Kanthal A-1 or Pt-8% W heating elements to provide short-term 
operation under sodium boiling and voiding conditions. 

Fabrication development efforts were next directed toward improve
ment of the fabrication technology with the use of BN preforms. These 
efforts, which paralleled developments in other areas, Included reduc
tion of defects caused by metallic spalling from sheath or tools, as 
well as improvements in heating element concentricity, central and annu
lar BN density, thermal conductivity, and BN purity levels. Section 7 
reviews this technology, which led to the FRS shown in Fig, 5. This FRS 
is capable of operating at 4000 kW/m^ in 1000°C sodium for several 
hours. It contains three 0.38-mm BN-backfilled insulated-function ther
mocouples capable of withstanding several thousand thermal cycles with
out failure while providing a time response adequate to detect sodium 
boiling and dryout. 

-THERMAL ELEMENTS 

SECTION A-A 

ALIGNIMEMT 
'PLUG BN INSULATION^ 

INTERMEDIATE MATERIAL 

-1280 mm (50 3/8 in.) 

F i g . 4 . THORS c a t e g o r y I I FRS p r o t o t y p e (ORNL-DWG 72-2102) 
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CENTRAL COLD-PRESSED 
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Fig. 5. THORS preformed FRS (OML-DWG 77-1227), 

2» BORON NITRIDE DEVELOPMENT 

The most critical component of FRSs is the BN used for electrical 
insulation. This BN must (1) have high electrical resistivity at all 
temperatures of interest (up to l425°Cj at present), (2) be chemically 
stable over the necessary temperature range, (3) be stoichiometrically 
balanced with no appreciable free boron present, and (4) be homogeneous 
in chemical composition. For powder-filling applications, the BN powder 
must have a particle size distribution to facilitate both filling and 
compaction during subsequent FRS swaging. For some BN preform applica
tions, the particles must be submicron in size and yet be easily agglom
erated. In all cases, the BN must be free of metal particles that are 
occasionally present in the as-received material. 

2.1 BN Powder Development 

Table 1 summarizes the characteristics of BN powder used by ORNL. 
Initially, both Carborundum HCP and Union Carbide Corporation—Parma 
(UCC-P) HCJ-48 BN powders were evaluated. Both powders had relatively 
high impurity levels, but HCJ-48 exhibited better filling and compaction 
characteristics and, therefore, was the primary powder used. 
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Table 1. Summary of BN powder types and 
their major characteristics 

Powder type Manufacturer Characteristics 

HPC Carborundum Relatively high impurity levels, poor 
fabricability 

HCJ-48 Union Carbide High level O2 and other impurities; 
good fabr icabi l i ty ; poor insulation 
resistance at high temperature 

TS-945 Union Carbide Medium level of O2 and other impuri
t i es ; some metallic pa r t i c l e s ; medium 
insulation resistance at high tempera
ture 

HD-0092 Union Carbide Relatively low impurity levels , good 
fabr icabi l i ty , good insulation r e s i s t 
ance at high temperature 

TS-1206 Union Carbide High puri ty, higher than normal percent
age of fines (-325 mesh), d i f f icul t 
to f i l l FRS units with, excellent insu
lat ion resistance at high temperature 

TS-1325 Union Carbide Similar to TS-1206 but with even higher 
percentage of f ines; good preform powder, 
excellent Insulation resistance at high 
temperature 

HCM Union Carbide Similar to TS-945; metallic pa r t i c l e s ; 
medium to excellent high-temperature 
insulation resistance after purifica-
cat lon; good preform powder 

TS-1449 Union Carbide Ultra-high purity with minimal metallic 
pa r t i c l e s ; excellent high-temperature 
insulat ion; good preform powder for 
swaged FRS (requires bal l milling, e t c . , 
for preforms for nonswaged FRS) 

The ORNL staff worked with the BN vendors in an attempt to obtain a 
BN powder with lower impurity levels. As a result, UCC-P developed sev
eral improved grades, 

UCC-P powders were of two distinct types: those that were hot-
pressed, crushed, and resized to provide the required particle size dis
tribution, and those that went through the manufacturing process as a 
powder. 

The former type was characterized by a particle size distribution 
amenable to FRS filling and compaction and, also, by relatively high 
impurity levels. The latter type was of higher purity but contained a 
relatively high percentage of fines (—325 mesh). 

TS-1206 and TS-1325 were manufactured as powders and were both ex
cellent preform powders that found steady use until production was dis
continued by UCC-P. No further production by this technique has ensued. 
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HCJ-48, TS-945, HD-0092, HCM, and TS-1449 were manufactured using 
hot-pressing and sizing techniques, TS-945 was an improved grade of 
HCJ-48, However, FRSs manufactured with this powder had limited operat
ing life above 1150°C because of BN contaminants that reacted chemi
cally with the heating element material, HD-0092 was the first "high-
quality" hot-pressed BN powder. It contained low oxygen, carbon, and 
boric oxide (B2O3) levels. FRSs fabricated with it showed no evidence 
of chemical incompatibility, and annular insulation resistance was 
>105fi-cm at 1200°C. 

HD-0092 was replaced by HCM, which was chemically of high purity 
but initially gave poor results because of instances of low insulation 
resistance in completed FRSs. This problem was traced to the presence 
of metallic particles in the powder. Analysis showed that, even though 
the total metallic content was <30 ppm, the metal was present as dis
crete particles of the same size as powder particles. Magnetic separa
tion, by Magnetic Engineering Associated (MEA), Cambridge, Massachu
setts, removed ~90% of the metallic particles and resulted In an ac
ceptable powder, provided certain additional precautions were taken. 
These precautions included a thorough chemical analysis to ascertain 
that the powder had not been contaminated during the separation process, 
as well as 100% radiographic inspection of all preforms made from the 
powder. This inspection step resulted in the elimination of all metal
lic particles >0,125-mm (0,005-in.) diam, a necessary step for ORNL FRSs 
that have small annular gap clearances. Because an adequate radio
graphic Inspection technique for powders was not available, HCM was not 
recommended for use in powder-filled FRSs. 

Concurrent with these efforts, UCC-F initiated development (under 
contract to ORNL) of a hot-pressed and sized BN powder meeting the spe
cifications given In Table 2; Ref. 2 reports on this effort by UCC-P, A 

Table 2. Contamination limits on 
UCC TS-1449 BN powder 

Limits 
Contaminant 

Specif ied Goal 

0 2 , % 
Carbon, % 
Iron, ppm 
Calcium, ppm 
Titanium, ppm 
Other metals ( 
Borates, % 

each), ppn 

0,2 
0.1 
10 
30 
30 
30 
0.2 

0.1 
0.05 
5 
10 
10 
10 
0.1 
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more closely controlled production process and more stringent quality 
assurance procedures resulted in an excellent powder, designated TS-
1449, Although the cost has increased, this powder meets all of ORNL's 
requirements and is being used in present ORNL FRSs. 

2,2 BN Preforms 

Major advantages of BN preforms include (1) ease of FRS manufac
ture, (2) closer dimensional tolerance control, (3) more uniform density 
and thermal conductivity, (4) lower Impurity levels, (5) 100% Inspect-
abllity for metallic inclusions, (6) lower FRS Internal temperatures, 
(7) elimination of heating element eccentricity with the FRS sheath, and 
(8) enhanced FRS thermocouple lifetime. 

In 1972, initial attempts to procure BN preforms from commercial 
sources were unsuccessful because of impurities in the final product. 
In-house development^ proved successful, and, subsequently, a contract 
for commercial fabrication was placed with Eagle-Picher, Inc. (EPI). 
EPI, in close cooperation with the ORNL staff, has since developed auto
matic machinery to cold-press high-quality BN preforms having a minimum 
of 85% of theoretical density. ** 

BN preforms (typical ones are shown in Fig, 6) are precisely de
fined solid or tubular cylinders of tightly compressed BN particles. 
Preforms may contain axial grooves to accommodate FRS thermocouples. 
Diametrical dimensions are accurate to within ±0,025 mm (±0.001 in,). 
However, wall-thickness tolerances are within ±0.0025 mm (±0,0001 in,). 
These close tolerances permit control and excellent uniformity of fabri
cated FRSs. For example, the close tolerance on wall thickness ensures 
that the annular volume of powder is essentially constant. This feature 

Fig. 6, Cold-pressed BN preforms (ORNL Photo 7002-80). 
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facilitates maintaining concentricity of the heating element within the 
sheath. 

Reference 3 details the BN preform fabrication process and summar
izes the major fabrication control points, quality assurance require
ments, and preform characteristics. 

3, INTERNAL THERJIOCOUPLES 

The use of thermocouples welded (or placed) against the inside 
surface of FRS sheaths began in 1971 with the use of pairs of type K 
thermoelements having "sputtered" alumina coatings. These insulated 
wires were later replaced with individually sheathed thermoelements that 
were spot-welded to the inner surface of the FRS sheath to provide 
"intrinsic"-junction thermocouples. Techniques were developed to attach 
accurately three sets of intrinsic-junction thermocouples inside 5.33-
mm-ID FRS cladding and 0.71- to 0,38-mm-diam sheathed thermocouples to 
FRS or Zircaloy cladding. The latter technique is reported in Ref. 5. 

Additionally, techniques for locating up to twelve 0,51-mm sheathed 
thermocouples at 30° Intervals on the inner surface of an FRS clad with
out spot-welding were developed. Techniques were also developed to 
place four 0,51-mm thermocouples inside a 1,6-mm-OD thin-wall tube, 
which was then installed in the center of an FRS heating element. An 
extension of this technique to enable seven 0.38-mm thermocouples to be 
contained within a 1.22-mm-diam thin-wall tube is currently under devel
opment , 

An additional development is the BN-backfilled (BNBF) thermocouple. 
This thermocouple, first developed at Kernforschungszentrum Karlsruhe, 
contains highly compacted BN in only the junction region. Time response 
is less than one-half that of conventional MgO-lnsulated thermocouples, 
and surface heat flux perturbations are reduced by a factor of 4 (Ref. 
8). Both 0.51- and 0.38-mm BNBF thermocouples are now commonly used in 
ORNL FRSs. 

Premature failure of thermocouples under severe thermal cycling and 
high-temperature conditions led to the development^ of small-diameter 
thermocouples with improved lifetime, Chromel-Alumel thermocouples were 
required to (1) endure up to 2000 transient cycles, some as rapid as 
100°C/s, (2) operate at 1100°C for up to 40 h, and (3) remain operable 
at these and less severe conditions for a total time of 1000 h. 

Investigations indicated that three characteristics were needed for 
thermocouples to meet the above requirements: 

1. complete elimination of prestrain in thermocouple materials prior 
to operation above their recrystallization temperatures; 

2, minimization of oxygen, moisture, and hydroxides during thermocou
ple fabrication; and 
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3. refinement of the thermoelement grain size to meet American Society 
for Testing and Materials (ASTM) micro-grain size 9 (17y) or 
smaller. 

Reference 9 reports our efforts at meeting these three c r i t e r i a . 
The elimination of prestrain in thermocouples prior to the i r subse

quent high-temperature operation cannot be overemphasized. Premature 
fa i lure of thermocouples in FRSs being operated by the FLECHT-SEASET 
program '̂̂  led to the development by ORNL of a "recovery anneal" process 
to remove residual s t r a in in both thermocouples and FRSs. A 450°C, 60-h 
anneal was suff icient to remove a l l residual s t resses and has resul ted 
in Improved thermocouple operations. An addit ional benefit derives 
from the elimination of FRS swaging-induced s t resses . Stress rel ieving 
the FRS prior to use eliminated thermally Induced rod bowing and defor
mation and now offers promise of increased FRS l i fe t ime. 

4. HEATING ELEMENTS 

Heating element materials used by ORNL, in order of increasing 
melting temperature, are: Nichrome V (80 Ni 20 Cr, 1345°C), Inconel 600 
(77 Ni, 7.2 Fe, 15,8 Cr, 1390°C), Kanthal A-1 (72 Fe, 5.5 Al, 22 Cr, 0.5 
Co, 1510°C), and Pt-8% W (1760°C), Of these, the first three are widely 
used standard materials and required minimum development. Nichrome V 
and Inconel 600 are easily formed and welded, have the lowest operating 
temperature, and have good high-temperature strength and low temperature 
coefficients of resistivity (TCR). Kanthal A-1 has a low TCR but has 
reduced strength at high temperatures and is difficult to form and weld. 

Investigations were conducted to obtain high-melting-temperature 
heating element materials with good electrical and mechanical proper
ties. Investigated were various refractory metals and alloys, zircon
ium-titanium alloys, other platinum alloys, and graphite. None of these 
materials proved to be a panacea; only the Pt-8% W alloy (Sigmund-Cohn 
Alloy 479) proved worthy of additional development for our use. How
ever, its application was shown to be limited because of grain growth 
and the presence of a boron-platinum (B-Pt) reaction, both of which 
occur above 1000°C.^^>^^ The reaction, which is time dependent, 
lowers the melting point of the alloy and, because of grain-boundary 
melting, reduces its resistance to thermal shock. The tendency for 
growth of large grains exacerbates the grain-boundary melting problem. 

Techniques were developed for stabilizing the alloy grain growth,̂ ** 
However, the B-Pt reaction, while slowed, still occurs and limits oper
ating time at high temperatures. Therefore, this alloy is used only if 
FRS operation requires no more than a few minutes at temperatures above 
1400°C (2552°F), with normal operation limited to 1000°C (1832°F). 

Techniques to laser-weld thin Kanthal A-1 ribbon to itself, nickel, 
and other materials^^ have resulted in increased use of this material. 
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Its higher melting temperature (compared with Nichrome V and Inconel 
600) enables us to meet virtually all the present FRS operational re
quirements. 

Techniques for fabricating variable-width ribbon heating elements 
have also been developed. ̂ ^ These heating elements provide chopped-
cosine variable heat flux profiles in FRSs while maintaining a very 
small gap between turns. This design greatly reduces transient heat 
flux profile perturbations and facilitates the use of BN preform fab
rication techniques for profiled heat flux FRSs. 

5, POWER CONTROL AND PROTECTION 

Power control for rod bundles was first utilized at ORNL in 1960. 
The Initial control scheme used phase-angle—fired silicon-controlled rec
tifiers (SCRs). This approach permitted several operating modes of the 
bundle FRSs including power control in individual zones, power skews 
across the bundle, and variation of total bundle power with a single 
control. Wiile this scheme functioned well, it had the disadvantage of 
generating radio frequency (RF) interference that could not be reduced 
sufficiently by filtering. 

Zero-voltage switching control of FRS power was developed to sig
nificantly reduce this RF interference. The scheme was based on the 
gating of SCRs as the ac voltage passed through the zero point, thus 
avoiding large current surges. Multlmode operation and precise FRS con
trol are still possible with this scheme, which is presently in use at 
ORNL. 

A more sophisticated control scheme to enable rapid and complex FRS 
power transients has recently been implemented at ORNL. This technique 
uses zero-voltage—switched SCRs in conjunction with a power transformer 
that has many voltage taps on its secondary winding, SCRs connected to 
each tap can be switched at the zero point of any cycle. The appropri
ate taps on the secondary are switched on or off by a computerized power 
programmer to provide programmed voltage to the FRS between 0 and 100% 
of full voltage in time increments as low as 16.7 ms (one cycle). 

An "electronic crowbar" protection circuit was developed by ORNL 
to prevent catastrophic failure of FRSs. With this system, FRS current 
is monitored and compared with a preset value. If this value is exceed
ed, an SCR in a circuit paralleling the FRS power circuit is gated "on" 
to short-circuit the FRS voltage. A fast-acting fuse in the Individual 
FRS power supply line opens rapidly to remove voltage from the unit. 
Fault currents are detected to activate the "crowbar" within 40 ps, and 
the SCR short circuit is cleared with 20 ms. 
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6. QUALITY ASSURANCE 

In addition to rigid fabrication controls and procedures, three 
primary nondestructive tests provide excellent indications of FRS qual
ity and reliability: radiographic inspection, electrical inspection, 
and Infrared (IR) scanning. Reference 18 details their evolution and 
use at ORNL, The importance of these inspection techniques as a quality 
assurance tool is highlighted here. 

Full-length radiographs are taken of the active component assembly 
(ACA, which includes the heating element, power terminals, and Inner In
sulation) and the FRS after fabrication. Radiographs are checked for 
metallic inclusions within the insulation which can be evidence of me
tallic spelling I they are also scanned for gaps in the insulation. Mea
surements are made of heating element concentricity, coll uniformity, 
and location of thermocouple measuring junctions. 

Failure of FRS units because of short circuits through the insula
tion has always been a primary concern. Metallic inclusions, organic 
impurities, moisture and gases in void spaces, and contamination at in
terfaces between BN preforms and contacting seals are typical Insulation 
defects that must be avoided. 

Insulation inspections consist of a series of tests with a conven
tional megger and a high-potential tester (Hipot) at room temperature. 
All FRSs are subjected to these tests at various times during their fab
rication. Inspection criteria are specific, and results are readily 
evaluated in most cases. However, Insulation anomalies occasionally 
arise that cannot be fully explained, A practical procedure for elimi
nating some of these defects was developed concurrently with FRS fabri
cation process development at ORNL. Similar techniques have been devel
oped by Wfest German experimenters. ̂^ The ORNL procedure involves the 
use of a high-voltage (up to 5000 V dc), low-current (<_100 mA) source 
that allows the voltage to be slowly increased to permit limited, con
trolled arcing at the location of the insulation anomaly. Apparently, 
the corona discharge, if closely controlled to limit its magnitude, im
proves insulation resistance and "clears" many units from further arcing 
up to the highest discharge voltage used. The FRSs that have been 
cleared by this method have operated satisfactorily at rated voltages of 
300 V and at temperatures as high as 1200°C, 

High-temperature insulation tests are also used on occasion. The 
BN preforms made with new lots of powder are tested by fabricating re
sistivity test cells. These test cells are subjected to temperatures up 
to clad melting while the insulation resistance is measured. The value 
of BN resistivity and the change of resistivity with time at elevated 
temperatures are evaluated. 

The methods of testing and analyzing FRSs by IR scanning have 
evolved from several years of experience. Initiated as a result of re
search performed at the Hanford Engineering Development Laboratory 
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(HEDL),20 ttig method has been developed further at ORNL,^^ This evalua
tion technique has become the most effective diagnostic tool for evalu
ating the integral performance of FRSs. Variations from the nominal 
heat generation rate of the element and of the thermal diffuslvity of BN 
are easily detected. Because diffuslvity is a direct function of densi
ty, thermal conductivity, and specific heat, all these parameters can be 
evaluated simultaneously. Heating element eccentricity with the FRS 
sheath and anomalies in the coil geometry are also easily detected. 

Operational testing is performed on test cells, prototype FRSs, and 
randomly selected production FRSs to verify that the design, material, 
and fabrication techniques are proper. Tests are normally allowed to 
continue to failure. 

7. FABRICATION TECHNIQUES 

The ORNL FRS staff has been deeply involved in fabrication technol
ogy development for many years. Initially, development was through as
sistance to industrial fabricators as part of our procurement efforts, 
with most of the effort centered around powder-filling technology. Re
ference 3 summarizes the status of this technology in 1977. Subsequent 
development efforts with vendors were an extension of their established 
technology but improved on the normal commercial methods by imposing the 
following requirements: 

1. closer control of the straightness of parts and assemblies, 
2. minimization of tooling clearances, 
3. techniques to distribute BN powder uniformly, 
4. minimization of the incremental layer of BN powder between tamp

ing actions to <0,25 mm, 
5. use of multiple-pass swaging and close attention to other im

portant swaging parameters, and 
6. generation of detailed fabrication procedures that delineate 

critical In-process inspection and control points and establish 
acceptance criteria. 

These criteria have been proved by industry to produce FRSs of a quality 
significantly higher than those produced prior to their application. 

Experience with fabrication by powder-filling made us fully aware 
of the critical nature of the fabrication process in determining the 
performance capabilities of an FRS, Apparently, powder-filling tech
niques would not be able to keep pace with expanding FRS performance re
quirements. Meanwhile, BN preform development at ORNL led to the reali
zation that closer fabrication process control and higher-quality FRSs 
could be obtained using this method. 
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The FRS Technology Development Laboratory (Fig, 7) was established 
at this time for more rigorous control of FRS development. The BN pre
form fabrication technology was used exclusively. Rapid advances were 
subsequently demonstrated on four different FRS types by rapid feedback 
of inspection and operational results to FRS design, materials, and fab
rication technology. 

Detailed fabrication procedures have now been developed for all 
four ORNL FRSs. The multirod burst test (MRBT) process has been re
ported and the blowdown heat transfer (BDHT) process^ is being docu
mented at present. These procedures cover the entire fabrication and 
assembly sequence and Include critical In-process control, cleaning, and 
inspection points. 

The Importance of cleanliness and of straightness of components 
cannot be overemphasized because practically every rejection is caused 
by shortcomings in one or both areas. Lack of straightness almost 
always causes metallic spalling during BN filling with distribution of 
the metal particles in the BN insulation. Development of fabrication 
procedures and design and fabrication of the required tooling for just 
one type of FRS requires the full-time effort of two to four highly 
skilled and experienced technical personnel over a three- to four-month 
period. Development of appropriate fabrication tooling and fixturing is 
critical to a cost-effective, efficient process. Proper tooling and 
fixturing reduce assembly time, provide process repeatability and 
uniformity, improve dimensional accuracy, and enable close control. 

Figure 8 lists design criteria for the BDHT FRS. Although shown 
for a specific FRS, the criteria are typical of those for all high-
quality, highly reliable FRSs in which thermal, physical, metallurgical, 
electrical, and chemical properties of the materials and the FRS are op
timized, consistent with fabrication restraints and operational require
ments. 

Typical BN preform-fllling operations are shown in Figs, 9 through 
13. The BN preform fabrication procedures must ensure proper installa
tion of preforms so that concentricity and density uniformity are main
tained. Figure 9 shows a BN preform with 12 grooves for thermocouple 
orientation being picked up for placement on the extension of the ACA. 
This preform is oriented to align its grooves with the thermocouples at
tached to the FRS sheath and is then pushed to the bottom of the annulus 
by motor-operated fixturing (Figs. 10 and 11). Following bottoming of 
the preform, it is crushed by a controlled tamping action (Fig. 12). 
Immediately before this tamping action, the counterweight and cabling of 
the filling fixture are effectively disengaged by the release mechanism 
(Fig. 13) to prevent them from affecting the tamping action. 

This same technique is used in fabricating a new generation of 
"nonswaged" FRSs, The elimination of swaging enables fabrication of 
unique types of FRSs such as those with clads having poor swaging char
acteristics, especially shaped or contoured surfaces, or specified 
levels of cold-work. Nonswaged FRSs are fabricated using high-density 
BN or MgO central preforms and an encasement device (Fig, 14) to contain 
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Fig. 7. FRS Technology Development Laboratory (ORNL Photo 6689-79) 
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Fig. 9. Insertion of grooved BN preforms (ORNL Photo 6686-79), 
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Fig. 10. Motor operator for BN-filling fixture (ORNL Photo 6685-79). 

the ACA during BN filling. With this method, the heating element region 
can be filled with preforms that have a final density of about 90%. 
High crushing energy on the annular preforms can then be used to provide 
high annular density and good contact without collapsing the heating 
element. This higher crushing energy provides enhanced radial BN plate
let orientation and medium (~90%) density in the BN. The end result is 
good density uniformity and reasonably high annular thermal conductiv
ity. The FRSs fabricated by this means operate up to 2000 kW/m^ at 
1000°C (1832''F) clad temperatures. 
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F ig . 1 1 , BN p r e f o r m - f i l l i n g f i x t u r e (OREL Photo 6690-79) 
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Fig. 12. Crushing of Inserted BN preform (ORNL Photo 6611-19) 



Fig. 13. Pheumatic-operated release mechanism (ORNL Photo 6674-79) 
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Fig. 14. Encasement fixture for filling inner insulation (ORNL Photo 7057-79). 
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MANUFACTURE AND TESTING OP FUEL PIN SIMULATORS 
FOR USE IN SODIUM AND WATER ENVIRONMENTS 

M Stevens 
United Kingdom Atomic Energy Authority 

Sprlngfields Nuclear Power Development Laboratories 
Springfields Works, Salwick, Preston, Lanes., England 

ABSTRACT 

A manufacturing facility for fuel pin simulators has been 
installed at the Springfields Nuclear Laboratories. Techniques 
have been developed for the manufacture and testing of linear 
rated high flux/tilgh temperature heaters for use in sodium 
loops to a basic design developed by CEN Grenoble. Lower flux 
heaters for use in LOCA tests on water reactor fuel elements 
have also been developed. 

INTRODUCTION 

In common with other organisations who are actively engaged in the 
development of Sodium cooled fast reactors, the UKAEA, In the early 1970s, 
envisaged the implementation of an out-of-pile experiment in which studies 
could be made of the behaviour of a fuel sub-assembly in abnormal condi
tions. For such an experiment it is necessary to have fuel pin simulators 
in the form of electrically heated pins capable of reproducing the size and 
heat rating of the reactor fuel pins, and of operating in liquid and two 
phase sodium at temperatures of 1000°C or higher. 

Several of the organisations were engaged in the development and manu
facture of fuel pin simulators and the designs were of two basic types: 

(a) a spiral or tubular heating element with the current return through 
the sheath or the sodium. 

(b) a spiral, tubular or multi-wire heating element with the current return 
eo-axially or parallel mounted within the heater Itself, 

Both types could of course be either linear or some form of cosine heat rated. 
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286 

The question of current return through the sodium was seen as funda
mental, it was argued that this was undesirable for several reasons. In 
the first place there was a fear that substantial voiding around that end 
of the heater which was earthed through the sodium to the test loop could 
give rise to current flow through the sheath and hence to enhanced local 
heat generation and premature burn-out. It was also considered possible 
that the growth of the vapour could be modified by electro-magnetic forces 
generated by current flowing through the sodium. Finally there was the 
danger that with a unidirectional electrical path through the pins, inter-
pin forces could give rise to deformation of the cluster. 

In 1972/75 the single ended design developed by CEN Grenoble, France, 
appeared to be much further developed than any of the other designs, and 
had in fact operated at 320 W/cn^ for a number of hours at temperatures up 
to 1000°C. The use of tungsten/rhenium heater wires and a tantalum sheath 
gave a possibility of higher operating temperatures. In addition the design 
provided for up to six thermocouples contained within grooves cut in the 
inner surface of the tantalum sheath which could be used for both pin pro
tection and experimental information. For these reasons it was decided by 
the UKAEA that the most effective way of obtaining suitable heater pins would 
be to obtain a licence from the French CEA to manufacture pins to the design 
developed at CENG, The specification was that the pins were to operate for 
a minimum of 10 hours in non-boiling sodium at 1000°C with a linear surface 
heat flux of JOG W/om2 (68O W/cra). 

The UKAEA are of course also engaged in developing water cooled 
reactors and fuel pin simulators are required for the evaluation of the 
effect of a IDCA on can integrity. The operating conditions of these fuel 
pin slrrulators are in general less onerous than those for fast reactor 
studiesI both the surface heat flux and maximum operating temperature are 
lower but they are subject to fast ramping. The design of equipment used 
at SNL for studying the effect of a LOCA, PROPAT (PROgrammed Pressure And 
Temperature) necessitated the use of single ended linear rated heaters. 
The rating was specified to simulate decay heating and the size such that 
they could be used for both BWR and FWR studies. 

This report details the development, manufacture and testing of fuel 
pin simulators for both fast reactor and water reactor safety studies. 

FAST KEAC?rOR SIMULATORS 

Pin SpeGlflcation 

Outside diameter 7-2 mm 
Heated length 8OO mm 
Unheated length 620 mm 

Insulant compacted BN powder 

Heater wires Tungsten/26^ Rhenium 8 off 
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Electrical Characteristics 

Power nominal 
Voltage " 
Resistance " 
Current " 
Unheated length 

55 kW 
225 
0.4 Q but all pins to be within + 
240 amps 
5 watts/cm 

Insulation wire/sheath cold 10 M Q at 500 V 

HEama WIRES 
W/26°/o Re — 

NOSE [MoJ. 
g S £ INSULATING 
Ot=^ DISC CBN]. 

I ^THERMOCOUPLES 
/ 0 0 25 

SECTION A-A 

Pig. 1 Fast reactor simulator 

Thermocouples 

The use of 0,010 in. dia, (0.25 mm) thermocouples with 0.001/0.0015 in. 
dia, thermal elements posed a number of handling problems. Two techniques 
were developed for removing the outer sheath to expose the thermo-elements, 
electrolytic dissolution in a Na Noj electrolyte, and vapourlsing with a low 
voltage high amperage current (the insulation protected the thermocouple 
wires from heating). The former technique worked quite well but there was 
always the danger of contaminating the insulant with the electrolyte. 
Removing the sheath electrically was virtually instantaneous with no danger 
of contamination. The thermo-elements were difficult to handle when making 
the cold junction, this was especially so of the brittle alumel wire. To 
overcome this problem the 0.010 in. dia, thermocouples were soldered to a 
patch board and this then connected to more robust copper leads. Fig. 2, 
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Fig. 2 Thermocouple termination 

The thermocouples were laid in the 0.010 In, sq. grooves In the inner 
surface of the can and held in position by mechanically deforming the edges 
of the groove. Originally a very light pressure was used but problems were 
encountered with the thermocouples coming out of the groove during assembly; 
Increasing the deformation overcame these problems. Fig. 3 shows a section 
of heater containing three thermocouples 

Fig. 3 Section of cladding with thermocouples 
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Heating Element 

The heating element consists of a high conductivity copper rod, a 
molybdenum rod and the tungsten/rhenium heater wires. The molybdenum rod 
containing 8 grooves is brazed to the copper rod and then the heater wires 
brazed into the grooves in the molybdenum rod, the composite assembly is 
then slit to give two parallel conductors having 4 wires in each. 

Insulant 

A commercial grade of high purity - 325 mesh boron nitride powder was 
used as the insulant. This was first sieved to remove any extaneous 
materials, vacuum degassed at 1100°C for 3 hours and then resieved. After 
degassing the BN was maintained at 120°C until required. 

Pin Assembly 

Hot pressed boron nitride sleeves and high purity alumina wafers were 
used to insulate the unheated length and then, with the wires under tension 
to hold them straight, BN powder was fed into the heated length in incre
ments of about 10 mm and hydraulically compacted. After each addition the 
electrical Insulation between the wires and sheath was checked. On comple
tion of filling the wires were cut to the appropriate length and electrically 
connected. Using the heater as a source of power the pin was then dried out 
under vacuum for several hours. After drying the pin was sealed by brazing 
a solid plug into the end of the heater. 

TESTING 

After manufacture the simulators were checked using a number of non
destructive techniques. Continuity, loop resistance thermocouple integrity, 
insulation between heater wires and sheath and X-ray examination were all 
done at SNL Springfields. The heaters were then examined at AEE Winfrlth 
using infra red techniques. Initially, an EMI Thermoscan was used, tut this 
was replaced with an EEC Pyro Electric Vidican (Pyrlcan). The technique 
was to apply a pulse of power sufficient to raise the temperature of the pin 
40-50°C and to scan a line along the pin during the early stages of the 
transient. All the tests Indicated that the pins were satisfactory but on 
subsequent testing in a sodium loop all the pins failed to meet the design 
specification of 10 hrs at 1000°C and 300 W/cn^. In every case failure 
occurred at the hot end of the pin where the eight wires were joined together 
and the indications were that massive overheating had occurred which had 
resulted in a reaction between the heater wires and the M which had com
pletely destroyed the end of the pin. 

^m 

Fig. 4 Failed heater showing melt-out 
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The infra red testing had not indicated any deterioration in thermal 
conductivity at this point so it was assumed that the fault lay in a poor 
electrical connection at the point where the eight wires were joined. 

A further batch of pins was made in which modifications were made to 
the hot Junction to rigorously exclude the possibility of BN contamination 
of the electrical connection between the wires and, additionally, the wires 
were welded together. Again although the heaters appeared to be satisfactory 
and the non-destructive tests were acceptable all the heaters failed on loop 
testing in exactly the same way as the first batch. 

•>„ 

IfiKi 

Fig. 5 Failed heater 

The elimination of high electrical resistance of the wire junction as 
the source of failure left the possibility of low thermal conductivity as 
a result of low boron nitride density as a cause of failure. 

Neutron Radiography 

Boron nitride is virtually transparent to conventional X-rays and so 
this technique cannot be used for checking the density of boron nitride in 
fuel pin simulators, however, boron nitride Is a strong neutron absorber 
compared with the metallic components, so neutron radiography can be used 
for density determination. Material Physics Division at AERE Harwell, who 
had done some development work on the neutron radiography of HN, agreed to 
carry out the trials. The technique used was Neutron -• Sample -• Indium foil 
photographic film technique described by Robertson.^^^ The neutron radio
graphy equipment would only accept a sample 135 mm long of which 50 ram was 
exposed to the neutron beam. Boron nitride powder was compacted into 135 nim 
long tantalum tubes having the same dimensions as the fuel pin simulator 
cladding to give densities varying between 50 and 90^. Using standard 
exposure and film transfer times these samples were neutron radiographed 
and the density of the photographic image was checked using an optical 
densitometer. The results showed that density differences of about 5^ 
were discernible. Samples were then taken from various positions of a 
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number of assembled fuel pin simulators and these samples radiographed with 
a range of the known density standards. The comparison showed that the 
M in the body of the simulators had a density of about 75^ theoretical 
but in the region of the hot junction the density was down to 55/60^, 

Q I 1 I 1 1 1 
50 60 70 80 90 100 

BORON NITRIDE DENSITY-% OF 225 

Fig, 6 Variation in film density/boron nitride density 

Heater Wire Temperature 

The resistivity of tungsten/2$^ rhenium varies quite markedly with 
temperature and over the temperature range 0-1500°C it is reasonably linear 
with an (̂  value of about 1.15 x 10~̂ OC~-'-, Since the applied voltage and 
current is measured throughout the pin sodium loop test the resistance can 
be calculated,and hence the average temperature of the heater wires can be 
estimated. Because the thermal conductivity of the tantalum sheath at 
69 W/m°C is much greater than that of boron nitride it is reasonable to assume 
that there will be little circumferential variation in the tantalum and 
that in consequence there will be little error in assuming that the tem
perature difference between the heater wires and the inner sheath diameter 
is Inversely proportional to the boron nitride density. If the following 
simplifying assumptions are made: 

(a) that the thermal conductivity of the boron nitride and the tantalum 
sheath do not vary significantly over the temperature range of interest. 

FILM 
BLACKENING 

FILM 
CLEAR 
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(b) that the sodium coolant temperature varies linearly along the length 
of the pin, i.e. uniform heat generation, 

then the temperature difference between the heater wires and the sodium will 
be 

LB = Xrp^ 

where 40 = the temperature difference 

X = total resistance to heat flow (boron nitride and tantalum and 
sodium film) 

q = pin heat rate in W/m length 

Thus if ©„ = average sodium temperature 

then @ the average wire temperature = X_q + 9^ 

but if R = pin resistance when power is q 

and R = pin resistance at 20 C and zero power 

I- = 1 + a (e - 20) 
R '̂ w 
o 

= 1 + a X̂ q + a (Sĵ ^ - 20) 

'. (f - 1) = a X̂ q + a (ê ^ - 20) 

Thus knowing the value of the initial pin resistance, the voltage, 
current and sodium temperature during the loop test it is possible to 
calculate Xrp and hence X-^ if Xijĝ  and XgQdium fil'" ^^® known. These calcu
lations were done for nine simulators and the average boron nitride conduc
tivity was found to be 7.9 W/m°C. This thermal conductivity figure is low 
but not as low as would be inferred from the work of Casal at Karlsruhe for 
material of this density. It should be pointed out that the figure quoted 
is the average for the whole pin and the thermal conductivity at the hot 
Junction where the BN density is lower will be less. 

Infra Red Examination 

About this time (late 1978) new infra red equipment, a UTI "Spectrotherra" 
Model 900 and new pu-lsing equipment were installed at AEE Winfrlth. The 
Spectrotherra has an internal reference temperature so that thermal images 
can be obtained with a precisely known base temperature and temperature 
ranges and it can produce a two-dimensional video picture with the vertical 
axis corresponding to time. It thus gives an impression of the time/temperature 
variation in the pin. The Information can be stored on tape and it is 
possible to obtain temperature plots along the pin at any time through the 
transient. Thus It became possible for the first time to see the temperature 
profile along the simulator both during the heating pulse and during the 
cooling cycle. In view of the results obtained from the thermal conductivity 
calculations and the neutron radiograj±iy it was decided to use this new 
infra red equipment to see if it was capable of detecting the area of low 
conductivity which was suspected to exist in the area of the wire junction. 
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A number of simulators from the same batch as those which failed oa loop 
testing were subjected to a detailed Infra red examination. The technique 
was to apply a one second heating pulse and scan the pin during this period 
and for one second of the cooling cycle. It very soon became apparent 
that the hot end of the pin was behaving very differently to the main body. 
During the heating cycle the end of the pin was cooler than the main body 
as would be expected if heat was being conducted away by the mass of the 
unheated sealing plug and this was what was assumed from the infra red 
traces when the Vidican camera was used. Continuing the scan during the 
cooling cycle, however, showed that while the body of the pin cooled the 
end continued to increase in temperature until it was substantially hotter 
than the now cooling pin. The explanation for this was that low density, 
and hence low thermal conductivity BN was retarding the flow of heat from 
the heater wires at the hot junction on the heating cycle and giving this 
hysteresis effect. 

Thus infra red examination, wire temperature calculation and neutron 
radiography all confirmed that the M density In the main body of the 
heater was too low (work at KfK(2) and 0RNL(5) had shown that below about 
85^ theoretical density thermal conductivity falls rapidly) for efficient 
heat transfer and this, together with the very low density in the hottest 
region of the pin, was sufficient to account for pin failures. 

Varying the Sf compacting conditions showed that by increasing the 
compacting pressure to the limit of the press capacity densities of 85-87^ 
theoretical could be achieved. Reducing the Incremental additions of M 
or Increasing the holding time at pressure gave no significant increase 
in density. In addition equipment was designed which enabled all the com
ponents of the hot junction to be assembled under this same pressure so all 
the pin had an insulation density of about 85^. This density was somewhat 
lower than the target of > 90^ but it was felt that it was a sufficient 
improvement, especially at the hot junction to warrant the manufacture of 
a further batch of simulators, 

A batch of seven simulators was assembled using this new technique, 
five of the pins were identical and two had slight modifications to the 
hot Junction which eased the assembly problems. 

TESTING 

The simulators were subjected to all the usual tests at SNL, i.e. 
X-ray, continuity, insulation and loop resistance and the results did not 
differ from the previous two batches of heaters which failed during sodium 
loop testing. The infra red tests at AEE Winfrlth did, however, show a 
marked difference to the previous batch tested. The heat generation was 
uniform along the whole length of the pin and the hysteresis effect at the 
hot Junction was absent. 

Four of the pins were subsequently given a 4 hour test in a sodium 
loop at Grenoble. Three of the pins operated satisfactorily at 950°C and 
250 watts/cm (maximum loop condition) for the 4 hours and the fourth, 
which had an experimental hot Jiuiction assembly failed after 2 hours. 
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Calculations of the thermal conductivity of the BN, using the technique 
described in a previous section showed that it had increased from an average 
of 7.9 W/m°C to about I6-I7 W/m°C. 

CONCLUSIONS 

1. Boron nitride densities of the order of about 85^ are the minimum for 
efficient heat transfer in highly rated fuel pin simulators. 

2. The single ended multi-wire design of simulator using refractory metal 
components is capable of operating under fast reactor conditions. 

WATER REACTORS 

In common with many other laboratories all over the world SNL are 
looking at the effect on fuel cladding integrity of a loss of coolant in 
water reactors. To simulate the decay heat produced by the fuel after 
shut down electrically heated fuel pin simulators are used. These heaters, 
because they are modelling decay heat, generally operate at lower heat 
ratings and temperature (4.5 KwM and up to 950°C) than the fast reactor 
simulators. Most designs of water reactor simulator are double ended, 
i.e. the current enters one end of the simulator and leaves at the opposite 
end but the FROPAT (programmed pressure and temperature) equipment at SNL 
was originally designed for joule heating of the cladding and the con
struction was such that single ended heaters were required. To meet this 
requirement and to allow space between the heater and the zlrcaloy cladding 
which had a bore 8,3 n™ dla, for a fuel simulant meant that the heater was 
restricted to about 6 mm dia. 

Several designs of heater are being developed and the work is still in 
its early stages, however, one design which shows promise is shown 
schematically in Fig. 7. The heater consists of a stainless steel outer 
tube 6 mm dia. x 0.1 mm wall and a solid centre electrode 3 nrni dia. At 
the ends of the heaters both the outer tube and the centre electrode are 
thickened;to reduce the power generation at the terminals. The centre 
electrode generates about 35^ of the total heat of the simulator. The 
centre electrode is insulated from the outer tube with a close fitting 
transparent silica tube. Silica was chosen on account of its transparency 
to infra red radiation, and it was assumed that this would help to keep the 
heater at a constant temperature and so minimise the problem of differential 
expansion between the centre electrode and the outer sheath. However, 
although the silica Insulated heaters have proved fairly satisfactory the 
extreme brlttleness of this material has caused some problems and tests are 
in progress to see the effect of reducing the heat generation in the centre 
electrode and replacing the silica with vibro-compacted magnesia. 
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Fig. 7 Water reactor simulator 

TESTING 

The silica insulated heaters have been examined using infra red techniques 
using the UTI Spectrotherra 900 model described in the fast reactor section. 
The heat generation was extremely uniform. Using a simple water loop. Pig. "J, 
it is possible to run the heaters at their design power and temperature. 

In this loop heaters have been operated \inder these conditions for many 
hours and have been thermal cycled a number of times at 10°C/seo between 
room temperature and 1000°C without failure. Ballooning to failure tests 
on PWR cladding have been carried out using these heaters and up to 10 tests 
have been achieved before heater failure. Failures have resulted from dis
tortion of the thin walled heater by both the applied pressure and distortion 
of the zlrcaloy tube during ballooning and rupture. 

DEVELOPMENT 

Further work at SNL on ballooning pin bundles is prograrraned and for 
this work a large number of heaters with 1-1,5 m heated length are required. 
A number of heaters of this length have been manufactured and are currently 
undergoing performance testing. 
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Fig. 8 Water loop test rig 
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PIN DEVELOPMENT AND BUNDLE CONSTRUCTION FOR FUEL SIMULATION 

Andre TEYTU 
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Centre d'Etudes Nucleaires de Grenoble 

ABSTRACT 

Several models of pins which have been developed for 
simulation of fast neutron reactor fuels and PWR fuels are 
described. The method of construction and the type of in
strumentation are described and the main characteristics are 
given. Several bundle assemblies which have been built with 
different sealing, power, and instrumentation connections 
are presented. 

The work which has been done since five years on fuel 
rod simulators in the Heat Transfer Department of the Com
missariat a I'Energle Atomique is described in this paper. 

We give briefly the several techniques which have been 
used with more details about the actual ones. We also will 
describe several types of bundle used in sodium experiments 
to simulate fast neutron breeders reactors. 
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1. PIN CONSTRUCTION 

1.1 General Arrangement of the Pin 

Practically, all the pins we build have straight wire resistors 
parallel to the axis of the rod and distributed on a circle as near as 
possible to the sheath. 

For a double ended (see Fig. 1) or an earth return pin (see Fig. 
2), the heating wires are connected on a cylindrical copper or Nickel 
lead at each end. For earth return, one of this lead is electrically 
connected to the sheath. 

Fig. 1. Double ended rod. 

Fig. 2. Earth return rod. 
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For a one ended pin we put two semi-circular tails and half of the 
parallel wires are connected on each tail. At the other end of the pin, 
all the wires are connected to a small plug to close the electrical cir
cuit. This plug is electrically insulated from the sheath (see Fig. 3), 

Fig, 3. Single ended rod. 

1.2 Cold Pressing of Boron Nitride Powder into the Sheath 

This method consists of pressing Boron Nitride powder with a piston 
around the wire directly in the sheath of the pin. Direction of press
ing is parallel to the axis and we put a small amount of powder and we 
press 10 mm after the other. With this method, it is not necessary to 
swage the pin, so we can use very thick sheath or hard or brittle mate
rial. At the same time, thermocouples position in the sheath can be 
very precise because we have no elongation of the tube. However this 
process is quite long and permits a limited heated length, so we now 
prefer to use preformed Boron Nitride pellets. 

1,3 Hot Pressing of BN Preforms 

Production of appropriate Boron Nitride preforms for making fuel 
pin simulators is not a conventional technique and requires severe re
quirements on base powder. Our specifications for BN are given in Ap
pendix 1, We have developed a hot pressing technique at intermediate 
temperature which gives machinable pellets, 

1.3.1 Preparation of powder 

We generally use Carborundum HP 40 Boron Nitride added with 5% 
weight of Boric Oxide (B2O3), This Boric Oxide is preliminary grinded 
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under 320 mesh in order to have a good distribution in the mixture. 
Then we mix in a rotating machine during 24 hours Boron Nitride and 
Boric Acid used in the good proportions. We keep the mixture in a tight 
can to avoid contact with air and moisture and we press inside a period 
of forty eight hours after preparation. 

1.3.2 Pressing 

Pressing is made in a graphite die with two molybdenum pistons (see 
Fig. 4), In a first stage, the graphite die is filled up with the pow
der and precompacted. Then, on an other press, the die is pressed be
tween two pistons and heated by means of an induction-coll. During 
heating, the die is kept under a nitrogen flow to avoid oxidation. When 
the temperature has been reached, the pellet is ejected and the die 
cooled under a nitrogen stream. The conditions of pressing are the fol
lowing : 

- Temperature 900°C 
— Pressure 450 bars 
~ Time under pressure ,,. 4 minutes 

We have built a battery of semi-automatic press to produce 50 pre
forms/hour. The figure 5 shows the installation for pressing. 

a£r N2 

Fig. 4. Boron Nitride pressing. 
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Fig, 5. Hot pressing machine for preforms production. 

1.3.3 Machining 

Row of pressed Boron Nitride pellets must be entirely machined be
fore mounting on a simulator in order to eliminate surface graphite pol
lution coming by the dies. An automatic machine-tool built specially 
for this purpose is able to grind plane ends of the pellet and to turn 
the cylindrical surface. Machined preforms are taken by an automatic 
drilling machine which can drilled 12 holes of diameter 0,8 mm, 

1.3.4 Simulators construction 

All metallic materials are carefully cleaned and cleared, then the 
machined pellets are mounted on the leads and on the heating wires. At 
the end, the wires are cramped on the plug which is insulated by a 
sleeve of Boron Nitride preform and the complete assembly is introduced 
in the pipe with about 0,2 mm clearance. 

1.3.5 Washing of boron nitride 

B2O3 which has been used to give cohesion to the pellets must be 
eliminated because of his poor electrical properties. When the assembly 
of the pin is completed and before swaging, we establish a circulation 
of water added with 10% of Ethylic Alcohol in the tube. 
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The flow is very small (about one liter by hour) and it takes about 
20 hours before to eliminate all Boric Oxide. To control dissolution, 
we take one drop of liquid on a polish blade of steel and we evaporate. 
If we can see white traces of powder on the blade, there is still B2O3 
dissolved in water. If the blade is clear, washing is completed, 

1.3.6 Drying 

After washing, a careful drying is necessary. The pins are placed 
in an oven whose temperature is slowly increased from 50°C to 150°C at a 
level of 10°C by hour, then to 400°C at a level of 30°C by hour, A 
final drying under hydrogen is made at a temperature of 950°C. 

1.3.7 Swaging 

During swaging, the reduction of diameter of the pin is included 
between 10% and 20%, If the diameter reduction is more than 15%, it 
will be necessary to make several steps of reduction with annealing 
treatment between each phase. 

1.4 Instrumentation 

Fuel rod simulators are equipped with thermocouples located all 
along the heated length to measure clad temperature. We use three dif
ferent ways to insert thermocouples in the sheath. 

1.4.1 Double sheathed pins 

The pin is built with a first sheath of 0,5 mm thick, then grooves 
of 0,3 X 0,3 m are cut outside the wall of the sheath, thermocouples of 
0,25 mm are included in the grooves and a second sheath of 0,2 mm thick 
is swaged on the pin. This instrumentation method is easy to realize 
and gives a good precision in hot point location but the thermal contact 
between the two sleeves is perilous. It is also possible to draw the 
grooves with a special tool. This method is very efficient but the 
shape of the grooves is not so good than with a milling cutter. The 
assembly of the thermocouples is not so easy and the thermal contact is 
more risky (see Fig. 6), 

1.4.2 Thermocouples under the sheath 

In this case, we use sheathed thermocouples of 0,25 mm which are 
placed between Boron Nitride pellets and the inner face of the sheath. 
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Fig. 6, Thermocouple assembly, (a) Gutted grooves and (b) drawned 
grooves both on double sheathed pins, (c) TC under sheath, (d) TC under 
Boron Nitride. 

During swaging, thermocouples are embedded in Boron Nitride and kept 
into contact with the tube. Location of hot point is difficult with 
this method. 

1.4.3 Thermocouples into boron nitride 

An original method has been tested with satisfaction in our labora
tory. It consists to drill special holes for thermocouples of 0,8 mm 
and to put thermocouples in these holes at the same time that we put 
heating wires in the other holes. By this mean, we can have sheathed 
thermocouples or no sheathed wires in chromel-alumel or W-WRe with a 
welded hot junction insulated from the sheath and from the power sup
ply. By this method of thermocouples in Boron Nitride, we can have high 
temperature thermocouples in a simulator. It is not possible with 
sheathed thermocouples because they are not built in small diameter. 

1.5 Inspection and Control of Fuel Rod Simulator 

Construction procedures of fuel rod simulators include verification 
of heating wires continuity and insulation resistances all along the 
process. When the pin is completed, each of them is controlled suc
cessively by means of the following procedure. 

1,5,1 Radiography 

Radiographics in two perpendicular directions all along the heater 
give the relative position of elements, A pin is rejected if the thick
ness of insulant varies more than 20% of nominal value in one point of 
the rod. 
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1.5.2 Helitest 

After Immersion in helium under 70 bars, the sheath tightness is 
controlled under vaccum. The signal on a helium spectrometer must be 
less than 10~ lussec. 

1.5.3 Insulation resistance at room temperature 

Measured under 500 V, insulation resistance must be more than 2000 

1.5.4 Insulation resistance at working temperature 

To measure insulation resistance at nominal temperature, the pins 
are connected to a low voltage power supply through a transformer, A 
high voltage is applied between the heating wires and the sheath and we 
control the electric current in the insulant (See Appendix 2). 

This test is performed during one hour at nominal temperature and 
is able to control the resistance to break down between the wires and 
the sheath, 

1.5.5 Nominal current and low power test 

A special power supply has been built to apply some alternance of a 
nominal current under nominal voltage. We can regulate time on and time 
off to limit average power and steady state temperature at 500°C. This 
test is performed during one hour and is able to control the quality of 
electrical contacts and resistance break down between the two leads 
themselves. 

1.5.6 Test at nominal power and nominal temperature 

At the end, a test on a sodium loop is performed for some fuel rod 
simulators. The loop is able to test a pin at full power with sodium 
until 900°C in single phase. Duration of a test is normally one hour at 
nominal power and at nominal temperature. This kind of test is satis
factory for the mind because we are very near from the normal operating 
conditions but it is very expensive and needs an accurate loop to con
trol the heat transfer with sodium. 



305 

2. BUNDLE ASSEMBLY 

Heat transfer experiments were made ten years ago on single pin 
fuel rod simulators. Now most of the experiments are made on bundles 
and the assembly of a lot of rods implies some questions. In France for 
liquid metal fast breeder reactors, we have wire wrap spacers around the 
fuel rods and we must have the same around simulators. This fact per
mits to use the spacer for setting instrumentation in the bundle, but at 
the same time, this complicates the assembly and tightness through the 
flange. 

2,1 Sealing of the Rods on the Flange 

2,1.1 Solidified sodium seal 

This kind of seal which has been used with success on sodium valves 
is able to solve the tightness problem between the sodium loop and the 
atmosphere, A heat exchanger cooled by water circulation evacuates heat 
generated in the tails of the pin or coming by conduction from the hot 
sodium flow of the loop. The wall exchanger (see Fig, 7) is made with 
Nickel to improve heat conduction and the diameter must be as small as 
possible to permit cooling of the central rod. The temperatures mea
sured in such a solidified sodium seal are plotted on the Figs. 8 and 9. 

Calculations made on a computer prove that this seal is able to 
ensure a good tightness for a 61 rods bundle. For a bigger bundle, if 

, A 

TEST OF A FROZEN 

Fig, 7 Fig, 8 
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the power dissipated by the tails of the simulators is important we can 
have difficulties to maintain a low temperature (under 100°C) in the 
center. The major difficulty with this solidified sodium seal is to 
fill the exchanger zone with sodium. If there is not enough sodium, 
heat conduction is low and cooling of the rods is not good and we can 
reach high temperature on the leads. If the joint filling is not made 
with a great care we can have liquid sodium coming on the electrical 
connections of the pins and we loose insulation between wires and 
sheath. 

2.1,2 Welded seal 

To weld the rods on the flange, we generally use TIG welding. To 
give a sufficient way to the torch, the rods must be bended on the non-
heated length. The wire-wraps spacers are fixed on the rod by a binding 
wire, then they go through the flange with a separate seal. All the 
elements which cross the flange have their individual seal and can be 
tested separately. This kind of seal is very safe, easy to do but it is 
cumbersome, particularly for large bundles. 

2.2 Electrical Connections 

For an earth return or a double ended pin, electrical connections 
are quite simple to do by brazing a lead or a connector. If the pins 
are straight, room is limited around the tails but we can use several 
levels of connections. With a single ended rod simulator, things are 
more complicated. Section of leads is reduced and for the same current 
we have less than half of the copper section. At the same time, the 
number of wires is doubled. We have to braze copper parts on the tails 
of the simulators. This part must be supported to avoid efforts on the 
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rod itself. In some cases, we have made electrical contact by small 
conical parts sticked in a cone. The rubber insulated leads which came 
from the power supply are brazed or set in the copper parts. All the 
electrical connections are generally put into a box under argon to avoid 
oxidation of contacts and to limit an eventual leakage between rods and 
flange. 

2.3 Examples of Built Bundles 

2,3.1 19 rods bundle with earth return (see Fig. 10) 

This bundle built for boiling experiments has the following charac
teristics: 

o Heated length 600 mm 
o Total length of pins 1500 mm 
o Nominal power 35 kW/pin 
o Total power a 650 kW 
o Maximum temperature 1050°C 
o Number of TC , 57 in spacers 
o Voltage ,,... 200 V 
o uurrent ,..••...s..«,,««,,.,, 175 A 
o Rods welded on the flange 
o Spacers fixed on the flange by GYRO-LOCK 

4; 

Fig, 10. 19 rods bundle with earth return. 
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2.3,2 19 rods bundle single ended (See Fig, 11) 

This bundle has a blockage on the central rod to simulate a local 
cooling accident. 

o Heated length ,..,.. 1000 mm 
o Total length of pins ,..,..,. 1600 mm 
o Nominal power , 45 kW/pin 
o Total power 850 kW 
o Maximum temperature 560°C 
o Number of TC 90 
o Voltage 220 V 
o Current 205 A 
o Solidified sodium seal 
o Electrical connections in a box 

Fig. 11, 19 rods bundle single ended, 

2,3.3 12 Rods bundle single ended (See Fig. 12) 

This bundle made for boiling experiments has no wire wraps spacers 
but grids. 
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Fig. 12. 12 rods bundle single ended, electrical connections. 

o Heated length ............... 500 mm 
o Total length 1500 mm 
o Nominal power ,.,., 35 kW/pin 
o Total power .,,.,.., 420 kW 
o Maximum temperature 1050°C 
o Number of TC 60 in the sheath of the pin 
o Voltage 110 V 
o Current 318 A 
o Solidified sodium seal 
o Electrical connections in a box 

2.3.4 91 rods bundle 

This bundle simulating the fertile blanket of an LMFBR at scale 
1/1, so the power of pins is low but the instrumentation is important. 
The characteristics of this bundle are: 

o Pin diameter 15,8 mm 
o Heated length ....,.....,.,,. 1500 mm 
o Total length .,..., 2080 mm 
o Nominal power ,,,, 2600 V 
o Total power , 237 kW 
o Maximum temperature ,. 800°C 
o Number of TC 150 
o Voltage .,.,.., 110 V 
o Current 23,5 A 
o Leads: Pyrotenax (j) 3 mm 
o Earth return 
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Leads and wire wraps spacers are fixed on the flange by a GYRO-LOCK 
seal. 

The three first bundles described above have been completed in our 
factory in 1980, The 91 rods bundle is now under construction and will 
be completed for the end of this year. We have in project several other 
bundles for sheath fusion experiments and a 37 rods bundle for natural 
convection experiments. These projects are planned to complete con
struction at the end of 1981, 

3. CONCLUSION 

This work on fuel rod simulators has been conducted by the Labora
tory of Heat Transfer in the Nuclear Center of Grenoble, an establish
ment of the French Commissariat a I'Energle Atomique. 

The Atomic Authority has now created a private company whose name 
is "INNOVATIONS THERMIQUES SA," and which is in charge of the construc
tion of simulators, bundle and test sections for thermal experiments on 
fuel rods. This firm remains under contract with the original labora
tory to continue research and improvement in this field. But at the 
same time, his objective is to reduce the cost by industrialization of 
procedures. We hope, thanks to this realization, to be able to give 
more and more reliable and performant tools to the teams who are in 
charge of research in this field. 
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APPENDIX 1 

Boron Nitride Specifications 

Grain size 

90% . 40 150 mesh 

Purity 

BN : 98,5 < BN < 99,5% 
B2O3 : 0,2 < B2O3 < 0,5% 
Autres : 1,3 < 6 < 0 

Impurities 

Chlorides < 0,01% 
Sulphates < 5,10"'*% 
Ammonium < 5.10" % 
Al < 0,1% 
Si < 0,05% 
Fe ...,, < 0,1% 
Mg , < 0,03% 
Ca ..,. ,,, < 0,1% 
Na < 0,1% 
Cr .,.,... < 0,1% 
Mn .... < 5.10"^% 
Te ..,,. , < 0,1% 

These characteristics are applicable during the reception tests. 
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APPENDIX 2 

High Temperature Insulation Resistance Test 

TmnsFormer 

^2?0^ 

transfer mef 
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and FiscI Rod SImiilators for Cladding Investigations 
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DESIGN, CONSTRUCTION AND INSTRUMENTATION FOR DIRECT 

AND INDIRECT HEATER RODS 

by Wolfgang S. Giebeler 

INTERATOM, Germany 

High-intensity fuel pin simulators are essential 
for testing the safety of various reactor concepts 
under conditions similar to those found in actual 
operation. 

The INTERATOM Manufacturing Department, in partner
ship with the Karlsruhe Nuclear Research Center and 
the Energy Research Center in Petten, Netherlands, 
has developed fabrication techniques for fuel pin 
simulators applied for tests in water and liquid 
metals. INTERATOM supplies directly and indirectly 
heated fuel pin simulators with high power density 
and high surface temperature for use in a number of 
different research projects. Miniature thermocouples 
can be inserted into the cladding tubes in order to 
ensure precise monitoring of temperatures. Work 
aimed at upgrading fuel pin simulators is still in 
process. 

315 
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PART I 

DIRECTLY HEATED FUEL PIN SIMULATORS 

Directly heated fuel pin simulators are heater rods with 
cladding tubes which work as an electrical resistor and 
which transfers the heat directly into the medium, usually 
water. 

The directly heated fuel pin simulators dealt with in this 
paper are of the type developed for the European Atomic 
Energy Community (EURATOM) in Ispra, Italy, and are 
considered representative of the myriad possibilities in 
design and construction. 

EURATOM, an organization within the European Community, is 
presently conducting a research project called "Loop Blow-
down Investigation" in the joint research center's heat 
transfer and fluid mechanics division in Ispra, This project, 
dubbed LOBI, constitutes a major European contribution to 
safety research as applied to light water reactors (LWR). 

In the LOBI setup (Fig. 1), 64 directly heated tubular con
ductors take the place of the roughly 45,000 individual 
fuel rods normally grouped as fuel bundles in a real reactor 
core. 

Each and every heater rod has the same outside dimensions 
as the PWR fuel rods, that is, 10,75 mm O.D, and 3,900 mm 
heated length. The power is supplied via a current connec
tion plate on the top with conical bores for the 64 heater 
rods (Fig. 2); another current connection plate at the 
bottom completes the circuit (Fig. 3). 

Two completed 64 rod bundles v/ere delivered, one with 
linear power profile and limited instrumentation, and one 
with chopped cosine axial power profile instrumented v;ith 
a large number of wall temperature thermocouples. 

The boundary conditions for the heater rod design were 
defined as: 

mean linear rod powers 200 W/cm 

coolant pressures 160 bar 

heater rod temperature, 
outer surface; ^^^o ^ 

during blowdown: 800 C 

current values; 90 V, 850 A 

power profile, start-up assembly; linear 

power profile, exper, assembly; cosinusoid (graduated) 
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Figl 
LOBI blowdown 
test section 
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Fig 2 
Heater bundle, 
current connect or 
plate on the top 

Fig 3 
Current connection 
plate at the bottom 
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Several sheathed thermocouples were necessary for effect
ively measuring the temperature in the cladding wall. The 
cladding tube had to meet all requirements in respect to 
electrical resistance and high mechanical loads at 
temperatures of up to 800 C. The heater rods should have 
an overall length of 6,700 mm, inclusive the top and bottom 
cold ends. 

CONSTRUCTION AND PERFORMANCE 

The requested graduated cosinusoid rod power profile, which 
had to have a maximum power density of 60 W/cm2, was set up 
along the heated length by using tubular sections with 
different wall thicknesses (s= 1,2| 1.5| 2.15 mm (Fig, 4). 

Tube weldingr including the top and bottom cold ends, was 
done according to the TIG method without filler metal. 
Dravm, bright annealed special stainless steel tube, made 
of type AISI 3o4 material with acceptance certification, 
were used as conductive cladding. 

Specified tolerances: outside diameter; - 0.08 mm 

wall thickness; - 5 % 

straightnesss 1 mm/m 

The tubes had to be free of dents, grooves and scratches. 
The post-machining surface roughness was limited to 10 /um. 
The top and bottom end were made of tubular or round bar 
Ni 201. The flexible nickel lead with a highest grade 
nickel strand was silver-brazed into the material of the 
bottom fittings by means of induction (Fig. 5). 
The following examination of the welds and brazing points 
were included; 

visual examination 

dimensional check 

- metal-check 

helium leak test 

- X-ray. 

Insulated nickel wire was installed in the fuel pin 
simulators for measuring the difference in potential be
tween the beginning and the end of the heated length. 
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Fig 4 
Direct heated fuel pin 
simulator,cosinus 
distribution (graduated! 

Fig 5 
Flexible nickel leads brazed into the bottom 
cold end 
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The majority of heater rods was equipped with a maximum 
of 3 thermocouples in the cladding wall. Grooves with 
0.8 mm diameter and about 10 mm long were cut into the 
surface. A hole with 0,9 mm diameter in the cladding 
tube was made for drawing out the thermocouples from the 
inside axis (Fig, 6, 7). The thermocouple sheaths con
sisted of Inconel 600, and the thermocouples themselves 
were made of chrorael-alumel wires embedded in ceramic 
AI2O3, The welded hot junction were insulated against the 
sheaths. 

Prior to being brazed into the heater rod wall, the 
thermocouples were subjected to the following examinations; 

nitrogen pressure test at 4o bar (gage) 

volume resistivity 

insulating resistance 

upon receipt 
after brazing 

symmetry factor 

radiographic inspection (for locating the actual 
measuring point) 

The electrical data of all thermocouples were monitored 
continuously during and after assembly. 

The sheathed thermocouples were induction-brazed into the 
heater rod wall at II8OO c with the aid of a nickel filler 
material. A medium frequency generator system supplied the 
power. Inert gas such as chempure argon was used for brazing, 
A silica tube served as recipient. The cold ends of the 
thermocouples were insulated with AI2O3 tubes and fitted 
with thermocouple connectors. Four different instrumentation 
arrangements within the rods and twelve measurement planes 
over the heated length of the bundle^ necessitated a 
total of 192 thermocouples within the bundle. 

Strict adherence to the purity-of-material requirements 
was of decisive importance in manufacturing the fuel pin-
simulators. Each individual part had to be in a metallic 
pure and clean, dry condition. Care was taken to exclude 
all impurities such as; 

- organic substances such as oil, grease, finger prints, 
paint markings, adhesive tape residue, etc.? 

solid deposits such as rust, dust of all kinds, saline 
residue from cleaning processes, 
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liquid residues such as water, aqueous solutions, 
solvents, acids or lyes from cleaning processes, 

annealing colors. 

Purification was effected in a US steep bath for 3 
minutes at 80 C, following by rinsing in demineralized 
water at 50 C and drying in warm air. 

The successful asseptance inspection was the logical 
result of all important factors working hand in hand: 
receiving inspection, repetitive in-process inspections, 
the use of highest grade starting materials, compliance 
with the specified clean conditions, and conscientious 
processing and assembly. 

More details of the performance of these rods will be 
given in the paper of Mr. Staedke, and a written contri
bution to the proceedings by Mr. Fortescue, both of 
the J.R.C. EURATOM, Italy. 
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PART II 

INDIRECTLY HEATED FUEL PIN SIMULATORS 

Indirectly heated fuel pin simulators are heater rods that 
generate heat via the ohmic resistance of a centrally 
located helicol coil, wire or tube. The heat is conducted 
away through an insulating layer and the cladding to the 
coolant. This type of heater rod - much more costly to pro
duce than directly heated rods - is used mostly in sodium 
cooled test sections. 

The connected wattage amounts for the INTERATOM heaters to 
330 480 A and 50 60 V, while the load on thej 
heating surface can be anywhere from 200 to 400 W/cm . The 
maximum cladding tube temperature in sodium is about 900 C. 

Miniature sheathed thermocouples can be brazed into the wall 
of the cladding tube. Either d.c. or a.c. may be used as 
power. 

Indirectly heated fuel pin simulators are needed for ex
perimental investigation of heat transfer and for tempera-
tur distribution in sodium boiling experiments, A fuel pin 
simulator developed especially for these purposes by ECN 
Petten in Holland and manufactured by INTERATOM as its 
licensee is described in following. 

Many individual rods for experiments to be conducted in 
sodium loops have been manufactured 
Examples of these experiments are 

a first heat transfer experiment to investigate wall 
temperature fluctuations behind spacer 

sodium boiling experiments to investigate the 
reliability of these rods under boiling conditions 

bundle experiments - 3 28 rod bundles - to investigate 
the influence of a local blockage within a fuel element 
assembly on the coolant conditions (Fig. 8). 

Especially bundles as complicated as these are,with high 
power density in each rod, special requirements must be 
met with regard to assembly procedures, instrumentation 
and service life. The following design data apply to 
these heater rods used in the called 28-rod bundles; 
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- current values: 330 ... 480 A, 50 , . . 65 V 

heated length: 400 mm 

uniform power distribution 
cladding tube temperatur , nr%f%'° ^ ,. ^ up to you C 
m sodium: *̂  
outer cladding tube 6 mm 
diameter: 

These heater rods were designed to enable simulation of 
fast breeder fuel rods. They consisted of NiCr 80/20 tubes 
as heating electrodes with an outer diameter of 3.90 mm and 
an inside diameter of 3.30 mm (Fig. 9). The tubular heating 
conductors ensure uniform heat generation within the heater 
rod on the basic of equal heat flux paths towards the 
cladding. The electrical resistance at room temperature 
amounted to 3.1 mi?/cm. Much importance was attached to the 
quality of the heating conductor material. This was in the 
form of a drawn, bright annealed tube with a surface free 
of dents, grooves and scratches. The average post machining 
surface roughness was limited to 0.3 /um. The advantage of 
using tubular conductors was that it allowed the use of 
tubular insulation material, sintered boron nitride 
(grade A). To ensure an optimum transfer of heat to the 
cladding tube the assembly had to be carried out practi
cally without gaps. The outer diameter of the heating con
ductor was checked at distances of 15 mm and oo to 90^ 
intervals along the entire lenght. The tolerance amounted 
t o 4 /lira. 

Hot pressed boron nitride bars were turned on a precision 
lathe to a wall thickness of 0.3 mm and a lenght of 30 mm. 
The diametric tolerance was limited to 2 yum. The gap 
towards the inside of the cladding tube was less than 
14 yum. Next, the boron nitride cylinders were very care
fully inserted into a stainless steel AISI 3o4 L cladding 
tube with the aid of several machine tools. Then, the 
complete heating conductors were introduced into the 
cladding/BN column, whereby no swaging was necessary. The 
connection between the conductor and the upper cold end 
made of copper was effected in a vacuum furnace using a 
nickel filler material. Mechanical TIG welding provided 
the connections between the bottom cold end and conductor, 
as well as the bottom cold end and cladding. A helium 
leak test, radiographic examination and metal-check 
followed. 

Quality assurance also necessitated: 
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Fig 8 
60-degree bundle 
with blockages 
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Fig 9 
Model of an indirect 
heated fuel pin 
simulator 
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Neutrography 

Boron nitride has a low atomic weight, Conseauently, it 
can hardly be detected by way of contrast on an X-ray 
exposure. Thus, a neutron radiograph was made of each 
heater in the bundle in order to verify the auality of 
the insulating layer. 

This method allowed precise determination of axial gaps. 

Infrared inspection 

Thermal uniformity is very important, both in respect 
to the heaters service life and their accuracy for heat 
transfer measurements. This can be checked out by 
measuring the thermal response of the heater to an 
electric pulse through the core with an infrared scanner. 

Typical defects that can be detected by this method 
include; 

radial gap between core and tube 

irregular wall thickness of heater core tube 

defective connections between the heater core and 
the electrical leads (Fig. 1o). 

Instrumentation; 

The heater rods were equipped with sheathed thermo
couples, o,25 and o,5 0 1 = 4000 mm. Prior to being in
stalled in the grooves in the face of the cladding tube, 
the thermocouples were checked for the proper 

loop resistance 

Insulation resistance 

leaktightness 

location of chromel-alumel hot junction 

via radiographic examination. Up to three thermocouples 
were placed around the circumference of the cladding 
tube (Fig. 11). The hot junction was placed either out
side the surface of the cladding tube to measure the 
sodium temperature in the channels, or at the bottom of 
the groove in order to measure the wall temperature of 
the tube. The temperature of the conductor was checked 
by means of a sheathed thermocouple (insulated in AI2O3 
capillary tubes) inserted into the center hole 
(Fig, 12, 13, 14, 15, 16, 17) , 
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Fig 10 
Example of an 
infrared inspection 

Fig 11 
Thermocouples brazed into the 
sheath of the cladding tube 
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Fig.12 
Current connection 
plate of Q 28 rod 
bundle 

Fig. 13 
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Fig 14 

Fig 15 

Fig 13,14,15 Assemblage of the current connection 



Fig 16 
Test section during assemblage 

Fig 17 
Model of the completed test 
section with blockages 
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The same conditions of cleanliness were imposed here as 
were described in Part I, 

Fabrication of these heaters was rendered quite diffi
cult by the close tolerances. However, the 28 bundles 
completed by INTERATOM were apparently successful. 

As already mentioned at the beginning of Part II, the 
heat within an indirectly heated 'fuel pin simulator can 
be generated via the ohmic resistance of a centrally 
helicol coil conductor. Types of these fuel pin simu
lators were developed by nuclear research centre 
Karlsruhe and fabricated under licence by INTERATOM. 
Fabrication of such rods with a uniform power distri
bution across the heated length is not particularly 
difficult. However, the effort involved in attaining 
the finishing accuracy requisite to a gap-free winding 
of the uniform conductor profile should not be under
estimated. Such accuracy is necessary in order to en
sure a uniform power profile subsequent to swaging«, 
which is in turn essential for shaping the wound 
conductor to the specified dimensions. 
For an example: Several supplied rods for the nuclear 
research centre in Mol, Belgium with a high power 
density of 300 ... 400 W/cm^ were needed for critical 
heat flux experiments in pressurized water. The rods 
had a heated length of 300 mm and an overall length of 
2000 mm. The rods are presently functioning un
objectionable . 

As an example of the latest developments in the field of 
heliax-type heaters, there is the heater rod assembly 
now in production: 

Indirect heater rods with asymmetrical cosinusoidal 
profile are to be employed in in-pile tests in the Halden 
reactor (Norway) within the scope of experiments aimed 
at simulating as closely as possible the actual fuel rod 
behavior in the reactor. Although these rods are con
structed in much the same manner as standard, indirectly 
heated heliax-type heaters, there is one critical point 
in respect to the fabrication of the asymmetrical 
cosinusoidal conductor profile: due to the tight schedule 
governing the current order, the already available pro
duction techniques are being given first priority. Plans 
call for mechanical working of the conductor band (NiCr 
7030) on a computer-controlled milling fixture, whereby 
the unwound length is to be taken up in a special-purpose 
attachment. 
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Profile dimensions: 4/11 x 0,4 mmXband length; 2,500 ram. 
The next step is to cut the profile on an electric spark-
erosion machine in order to preclude burrs. Other 
solutions are still being worked on with a view to a more 
economical fabrication process based on new, more effi
cient technology. One of the main objectives in respect 
to the uniform, gap-free winding of heliax-type conductors 
is to develop a means of winding them via computer control. 
The heater rods in question are being fitted with thermo
couples in the cladding. The thermocouples specified by the 
customer have a diameter of 0.36 mm and a length of 
17,000 mm. The other rod dimensions read; 

diameter: 6 mm 

heated length: 1500 mm 

overall length: 1753 mm 

lin.power rating: 6 kW 

As you may have gathered from the preceding descriptions, 
fabrication of direct and indirect heater rods has been 
mastered. Essential prerequisites are highly qualified 
production personnel and the use of high grade materials. 

The attainment of today's quality standards was only 
made possible by years of research and a keen sharing of 
experience gained in the field of heater rod fabrication. 
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OPERATIONAL EXPERIENCE WITH THE LOBI DIRECTLY 
HEATED ROD BUNDLE 

T. R. Fortescue 

EURATOM-JRC 
Ispra, Italy 

ABSTRACT 

The paper discusses some of the practical problems aris
ing in the use of directly heated fuel rod simulators. Some 
experimental temperature-time curves for the LOBI rod bundle 
are given, illustrating the sensitivity of the rod thermocou
ples to fluid side conditions. In service reliability Is 
summarized, 

INTRODUCTION 

LOBI is a transient, high pressure water rig designed for LOCA 
tests, and has a heater power scaling factor of about 1:700 with respect 
to a 1300 MWe pressurized water reactor. In this respect, it falls be
tween LOFT, at about 1:50 and Semlscale at about 1:2000. In addition to 
two active primary loops, LOBI has an active secondary loop operating at 
nominal PWR conditions, which transfers heat to a tertiary sinks LOBI 
is intended for integral system studies of thermohydraullc behavior dur
ing LOCA, 

As described in other papers, ?̂  the LOBI heater rod bundle con
sists of an 8 X 8 rod array, having a 3.9 m heated length. The axial 
power profile is chopped cosine, with a density simulating an average 
channel in a reactor. The rod bundle is mounted in a cylindrical, core 
barrel tube. The space between this tube and the bundle is filled using 
alumina filler pieces in order to preserve both the volume scaling in 
the "core" region, and the hydraulic diameters of the sub-channels on 
the outside of the bundle: at the same time, the use of alumina pro
vides electrical insulation, and minimizes stored heat. Figure 1 shows 
both complete and partially disassembled alumina filler sections, and 
also two spacer grids: these are to the design used by the KWU Company 
of Germany on their reactors. 
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Fig. 1. Ceramic filler pieces. 
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PROBLEM AREAS 

The properties of the LOBI directly heated rods as fuel pin simu
lators are covered in the paper of Mr. Stadtke,^ The present contri
bution mentions some of the practical aspects. 

The problems arise almost exclusively from two fundamental charac
teristics: heater power connections must be made to both ends of the 
rods; and the pin cladding, in contact with the working fluid, is at an 
electrical potential with respect to the pressure shell. 

One consequence of the first characteristic is that some form of 
flexible connection is essential at one end of the rods, to allow for 
differential thermal expansion between rods and pressure shell; in the 
case of the LOBI bundle, this is provided by high purity, braided nickel 
connections at the bottom ends of the rods. A second consequence is 
that the power return lines must be external to the pressure vessel: in 
the case of LOBI, the heater rods and power return lines together form a 
rectangular, single turn coil measuring about 2 metres by 8 metres, and 
carrying, at the nominal heater power of 5.3 Megawatts, a current of 
about 60,000 Amps. At this current it has been estimated that the mag
netic field within this coil exceeds 300 gauss. Instrumentation and 
cabling must be selected and installed with care if magnetically Induced 
interference is to be avoided when the heater power is controlled to 
follow a desired profile. The very high heater current, about 1000 Amps 
per rod, is another consequence of direct heating: the tubes forming 
the heater rods must have sufficient wall thickness to withstand full 
system pressure at temperatures up to 800°C, and this results in a rela
tively large conductor cross sectional area. 

The fact that the heater rods are at potential raises a whole range 
of practical problems. One is electrical isolation of the power connec
tion plates without loss of integrity of the pressure containment. On 
LOBI, after some initial difficulties, and experimenting with various 
gasket thicknesses and configurations, a sandwich gasket construction 
has been adopted, similar to that recommended to us by a group at Bab-
cock and Wilcox Alliance Research Centre. In our case, this consists of 
three thin, asbestos based gaskets separated by two metal "cam profile" 
plates. This has operated very satisfactorily for the nine tests so far 
performed during the last year. 

Water chemistry in the primary loops is also a problem; to mini
mize corrosion, the dissolved oxygen content must be kept down; however 
to avoid excessive electrolytic currents, for the LOBI facility, elec
trical conductivity at room temperature must not exceed 1 to 2 micro 
Siemens, This results in a total isolation resistance of 5 to 100 ohms, 
falling to 3 to 4 ohms at full operating temperature and pressure. This 
resistance is continually monitored using a 50 kHz measuring signal, and 
heater power is automatically cut off if it falls below 0.5 ohms: iso
lation measurements using direct current were found to be unusable be
cause of both voltage and time dependence. Galvanic corrosion is a po
tential problem. The support rings and corner spaces for the alumina 
core barrel filler pieces shown in Fig. 1 were originally made of VACON, 
a low thermal expansion alloy of the INVAR type; excessive corrosion of 
these pieces was observed after only a few months in the loop, and they 
have had to be replaced with ferritlc stainless steel. 
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Radial power profiles are very difficult to achieve: the grid 
spacers form electrical short circuits between the rods, so that the 
axial voltage distribution must be virtually identical in all rods, to 
avoid the possibility of significant radial currents in the grid spac
ers. For the same reason it is difficult to replace one of the rods by 
an unheated "instrumentation" rod: it must be electrically insulated 
from the spacers using an insulator which will withstand 350°C, and not 
be damaged either due to thermal expansion, or the thermal shocks which 
can be caused by Emergency Core Cooling water injection. 

INSTRUMENTATION 

As has already been mentioned, ̂ s^ a total of 192 rod wall tem
perature thermocouples are installed in the LOBI bundle, distributed 
over 12 levels, 4 of these levels being the hottest region of the 
chopped cosine axial profile. Thermocouples are brazed into slots in 
the rod wall in such a way as to leave a flush outer surface, thereby 
avoiding any possible "fin-cooling" phenomena. The thermocouples are 
led through the walls of the heater rod tubes, and up inside, the 
sheaths being insulated from the rods by alumina tubes. A similar con
struction in another experiment in the Heat Transfer Division at Ispra 
had shown relatively rapid corrosion/erosion of 316 stainless steel 
thermocouple sheaths: experience showed Inconel sheaths did not suffer 
from this. AI2O3 insulation was used instead of the more usual MgO to 
reduce the risk of moisture absorbtion. On smaller diameters, 0,25 and 
0.5 mm OD, the abrasiveness of AI2O3 increases the risk of damage to the 
thermocouple conductors during swaging down to size: however, our ex
perience with 0.8 mm diam Inconel sheathed thermocouples has been very 
satisfactory. Table 1 is part of a typical LOBI bundle thermocouple 
test record for a group of 12 thermocouples. Isolation and loop resis
tances were checked at various stages in the manufacture of the rod bun
dle, and also after delivery. In this table, one thermocouple, No. 4D6, 
showed a sharp drop in insulation resistance; this one has now failed. 
A second, No. 1D12, shows a small change in isolation, but has func
tioned satisfactorily. 

CONCLUSION 

The preceeding sections have described a number of aspects of the 
LOBI directly heated rod bundle installation, and its instrumentation, 
and pointed out a number of significant, but superable problem areas. 
The final judgment of a fuel pin simulator must remain its performance 
in practice. The LOBI heater rod bundle has now been subjected to elev
en full blowdown tests and three long duration, small leak scoping 
tests. During this period, there have been no problems with the rods 
themselves. A total of 12 thermocouples have failed, 4 short circuit to 
sheath, 8 open circuit. Of those 12, three were already suspect on de
livery: although they met specification, their isolation resistance had 
dropped sharply between installation and final delivery. 



Table 1. Thermocouple Test Record. 

Material: 

Thermocouple: 

Isolation: 

Diameter: 

Inconel 

Chromel-Alumel 

AI2O3 

0.8mm 

On Delivery: 

Loop resistnace 

Isolation resistance 

ohms 

Megohms 

1D4 

365 

103 

1D8 

250 

10 3 

After heat treatment to 1100°C: 

Isolation resistance Megohms 10^ 10^ 

After installation: 

Isolation resistance 

Two months after installation: 

Isolation resistance 

Af ter delivery: 

Loop resistance 

Isolation resistance 

Megohms 

Megohms 

ohms 

Megohms 

10^ 

10 3 

350 

103 

10^ 

103 

239 

103 

Thermocouple Identifier 

1D12 2D1 2D5 2D9 3D3 3DF 3D11 4D2 4D6 4D10 

195 385 325 224 370 279 200 378 300 216 

103 103 103 103 103 103 103 103 103 103 

103 103 103 103 103 103 103 103 103 103 

103 103 io3 103 103 103 103 103 6 103 

300 103 103 103 103 103 103 103 5 103 

178 377 316 210 356 278 184 363 284 197 

100 103 103 103 103 103 103 103 2 103 

CO 
00 
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The great advantages of directly heated rods are: ease of model
ing accurately; relatively simple and reliable construction even for 4 m 
heated length; rapid response to changes in surface heat transfer condi
tions. Figures 2 and 3 show averaged temperature histories for 7 dif
ferent levels in the LOBI bundle during the first 15 s of a large break, 
cold leg LOCA, The levels are indicated by the last two digits of the 
curve Identifiers, with 01 at the bottom, 05, 06, 07, 08 distributed 
over the hottest section of the rod, and 12 at the top. The changes in 
temperature due to changes in fluid side conditions caused by the onset 
of blowdown, and the differing times at which DNB and rewetting occur at 
the various levels can be clearly seen. Figure 4 shows the lack of 
radial profile, and illustrates the close agreement between thermocou
ples at different radial positions in level 2, over the full duration of 
a blowdown. 
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A FUEL ROD SIMULATOR FOR THE LOSS OF FLOW WITH 
SCRAM CONDITION IN THE GCFR 

D. L. Hanson,If 
A. J. Giger,* 
W. G. Hansen,«« 

ABSTRACT 

A fuel rod simulator was developed at the Los Alamos 
Scientific Laboratory for use in out-of-pile GCFR experi
ments in which the loss of flow (with scram) accident was 
studied. The rod simulates the decay heat power gradient 
profiles of the upper and lower axial blanket regions as 
well as that of the core. Operation was sustained in a 
Ŝ l-rod bundle while the stainless steel cladding melted off 
the rods throughout a region more than 0.5 m long. 

In the course of the Gas Cooled Fast Breeder Reactor (GCFR) safety analy
sis by General Atomic (GA) it became apparent that experimental support of the 
difficult area encompassing the protected loss of flow accident (PLOF) would 
be highly desirable. PLOF was defined as a scram condition where all power to 
recirculate helium coolant through the core was lost. Because of costs and 
time factors it was desirable to have experiments that supplemented the vari
ous analyses done out-of-pile. 

Los Alamos Scientific Laboratory in conjunction with the General Atomic 
Company and supported by the US Department of Energy (Reactor Research and 
Technology Division, Fast Reactor Branch) undertook such an out-of-pile exper
imental program to study several aspects of the GCFR core under PLOF condi
tions using appropriate electrical simulation of reactor heating. Los Alamos 
was well suited to assume this task having already available a facility at 
TA-46 whose previous primary use was investigation of the high temperature 
behavior of Rover Reactor fuel elements by means of electrical resistance 
heating. Available on site to support development of a fuel rod simulator 
were shop facilities, test cells, and water, pneumatic, and electrical utili
ties. Not the least of the latter item is a 2.5 MW d.c. power supply control
lable to a current level as low as 20 amps. With this power supply LASL could 
easily promise to simulate for the GCFR PLOF a full sized core assembly mod
ule, and did so. This ultimate objective of the program would have 264 fuel 
rods in a hexagonal duct surrounded by six partial modules or guard beaters 
containing a total of 174 rods. Because of its size this end experiment would 
be housed in a 1 m diam. by 5 m high pressure vessel. Figure 1 shows this 
vessel complete with gas ports, frame alignment ports and large x-ray window 
ensconced in a special building. 

«Staff Member, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
*»Senior Technologist, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
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Fig, 1. Pressure vessel for 438-rod experiment. 

However, before the grand experiment could proceed it was necessary to do 
some very basic work; namely, develop the individual fuel rod simulator. 

General Atomic early on presented relative axial power gradient distribu
tion curves at decay heat levels for the GCFR core for: 

a. beginning of life, 
b. beginning of equilibrium cycle (BEC), and 
e. end of equilibrium cycle. 

for both the core and blanket regions. The BEC was eventually selected by GA 
as one of the design conditions for the experiment. 

The curves thus specified were fitted to obtain analytical expressions for 
the core, 

q'D = Fpĵ  Fji [260.5 cos (Trx/153) + 1.329 • 10-2 x^], 0 < x < 56.5 cm (ĵ ) 

and for the blanket, 

q'D = FpA Fj) FBE [258,9 exp (-0.0405 x) -2.558], 56.5 < x < 101.5 cm (2.) 
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where, 

X : 

q'D = 

FD 

fBE 

FPA 

= axial distance along the rod from the core midplane, cm 

= local decay power gradient, W/cm 

= core decay power fraction (ratio of decay power to full power in the 
fueled region) 

= blanket power enhancement factor (ratio of blanket decay power frac
tion to core decay power fraction) 

= ratio of peak core power to average core power 

Figure 2 shows the normalized power gradient distribution represented by 
these equations. 

The factors of Fpĵ  and Fp were common to core and blanket and would be 
controllable by the heater rod supply. Fgg however, varied throughout the 
decay power period and it was necessary to select a specific value to enable 
design of a fuel rod simulator for the ensemble of blanket and core. This 
value (FBE ~ 1*6) was fixed as that occurring 100 s after reactor scram. 
Values of Fp = 0.046 and Fp^ = 1.19 were used to design the simulated fuel 
rod at its nominal operating condition. 

At this juncture a selection of material for the heater element became 
necessary. Only refractory metals and graphite were considered viable because 
of the requirements to melt 3I6 SS clad and ducting at 1400 C, LASLs previous 
experience with graphite heaters and the presence of a graphite technology 
group tended to favor the selection of this material. Several types of sub
stantiating tests would be required, but the paperwork design of the fuel rod 
simulator proceeded on the assumption that the heater element for the core 
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Fig. 2, Normalized FRS power gradient distribution 
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would be graphite. This was conceived as an axially-varying-diameter part 
with periodic standoff lands (for centering purposes) that was electrically 
insulated from near prototypic stainless steel cladding. 

By equating unit d.c. resistive power generation per unit length in the 
rod, 4l%)/iTd2, to the desired axial power profile, previously given, 
the rod diameter, d, was found as, 

4 Î p 

TT F^ F„„ (260.5 cos - ^ + 1.329 ' 10"^ x ̂ ) 

1/2 
0 < x < 56.5 cm (3) 

where d is expressed in cm, p represents the electrical resistivity in Q 
' cm, and I is the electric current in amperes. 

If dR = 4p/iTd2dx is used, the value of d from the above equation 
substituted, and the result integrated over the half length, L, the 
resistance, R, of the entire graphite rod is found to be, 

2 F F 
D PA [260.5 

— " 0 
-̂ " (ij) 
,0205 

4.429 10 ~\ 3 ]• 56.5 cm. (4) 

The principal constraint of the design was that the maximum diameter of 
the heater element be slightly less than the insulator minimum i.d. to allow 
assembly. This constraint gives the largest minimum diameter possible (at the 
center) to avoid unnecessary fragility, allows the lowest voltage drop to 
reduce shorting potential, provides maximum material volume for joining the 
blanket and core elements, and establishes the nominal operating voltage given 
a specific graphite resistance. 

With the core portion of the rod simulator defined the simulated blanket 
heater was also designed as a single solid rod resistive element of varying 
diameter with periodic standoff lands. Molybdenum was selected over tantalum 
for its machinability and lower cost. Rod diameter was found as for the core 
section and was given by, 

y%' 4 i^p 
F F F 
D BE PA ] 56.5 < x < 101.5 cm (5) 

in which qj)'(x) is as given above (Eq, 2). Resistivity was made a function 
of position by assuming a fixed temperature profile for the blanket. The 
configuration arrived at for the rod assembly is shown in Fig. 3. 

As a necessary adjunct to rod simulator design, simultaneous development 
tests were undertaken in a small test fixture (10 in. fixture) and in a 1 m 
fixture. These tests exploring the use of graphite as a heater material were 
numerous and far reaching. Thermal emittance and electrical resistivity of 
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bare graphite were studied. Chemical 
compatibility of graphite with U02> 
Al203» sfid BN were investigated 
as were the high temperature 
electrical behaviors of these latter 
materials when used in short length 
configurations of simulated rod 
heaters. Several of the tests 
concluded with clad melting. 

An important result showed UO2 
electrical conductivity to be suffi
ciently high at 1575°K to allow 
bridging and shorting between a 
central graphite beater and enclosing 
SS clad. Means of circumventing the 
shorting that this allowed—very 
small boron nitride standoff washers 
in the heater element—were tested 
and found successful. The use of 
UO2 in the prototype fuel rod 
simulator was dropped, however, 
because of its cost. The largest 
experimental setup, involving 438 
rods, would require $200 k of UO2 
per test at $400 per individual 
simulated fuel rod. instead, 
aluminum oxide in a commercial form 
was selected as the simulated rod 
insulator at a cost of about $16 per 
rod. 

Machining the graphite beater 
element for the core region presented 
a sticky problem. After outside 
vendors refused to bid on the 
fabrication of the element because of 
its unusual geometry it was decided 
to build a special machine tool to 
make it. 

The heater rod profile grinder, 
shown in Fig. 4, came into being over 
a short time span, assembled from 
purchased and fabricated components. 
A lathe-like machine, collets bold 
and drive, from both ends, II60 mm 
long extruded and ground graphite 
rods. The headstock and tailstock 
are mounted at opposite ends of one 
flange of an H beam, which serves as 
the bed of the machine. Hardened 
shafts are fastened to the bed 
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Fig. 4. Core heater rod grinder. 

between the stocks to serve as ways. A carriage, on which is mounted a motor-
driven grinder positioned by a transverse lead screw driven by an encoded dc 
motor, travels on the ways. Attached to and traveling with the carriage is a 
support-locating guide that uses small bearings to position the flexible 
graphite during the grinding operation. 

Axial motion of the carriage is provided by a precision lead screw also 
driven by an encoded dc motor. With digitized control over the two lead 
screws it is then possible to position the 75 mm diam. grinding wheel at any 
point along the rotating graphite stock. The purchased control units for the 
encoded dc motors together with the mechanical system allowed a stepwise 
resolution of 0,01 mm radially and 0.025 mm axially. 

The machine control was then slaved to a HP 9825 calculator through DAC 
cards in a multiprogrammer unit. With the given recipe for the beater rod, 
and using experimentally determined spindle, grinding wheel, and carriage 
speeds an operator with a modicum of tramning could produced more than two 
high quality heater rods per hour. 

This eximious result became available just as assembly of the first full 
length subgroup experiment (FLS-1) required heater rods. The assembly is 
shown, ready to accept rods, in Fig. 5. With prospects for three of these 
tests and three full sized 438 rod unit tests, a need for 1500 contoured 
graphite beater elements was seen. The profile grinder solved the nettlesome 
problem of how to fabricate these graphite beater elements quickly and 
economically. 

Producing the contoured molybdenum blanket heater rod proved to be a 
difficult task. Chemical milling was discarded when bids specified exceptions 
to tolerances and costs of $95 per rod (two are required per FRS), A tracer 
lathe method was worked out by the refractory metal vendor after numerous 
experimental set ups. Quality of the rods was mediocre with the power density 
varying by + 10? instead of the planned + 5% or less; specified diametral 
tolerances of + 0.04 mm on the small end diameter of 1.52 mm were not achieved 
by this method. 
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Fig. 5. Cladding bundle ready for heater rod insertion. 

Because the core heater rod and blanket rods were well constrained from 
bending at their juncture by the splinting action of the AI2O3 insulator 
and the clad, a simple snug fit slip joint was selected for joining them. An 
axial compressive spring load of 10 N was used to maintain contact between the 
components of the heater rod. 

Two major development experiments for the fuel rod simulator were con
ducted, FLS-1 and FLS-2. The principal objectives of these tests were to 
assess the feasibility of the simulator design when operating in a group 
array, in this case 34 rods. 

In the FLS-1 experiment six test runs evaluated heat transfer characteris
tics of the cluster at two different values of energy input and pressures of 
0.1 and 8 MPa, Half-period sinusoidal application of power to nominal maxi
mums of 0.6 to 1.4 kW/rod were applied over 120 s half periods in these tests, 
resulting in nominal total energy inputs of 1.75 and 3.5 MJ to the cluster. A 
maximum clad temperature of 507 C occurred during the 6 tests run; no rod 
failures were observed in these low temperature cycles. 

The final run of FLS-1 was designed to reach clad melting temperature. 
This was to be done by an asymptotic-exponential power rise for the cluster to 
46 kW using a 24 s time constant and application of this power level until 
failure occurred. 

After 190 s of operation voltage to the experiment increased slightly and 
continued to do so at an increasing rate thereafter, until at 415 s with the 
power at 91 kW and the voltage nearly doubled the run was shut down. The 
FLS-1 experiment had been run in current control mode and increases in power 
were interpreted correctly as beater rod failures. 
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Tear down of the experiment showed extensive 3I6 SS rod clad melting over 
a length of 0.4 m (Fig, 6) and a I7 cm hole melted through the enclosing 
circular SS duct (Fig. 7). Eighteen of the simulated fuel rods were found to 
have failed. This agreed with the observed voltage doubling during the last 
test run of the FLS-1 experiment. 

Failure of the simulated fuel rods in the last test run of the experiment 
was extensively investigated before being attributed to thermomechanical 
interaction between test assembly components. Thermal cycling of the rods in 
the heat transfer runs and in two preliminary vacuum bake-out periods exer
cised the rods extensively. There was evidence to indicate that rod bowing 
occurred as a result of mechanical interaction between clad and the spacer 
grids. Figure 8 shows buckling of a rod, which supports this conclusion. 

Before the second major test of the fuel rod simulators, FLS-2, results of 
the extensive rod failure investigation from FLS-1 were carefully gone over 
and appropriate corrective measures applied. Eleven separate changes were 
made to suppress mechanical interactions and eliminate undesirable heat trans
fer effects within the cluster assembly and between the cluster and test 
fixture. A significant change substituted a spacer grid of increased rota
tional compliance that would eliminate rod lockup with subsequent bowing 
and/or breaking. 

Fig, 6. Clad and duct melting in FLS-1. 
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Fig. 7. Hole melted in FLS-1 duct. 

Fig. 8. Buckled rods in FLS-1 assembly. 
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FLS-2, preceded by two vacuum bake out cycles, consisted of a single test 
run to destruction. As before, an asymptotic-exponential power rise to 45.3 
kW followed by constant power application at this level was to be the means of 
destroying the cluster of 34 rods. 

The Hewlett Packard 9825 program controlling power adjustments and data 
acquisition for this test accidentally went off line 604 s into the run. 
While no data were taken, power application continued unaffected until 763 s. 
After this time data taking resumed but power was automatically but 
inadvertently shut off by program restart. This perturbation had little 
effect on test outcome, however. During the run the power parameters were 
essentially constant giving no indication of rod malfunction. 

Post test disassembly showed complete clad melting over a 0.5 m long 
section of the cluster. This is shown in Figs. 9 and 10. Total 
circumferential melting of the 1.27 mm thick hexagonal 3I6 SS duct wall 
occurred over a slightly shorter length. The graphite heater rods had 
continued to operate within their alumina insulators over the 0,5 m vertical 
span unsupported by the cladding (which melted and ran down the rods and 
refroze at a lower axial station). Evidence of the void in structural 
material is evident in the x-ray image reproduced in Fig. H . None of the 34 
rods showed loss of function throughout the test to the point of power cut 
off. Obviously the steps taken en masse after the first test included the 
corrections required to assure reliable fuel rod simulator operation. 

Fig. 9. Upper melted region of FLS-2 assembly. 
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Fig. 10. Lower melted region of FLS-2 assembly. 
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COSIMA FUEL ROD SIMULATOR 

T. Vollmer 

Hauptabteilung Ingenieurtechnik 
Kernforschungszentrum Karlsruhe GmbH 

Postfach 3640, D-7500 Karlsruhe 1, Germany 

ABSTRACT 

This paper presents a description of the fuel rod simulator 
with an indirect electrical heating used in the COSIMA blow-
down test facility at the Kernforschungszentrum Karlsruhe 
(KfK). Experiments with fuel rod simulators are being con
ducted in the COSIMA test facility to investigate cladding 
tube behavior during LOCA (Loss-of-coolant accident) con
ditions. Cladding tubes identical to those of a PWR (Pres
surized Water Reactor) are used in the simulator design. The 
heater element is a graphite rod located in the center of 
the simulator. The thermal behavior of the nuclear fuel is 
simulated by annular alumina pellets or thoria pellets. The 
maximum rod power is 730 W/cm. To date^ about 100 blowdown 
transients with 35 single rods have been run. The cladding 
surface temperature is measured by pyrometers via light 
guides. The design of the rods, the operating behavior^ the 
failure analysis, and the pellet behavior are described. 
Reference measurements are available on the influence of 
thermocouples mounted to the outer clad surface. 

357 
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GENERAL INTRODUCTORY REMARKS 

Design Principles 

The fuel rod simulator termed SIM has been specifically developed 
for use in the COSIMA blowdown test facility (1) built at the 
Karlsruhe Miclear Research Center within the frame of the Miclear 
Safety Project's (PNS) investigations on fuel rod behavior during loss-
of-coolant accidents. In this facility controlled blowdown tests are 
performed with an electrically heated fuel rod simulator in order to 
study the behavior of the cladding tubes during the first phase of a 
loss-of-coolant accident (LOCA). 

The sequence of controlled blowdown is as follows; 

The cooling water in the test section is heated up to t = 300 C at 
p 5= 156 bar via a hot water loop. Approximately 20 to 30 s before the 
blowdown is initiated, electric rod heating is connected so that the 
desired storage heat is attained within the rod. At the onset of 
blowdown the test section is decoupled from the rest of the loop by 
quick-acting valves and the coolant in the test section is relieved 
into the pressure supression tank via control valves. 

Fuel Rod Design 

The simulator design had to meet the following requirements; 

- use of original P W cladding tubes; 

- good simulation of the thermodynamic properties of a representative 

PWR fuel rod as reguards? 

- non-steady-state heat transfer between fuel, gap, and cladding tube; 

- stored heat| 

- temperature gradient in the rod; 

- maximum linear heat generation 730 W/cm; and 

- capability of ballooning of the cladding tube. 

The heated rod length was fixed to 500 mm. Biis length was the result of 
optimizing calculations aiming at the minimum possible power generation 

Controlled Single Rod Blowdown Simulation Experiment Karlsruhe 
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in the cladding and in the annular pellets from leak currents running 
parallel to the heating rod proper. 

Strong requirements had not been made on the service life of the simu
lator. It had been designed for one single test but up to 1! tests were 
actually made with one rod in the experiment without deteriorating it 
so as to become useless. 

ZRY 4 CLADDING TUBE 

AL2O3 OR THO2 ANNULAR PELLETS 

Fig. 1 COSIMA Fuel Rod Simulator 
Cross Section of the Heated Zone 

The general layout of the heated rod zone is shown in Fig. 1. A 
tantalum-carbide coated graphite rod serves as the heating element. 
The fuel is simulated by annular pellets made of alumina or thoria. 
The use of UO2 for pellet material, as planned in the initial phase, 
is possible with reservations only because of the poor electric 
quality of UO2 insulation at elevated temperatures. The nominal radial 
cold gap width between graphite and pellets and between pellets and 
cladding tube, respectively, is 50 ym in the new condition and can be 
varied for parameter tests. 

The overall length of the simulator is about 4 m (Fig. 2). The current 
is supplied via two electrodes consisting of a copper alloy which is 
thermally stable up to 400 °C; its ends are made of molybdenum. Both 
electrodes have been instrumented with one sheathed measuring line each 
allowing to measure the voltage near at the graphite heater; the lower 
electrode has been equipped in addition with a capillary tube for 
measurement of the inner pressure in the rod mid-plane. The upper 
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Fig. 2 Fuel Rod Simulator Design SIM II 

electrode can be freely moved to compensate for thermal expansions 
whilst the lower electrode has been rigidly connected with the clad
ding tube. 

Helium is used as filling gas; the inner pressure may obtain 120 bar 
at the maximum. The fuel rod simulator has a single gas plenum. It is 
located at the upper rod end and may be varied from 35 cm up to 
69 cm-'. 

To exclude thermal and fluid dynamic disturbances, the cladding tubes 
have not been equipped with thermocouples. The cladding tube surface 
temperature is measured at eight positions via light guides using 
partial radiation pyrometers. 

So far about 50 simulators have been manufactured and a total of about 
100 blowdown tests have been performed with 35 simulators. The first 20 
rods have been designed according to SIM I with a metallic link between 
the lower electrode and the cladding tube. The rest of rods is conform 
to the design SIM II. 



361 

MATERIALS USED, PROPERTIES AND QUALIFICATION TESTS 

Heating Element Materials 

Since temperatures between 2500 and 3000 C may occur in the heating 
element, materials had to be selected for manufacturing this heating 
element with melting points above 3000 °C. Consequently, tungsten or 
graphite were the only eligible materials. 

It was planned in the first design concept for SIM to use a tubular 
heating element made of tungsten (melting point 3410 °C). However, the 
electric resistance of tungsten is relatively low so that for a 6 mm 
outer diameter the wall thickness would have to be reduced to 0.2 mm 
in order to attain the heating power required with about 500 A. 

However, as appeared from calculations of the influence of local varia
tions of the gap on the release of energy from the heating element, 
variations of the gap by 20 jjm result for a 50 pm nominal gap in tempe
rature rises susceptible of causing local melting of the heating ele
ment. The reason is the high temperature dependence of the electric re
sistivity of tungsten. Therefore, tungsten was abandoned and graphite 
used instead as the material for the heating element. 

2 
The value of the electric resistivity of graphite of p » 9 fi mm /m 
at room temperature is about 10 times the value of metallic heating 
element materials; the temperature coefficients of graphite are rela
tively small. However, it should not be forgotten that it is negative 
at the beginning and changes its sign at about 800 °C (Fig. 3). 
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The average linear thermal expansion coefficient of a = 3.5 x 10 K 
is rather small, whilst the thermal conductivity is relatively good 
(X = 0.51 W/cm K at 1000 °C). 

The tensile strength of graphite is 17.5 N/mm at 20 C. It increases 
by the factor 1.5 up to 2200 °C and at 3000 °C decreases to the same 
value only as at 20 °C. The relative values of tensile, bending and 
compression strengths are 1J2:4. 

The latter properties in particular make graphite a material which is 
insensitive to thermal loads. 

Preliminary tests involving graphite have shown that current loads 
applied as 2000 A/cm pulses, which corresponds to a specific power 
of 3.5 kW/cm^j do not give rise to concern. 

Compatibility between Graphite and Ceramic Pellets at Elevated 
Temperatures 

When graphite/oxide ceramic material pairs are used, attention should 
be paid to the fact that at elevated temperatures chemical reactions 
take place between the contacting partners, which are analogous to the 
processes in a high furnace. The first reactions start as early as in 
the temperature range of 1300 to 1600 °C. 

Alumina reacts with C above 1600 C forming CO and carbides with 
melting points around 2800 °C. 

Thoria gets reduced by graphite. On account of its low volatility, the 
thorium formed is transformed into a very stable thorium carbide, 
melting point around 2650 °C. 

In both reactions CO is formed at the same time. Reduction of thoria by 
C starts in the vacuum at around 1600 °C. At an extremely high tempera
ture some of the metallic thorium formed gets evaporated and no carbide 
is produced. 

UO2 reacts with graphite above 1300 C, forming CO and carbides with 
melting points around 2400 °C. By contrast, UO2 is not reduced by C. 

Since initially UO2 was suggested as the pellet material, the reaction 
between UO2 and C was investigated at the temperatures which may 
prevail in the simulator. At 2400 °C (melting point of UC) a violent 
reaction between UOo and graphite was observed after about 105 s. The 
evaluation yielded a reaction rate of 10 to 12 jjm/s whilst at 2100 G 
hardly any reaction was recognizable. This allows to conclude that the 
carbides formed act as a barrier against diffusion below their melting 
point and, hence, inhibit the reaction. Good results up to 2800 °C of 
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graphite temperature were obtained with a tantalum carbide layer sub
sequently applied (melting point 3400 °C) . 

On the basis of these results a 10 to 15 jjm thick tantalum carbide 
layer is generally applied by evaporation onto the graphite rods. 

Ring Pellets Made of Ceramic Material 

Insulation_Resistance^ Besides the thermodynamic properties of the 
oxide ceramic material used, the insulation resistance is of high im
portance as regards the performance of the simulator. Fig. 4 shows the 
electric resistance of alumina, thoria and UO2 up to 1600 °C. It can be 
seen that the insulation strength of UO2 is much poorer as compared 
with thoria and alumina. 
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In a specifically designed test facility three materials were investi
gated in a test rod with a heated length reduced to 150 mm. In these 
test rods the cladding tube was linked metallically with the lower 
electrode, corresponding to the first design of the SIM. Excellent re
sults with respect to insulation were obtained with alumina. However, 
after some times of temperatures above 500 °C in helium atmosphere the 
insulation quality was reduced. A grey electroconductive film covered 
the pellet surface. This grey film consisted of carbon which must have 
been formed from impurities present during pellet fabrication. This grey 
film disappeared when the pellets were annealed in air at temperatures 
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above 500 C. Therefore, all pellets were annealed for about two 
hours at 700 °C before the simulator was assembled. 

Leak currents of about 400 mA were found for the thoria annular pellets. 
With the UO2 annular pellets high disruptive discharges towards the 
cladding tube occurred after short turn-on times already, t < 10 s. 
Although additional insulation of the UO2 pellets with a 0.1 mm thick 
insulation layer improved the conditions, this improvement was still 
inadequate. Therefore, the first 20 simulators of the non-insulated 
SIM I version had been provided exclusively with alumina annular pel
lets. 

Dimensions_of_the_Annular_Pellets^ The ring pellets have an outer 
diameter of 9.2 mm - 10 jjm, an inner diameter of 6.1 imn — 30 |jm, and 
an eccentricity < 50 jam. 

Electrodes 

Lajout̂ . Since graphite is a brittle material with little tensile 
strength, it is difficult to produce a positive connection between 
the electrode and the heating element. Therefore, the electrode and 
the graphite rod are only butt jointed by compression and a 0.2 mm 
thick "graphite paper platelet" is used to make up fot minor irregu
larities. The contact pressure at the point of contact is about 
500 N/cm^. 

A copper-chromium-zirconium alloy (0.5 - 1 % Cr, 0.05 % Zr) is used as 
the electrode material. This alloy is characterized by a higher hard
ness and thermal stability and an only slightly poorer electric con
ductivity as compared with pure copper. 

Considering the high temperatures of the graphite heating element, the 
electrode ends had to be made of a high-melting metal, as shown in 
Fig. 5 which presents results of a calculation with a tungsten rod as 
electrode end and an assumed graphite rod temperature of 3000 °C. 
According to this result it will be sufficient to equip the electrode 
with 50 mm long end pieces made of a high-melting metal. 

Among the eligible metals tungsten, tantalum and molybdenum, molybdenum 
(melting point 2610 °C) was the best suited as regards its machinabi-
lity and the melting temperature. 

The molybdenum end pieces are brazed onto the copper rods using a 
vacuum brazing metal (82 % Au, 18 % Ni). 
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The electrode diameter is 

d^ = 5.95 -0.05 mm 

To get a clean edge at the point of brazing only the molybdenum tips 
are ground to this dimension whilst the copper is reduced in size from 
6.0 to 5.95 mm by hammering after brazing. This method of fabrication 
has proved to be well suited, especially as regards the free movement 
of the electrode in the course of thermal expansions. Depending on the 
temperature of the heating element, the relative movement at the upper 
electrode is 2.5 to 5,5 mm during blowdown. 

INSTRUMENTATION 

Measurement of Rod Power and Rod Internal Pressure 

The voltage is measured at the electrode tips so that the heating power 
can be determined. For this purpose, sheathed measuring lines, 0.5 0, 
are used which are rolled into grooves and brazed at the point of 
measurement. In addition, the lower electrode is equipped with a 
capillary tube, 0.6 0 x 0.1, for measurement of the rod internal pres
sure. 
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Measurement of the Cladding Tube Surface Temperature 

To avoid any effect on the thermodynamic properties of the simulator, 
above all of the cladding tube, the cladding tube surface temperature 
is measured by optical means at eight positions. The basic instrument 
is a partial radiation pyrometer with a silicon measuring cell. The 
measuring range is 811 K to 1273 K. 

Fig. 6 Instrumentation for the Optical Measurement of the Cladding 
Temperature 

Instead of the normal pyrometer lens a special transducer with a saphire 
window and a light guide optical system was developed (Fig. 6), This 
principle of measurement has proved its worth in the COSIMA facility. 
An important prerequisite was the knowledge of the emission behavior of 
Zircaloy. Within the range of wavelengths from 0.4 to 1.1 ym, which is 
the range covered by the silicon photocell, the emission factor quickly 
attains the value e = 0.9 during heating up of the cladding tube and it 
remains constant over quite a long period. By analogy with the test per
formed by J.F.White (2) it can be expected that up to 1100 °C cladding 
tube temperature the emission factor hardly undergoes any changes up to 
60 minutes. This interval would have been attained after about 120 blow-
down tests only. 

The influence of the cooling water on the values measured by the pyro
meter is surprisingly low. The reasons are that in the range of the 
wavelengths to be measured both water and steam have no absorption bands 
and that the 5 mm diameter measuring spot is quite small. The arrange
ment of these transducers at the test section has been shown in Fig. 7. 
They have been helically arranged with an azimuthal staggering of 45° 
and an axial spacing of 65 mm. 
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Fig, 7 Arrangement for the Optical Transducers on the Test Section 

ROD BEHAVIOR DURING THE BLOWDOWN TEST 

General Rod Behavior 

With 35 simulators about 100 blowdown tests have so far been performed 
in the COSIMA facility including the performance tests and the itera
tion tests. The majority of tests have been made with alumina simula
tors which are more easy to handle. Five simulators have been fabri
cated so far containing thoria annular pellets, two of these simulators 
have been inserted in the COSIMA facility. 

The rod internal pressure was varied from 30 to 120 bar. At 30 bar inner 
pressure and a cladding tube temperature around 800 °C the cladding 
tube collapsed whilst at pressures of 80 to 120 bar, and depending on 
the control program simulating rupture in the cold or hot leg of the 
coolant line strains of the cladding tube occurred which resulted in 
tube burst in the case of two rods. In Fig. 8 the cladding tube strain 
measured after such a test has been plotted versus the heated rod 
length. 

In check tests performed, e.g., to test the reproducibility of the 
facility or the pellet behavior and the like, rod pressures were 
selected (about 45 to 55 bar) which did neither entail collapsing nor 
ballooning of the cladding tube. 
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Fig. 8 Diametral Strain along the Heated Length 
Test No. 70, Rod Power 650 W/cm, Rod Internal Pressure 120 bar 

In the first blowdown tests difficulties arose at the points of contact 
between the graphite heater and the electrode, since the upper electrode 
was not sufficiently easy running and, therefore, it could not follow 
immediately the movement of the graphite heater when the power was re
duced to the afterheat level. This resulted in arc ignition destroying 
part of the rod, i.e., burning out of the cladding tube. The cause of 
this handicap of the electrode was that with the initial electrodes a 
tantalum and molybdenum wire, respectively, insulated by alumina 
tubelets was used for voltage measurement at the graphite heater. This 
trouble was nearly eliminated by use of metal sheathed measuring lines. 
Moreover, as already mentioned, the electrode diameter was reduced. 

Pellet Behavior and its Impact on Heat Transfer 

Fig. 9 shows the histories of the pressure in the coolant channel, the 
rod power and the surface temperature of the cladding tube in a typical 
test sequence. Until the time t = 25 s the rod is heated by 730 W/cm 
at the maximum. A short interruption of power to prevent an electric 
arc on the position of contact between heater and electrode is followed 
by two afterheat stages of about 10 % and 8 % power, respectively. 
After the blowdown has been initiated, the cladding tube temperature 
initially increases considerably and, depending on the control program 
for the blowdown valves, it is subsequently cooled down at a more or 
less faster rate. At a heating power of 730 W/cm the simulator 
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shows the radial temperature profile plotted in Fig. 10 at the time of 
blowdown initiation. On account of thermal stresses the ring pellets 
rupture in this phase already. The number of pellet fragments formed 
depends on the rod power and on the number of blowdowns carried out with 
this rod. 
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Fig . 9 Typical H i s t o r i e s of Rod 
Power, Cladding Temperature 
and Steam Pressu re dur ing a 
Blowdown 
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Fig. 10 Radial Temperatur 
Profil with Al 0 and 
IH0„ Annular Pellets 

Pellet rupture involves that in each test the pellet fragments migrate 
a little bit towards the outside, i.e., relocation takes place. In this 
way, the heat transfer from the pellet to the cladding tube gets 
improved and the energy stored in the simulator diminishes. The simul
taneous widening of the inner gap between the heating element and the 
pellet exerts but a little influence in this process, as has been con
firmed by calculations. Fig. 11 shows the cladding tube temperature 
decreasing from test to test at the same measuring point, with the 
same test program and the same fuel rod simulator. The maximum tempera
ture difference between the first and the eleventh test is about 150 K; 
in this test program the minimum gap and, hence, the lowest cladding 
tube temperature were nearly reached after about eight tests. 
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Fig, II Influence of Pellet Relocation on the Cladding Temperature 

Inflttenee Exerted by Welded-on Thermocouples on the Cladding Temperature 

Two SIM II simulators were instrumented at EG&G in Idaho with four 
thermocouples each, diameter 1,2 mm, similar to the LOFT rod. The 
measuring points were staggered by 45° in the azimuthal direction and 
by 130 mm in the axial direction. The thermocouples had been welded on 
the measuring points and, in addition, in 25 mm intervals along the rod. 
Five tests in total were performed with these thermocouples and for 
comparison, identical tests were made with uninstrumented rod. The 
cladding tube temperatures were also measured by pyrometers at points 
staggered by 45° in the azimuthal direction and the values compared 
with those provided by the thermocouples. Given the present status of 
evaluation of these tests, the following statements can be made. 

In case the temperature changes at a high rate or with a poor steam 
quality (wet steam) the thermocouples indicated clearly lower tempe
ratures tha« the pyrometers whilst for superheated steam the average 
temperaturt difference is relatively low. 

Fig. 12 shows two cladding temperature plots with the same control 
program. Oae rod with thermocouples attached on the cladding tube 
(No. HI) and the other without TC's. The first one quenched at 
47 sec, a»d at the other one the temperature rised up to 950 K. 
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If, under identical blowdown conditions, the temperature plots are 
considered of a rod equipped with thermocouples and compared to a rod 
without thermocouples, as shown on Fig. 13, the overall temperature 
level can be clearly recognized to differ and a larger rod section 
(four instead of two measuring points) is seen to have quenched to the 
temperature of saturation. However, this problem must be studied in a 
very differentiated manner (3), 

Due to pellet relocation these or similar comparisons can presently be 
made between different rods only. However, it is planned to fabricate 
simulators containing ring pellets of quartz to be used in such in
vestigations, because they have a much lower thermal expansion, and 
therefore, do not break. This means that different tests can be made 
with the same rod under the same conditions. 

REFERENCES 

(1) G. Class, K, Hains 
Controlled Blowdown Experiments on the LWR Fuel Rod Behavior 
KfK-Nachrichten 2/78 

(2) J,F, White; 
"Physicochemical Studies of Clad UO2 under Reactor Accident Con
ditions" Paper GEMP-1012 (Pt;2) 

(3) K. Hain, F. Briiderle, T. Vollmer; 
Kurzbericht iiber die in COSIMA durchgefiihrten Vorversuche ztmi Ein-
fluS auBen montierter Thermoelemente auf das Hiillrohr-Temperatur-
verhalten bei Blowdown-Transienten. 
KfK-Primarbericht 06,01.07 P 03A (1979) 

This"Primarbericht"contains unpublished informations of pre
liminary and internal character. In special cases, this report 
can be received at INKA Online Service, 7514 Eggenstein-Leopolds-
hafen 2, Germany. 

BIOSKETCH 

T. Vollmer is a research engineer in the Technical 
Engineering Division of the Rernforschungszentrum 
Karlsruhe (KfK), Federal Republic of Germany. After re
ceiving a degree as Ingenieur (grad.) in precision mecha
nics at the Staatliche Ingenieurschule Karlsruhe, he worked 
in research and development in the automobil accessories 
industry. Since 1969 at KfK, he has contributed analytical 
and experimental work to various test programs in the 
fields of basic nuclear research, reprocessing waste treat
ment, and mainly in nuclear safety research. 



- 8 

50.00 SO.OO 
TIME (SEC) 

SO.DO 60.00 
TIME (SEC) 

lOJ.W 
00 
OO 

ONLY PYROMETER VALUES 

TEST NO. 126 

ROD NO. Ill 

CONTROL PROGRAM NO. 1050 

ROD INTERNAL PRESSURE 60 BARS 

1̂ ^ ROD BLOWDOWN 

TEST NO. 129 

ROD NO. 122 

CONTROL PROGRAM NO. 1050 

ROD INTERNAL PRESSURE 60 BARS 

ROD BLOWDOWN n / ^ 
ist 

m Ik 
COSIMA FUEL ROD SIMULATOR 
CLADDING TEMPERATURES, COMPARISON BETWEEN TWO RODS, ONE WITH 
AND ONE WITHOUT TC'S 

IT - 1980 
PNS 4236 

FIG. 13 



3T{ 



SIMULATION OF MILD TOP ACCIDENTS IN FAST BREEDER 
REACTORS USING THERMITE FILLED FUEL ROD SIMULATORS 

P. Menzenhauer, S. Misu, W. Peppier, H. Will 

Kernforschungszentrum Karlsruhe GmbH 
Institut fiir Reaktorentwicklung 
Postfach 3640, 7500 Karlsruhe 
Federal Republic of Germany 

ABSTRACT 

The goal of the development of fuel rod simulators (FRS) was 
to provide for an out of pile simulation technique for hypo
thetical transient overpower accidents in connection with 
FBR safety analysis. The simulated accident sequence is 
characterized by the release of large amounts of heat, which 
causes melting of the fuel, pin failure, molten fuel motion, 
thermal reaction with the coolant and freezing. The pres
ented FRS allows the investigation of these phenomena and 
helps to develop and verify computer codes. 

FUEL ROD SIMOLATOR 
Description 

A tube of t y p i c a l l y 7.6 mm diameter made from s t a i n l e s s s t e e l conta ins 
a column of compressed Fe203/Al- thermite (see F i g . 1 ) . During the 
development of the FRS g rea t e f f o r t was given to reach the h i g h e s t 
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possible density. The chosen fabrication technique allows thermite 
densities up to 70 % of the theoretical maximum. In the centre of the 
pin is an igniter, which consists also of a thermite filled tube. The 
igniter is thermally and electrically insulated from the outside. The 
thermite filled section has a typical length of 500 mm, but it may range 
within 150 to 700 mm. The FRS is extended at one end by the so called 
cold end, which consists of an insulated copper pin and a flexible part 
to compensate for the differential thermal expansion. At the other end 
a breeding zone is simulated. This is carefully designed to simulate as 
closely as possible the thermal response of a real breeder pin in the 
case of a heat supply from outside. A capillary tube leads through the 
centre of the simulated breeder pin to the thermite. The porosity of the 
thermite can be filled via this tube with any gas pressure to simulate 
fission gas. 

Fuel rod simulators as described may be assembled to bxmdles. Spacers 
may hold the pins in position. Such test sections equipped with a suit
able instrumentation are filled with stagnant sodium or mounted in a 
sodium loop. To avoid a slow prereaction of the thermite prior to the 
inition the sodium temperature should not exceed 500 °C for a longer 
period of time. 

Besides the Fe203/Al-thermite other mixtures were also investigated, 
e.g. M0O3/AI, M0O2/AI, Fe203/U. In the first case M0O3 will sublime at 
about 300 °C and realistic temperatures of the sodium would not be pos
sible. The Mo02/Al-thermite has a lower heat release than the Fe203/Al-
thermite. The Fe203/U-thermite would be the best to simulate fuel, but 
a calculation shows, that sufficient heat in the reactants could only 
be reached if the density of the mixture inside the FRS were in the 
range of 70 to 80 %. With the uranium powder available such high densi
ties could not be achieved. Nevertheless for demonstration a FRS was 
fabricated with a thermite density of 62 % of theoretical one and fired 
in a sodium test rig. During the test the thermite burned, but the 
released heat melted only about 30 % of the reactants. 

To simulate the sinusoidal heat distribution of a fuel rod during the 
power excursion, a FRS was fabricated in which the stoichiometric ther
mite composion was diluted with AI2O3 powder, increasing with the 
distance from the centre of the rod to both ends. At the ends the addi
tive was defined that a maximum temperature of the reactants of 2850 K 
could be expected. In pretests it was confirmed that such a diluted mix
ture still bums satisfactorally. A FRS of this type was fired in a 
sodium filled test section with good results. A detailed inspection of 
the films and an interpretation of the results picked up is still in 
progress. 
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Course of Reaction 

The energy release during a hypothetical accident is simulated using 
the exothermic energy of the thermite reaction. A high igniter current 
is given by the cold end to the igniter tube and heats it to the self 
ignition temperature of the thermite (about 1320 K) within about 2.5 
seconds. The chemical reaction starts inside the igniter. Within about 
50 • 10"-̂  s the thermite reacts over the total length. When all ther
mite has reacted, it melts through the igniter tube thus starting over 
the length the reaction in the outside thermite. It needs another 
30 • 10"-̂  s to react all the thermite. The clad of the pin fails by 
the internal pressure and the very high temperatures. The hot multi
phase (vapour, liquid, solid) mixture (AI2O3, Fe, steel, gas) is ejec
ted from the leak and reacts thermally with the coolant and structure 
similar as expected in a reactor accident / 1, 2_7. 

Features 

The main features of FRS's are listed in Table 1. During the reaction 
of the thermite heat of about 3800 J per g thermite is released. This 
corresponds to 3900 J per centimeter pin length. Taking into account, 
that about 30 % of the clad becomes molten and 70 % is heated to the 
melting temperature (as can be expected from the experiments) the aver
age temperature of the thermite ejected into the cooling channels is 
3520 K. Because of this high temperature iron starts to boil during 
the reaction if it is not suppressed by an elevated pressure. It is very 
important to realize that the reaction is starting from the undestroyed 
bundle geometry. Changes of the geometry are part of the events taking 
place and give the correct feedback to the run of the experiment. A 
comparison with results of calculations concerning consequences of the 
discussed reactor accident shows, that a simulation of similar condi
tions is possible. The released energy, temperatures and the time sched
ule are sufficently near to the calculated values for transient over
power accidents, with failure and subsequent FCI events / 2_/. This ex
perimental technique gives the possibility to study hypothetical acci
dent chains in an broad manner by investigating different effects separ
ately. Due to the fact that different materials are involved than are 
present in the real situation, the thermal interactions might not be 
fully comparable to the prototype situation. The described FRS was es
pecially developed to simulate TOP-accidents of fast breeders. But it 
has also the capability for a simulation of loss of flow accidents. The 
high power level at failure makes this technique particularly suited to 
simulate failure conditions under so called LOF/TOP events, where fail
ure is induced into partially also into unvoided sections of the channel 
due to a power excursion induced by sodium boiling in nighbouring sub
assemblies. Presently a sodium vapour generator is under development, 
which can >7oid the test section and heat all the structure to the sodium 
boiling temperature by blowing sodium vapour into the test rig prior 



379 

Pin diameter 

Clad thickness 

Height of the thermite column, typical 

Thermite 

Smear density, upto 

Intensity of the ignition current 

Exothermic heat 

Max, temperature (calculated 
adiabatically with 30 % of the clad 
molten and 70 % heated to 1700 K) 

Sodium temperature 

Time until most of the thermite 
becomes molten 

Coherence of ignition in case 
of bundles 

Table Is Features of the fuel rod simulator 

mm 

mm 

mm 

% 

A 

J/cm pin 

K 

K 

-3 
10 ̂  s 

_3 
10 s 

Fe20 

7.6 

0.3 

500 

'2+AL->: 

70 

-160 

3900 

3520 

670 

100 

80 

2̂"3 



380 

to the ignition of the FRS. The sodium vapour generator was separately 
tested and showed the expected behaviour. 

TEST RIGS 
Description 

As mentioned before, the FRS may be assembled to bundles and built 
into test rigs to be operated imder stagnant or flowing sodium. The 
construction and the instrumentation always is individually fitted to 
the goal of the experiment. Nearly all the reactor conditions can be 
simulated with respect to geometry (as correct length, pin diameter, 
size of subchannels, simulation of breeder and fission gas zone, height 
of sodium column,double-walled hexagonal tubes, and so on), hydrody-
namics(e.g. pressure drops,flow rate, spacer), and thermal conditions 
(temperature, heat sinks, but not temperature gradients). 

Ins trumentation 

In comparison to in pile experiments the possibilities for instrumenta
tion and inspection of the material movements taking place are much 
greater. Thus the test sections were instrumented extensively: Thermo
couples for coolant and surface temperatures, pressure gauges, void de
tectors and sound pick ups besides the instrumentation of the loop, as 
e.g. flow meters^gauges for the system pressures. For detection of the 
material motion, which is of greatest interest. X-ray cine equipment 
is used. The test section is inspected by three axially distributed 
continuous X-ray sources. The X-ray picture is transformed and ampli
fied to a visible picture by image amplifiers. High speed cameras run
ning normally with 1000 frames per second record the location and kind 
of pin failure (in case of single pin experiments), material motion, 
freezing of molten material and relocation inside the test section 
during the event. Furthermore the refilling of the test rig with cool
ant and residues can be seen. The resolution of the X-ray cine equip
ment depends on the size and construction of the test section. In 
single pin tests particles of less than 1 mm-̂  of steel could be seen. 
In bundle experiments the interest is concerned more to the integral 
behaviour, and this can be investigated quite well. The time resolution 
is typically 1 • 10" s, where the time for exposure is 0.3 ' 10"-̂  s 
per frame. 

An instrumentation of the fuel rod simulator itself is not possible 
without changing the geometry. The thin clad of the FRS allows no in
stallation of thermocouples in grooves. In a special test, where the 
investigation of the clad ten̂ seratures and temperature gradients was 
the main goal, the clad thickness was increased and thermocouples of 
0.25 mm diameter were brazed into the clad. Sufficient measurements 
were possible until the thermocouples failed due to mechanical stresses 
or clad melting. 
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Evaluation 

To create quantitativ results of the material motion, the 16 mm films 
are copied onto video tapes where the contrast can be improved. The 
signals of the video tapes are given to a computer which compares the 
level to a step wedge of defined steel thicknesses which is filmed to
gether with the test section. This means that the computer is trans
forming the gray level on the film to a steel equivalent material 
density. This information can be integrated over predefined areas and 
plotted as level charts, relief pictures (Fig. 2 gives an example) or 
other kinds of pictures. 

In principle this can be done for each picture of each film, but in 
practice it is done only for some selected frames due to the great 
amount of man power and computing time which would be required. 

The evaluation of the other data leads to time histories of pressures, 
temperatures void, flowrate and so on. The visual observation of the 
high speed films is most important. It gives very good qualitative 
impressions about the course of the experiment. Together with all the 
other data and together with the computer aided film analysis a com
plete interpretation with quantitative results can be made. The time 
correspondence between transducer signals and visual observations is 
made by a time code simultaneously written on the films as well as to 
the computer. 

RESULTS 

It is not the aim of this paper to present results of the experimental 
program itself, but the capability of FRS's should be proved. In this 
context some few and typical results are presented. 

A large number of experiments have been carried out to develop the des
cribed technique, to demonstrate their possibilities and to find out 
their limits. Now test series are under way, which are related to special 
questions arrived from the theoretical investigation of the reactor 
accidents in discussion. 

Single Pin Test 

Two series of single pin tests were carried out to investigate pin 
failure behaviour as a function of internal gas pressure, simulating 
the fission gas, which means different burn up conditions. The first 
series was done in stagnant, and the second in flowing sodium. The 
flow speed was equal to the one of the reactor but due to a larger 
flow area the flow rate per pin was much bigger. 
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In the following the run of an experiment is presented as an example. 
Figure 3 gives the geometry built up of the test section and the 
positions of the measuring devices. The test conditions are given in 
the table 2. About 2.5 s after switching on the power to the igniter 
the sine wave form of the current becomes disturbed, this time point is 
interpreted as start of the reaction of thermite inside the igniter 
tube. This time point is set to zero for the relative time axis. After 
43 • 10~3 s a first thermite reaction is to be seen at an X-ray-film 
at about 50 mm from the lower end of the thermite zone. At 87 • lO™-* s 
the pin clad failed, sodium was ejected out of the cooling channel in 
both directions (but more in flow direction than opposite). Reacted 
material was transported inside the clad to the location of failure and 
into the flow channel. At 130 • 10"•̂  s all thermite had reacted, and at 
225 • 10"-̂  s the clad had become completely molten. Droplets of molten 
material were moving inside the test section^sometimes producing small 
thermal interactions with small amounts of sodium at the lower part of 
the rig or at remained sodium for example at spacers. The resulting _„ 
pressure waves further fragmented and expelled material. At 287 • 10 s 
the sodium flow starts to refill the test section again, causing small 
thermal interactions again. At this time period pressure peaks up to 
120 bars are measured, but with durations of less than 1 • 10"-' s. 
Figure 4 gives some measures. The course of the other tests (different 
pin gas pressure, flowing/stagnant sodium) was similar accept for small 
differences especially regarding the violence. 

Seven Pin Test 

The results of a seven pin experiment were presented in / 2_/. One aim 
of the experiment was to demonstrate that the FRS are suitable for mount
ing in a bundle and can be fired with sufficient coherence. In the ex
periment the seven pins started to react within 176 • 10~3 s. This re
lative long period of time was due to a faulty setting of the ignition 
currents. We are quite sure from several single pin tests with good re-
producability of the time point of onset of reaction that the coherence 
in big bundles will be in the range of 100 • 10"^ s or 50 ' 10"^ s for 
about 70 % of the pins. 

General Results 

From the large number of experiments under different conditions the 
following results can be stated: 

the described FRS can simulate a fuel pin under TOP-conditions 
with some restrictionsj 

- heat release and temperatures are comparable to TOP-conditions, 
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Sodium temperature K 673 

Sodium pressure at the inlet bar 5.4 

Sodium velocity m/s 4.03 

Flow rate m^/h 3.90 

Sodium column above reaction zone m 4.6 

bar 1.0 Gas pressure on the free 
sodium surface 

Gas pressure inside pin bar 5.0 

Pin diameter mm 7.6 

Length of reaction zone mm 500 

Table 2; Test conditions (Exp. V , 71/2) 
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- bundles mounted from FRS can be fired with sufficient coherence, 

- velocity of reaction is of the same magnitude as the one from a 
real accident, 

- with the instrumentation of the test section, especially with the 
X-ray cine equipment, material movements^relocation, freezing and 
formation of blockages can be investigated. 

Conclusion 

The presented FRS was especially designed and developed to simulate 
hypothetical transient overpower accidents in fast breeder reactors 
out of pile. The satisfactory capability was demonstrated in a large 
number of tests. The fuel is represented by a thermite mixture and the 
fission heat by the exothermic heat of the reaction. The dimensions of 
the FRS are equal to a fuel pin so bundle experiments can be done with
out scaling difficulties. The results can also help to improve_and 
validate computer codes, such as EPIC / 3_7 and SIMMER II /~4_7. Further
more, this technique has the potential to simulate also other reactor 
accident situations, e.g. loss of flow, flowing and freezing phenomena 
during the discharge of multiphase core materials through cold struc
tures, etc. 
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ABSTRACT 

Measurements from fuel rod cladding external 
surface thermocouples indicated unexpected cladding 
quench early in the blowdown of the Loss-of-Fluid Test 
(LOFT) large break loss-of-coolant experiments. 
Swaged and cartridge type electrically heated fuel rod 
simulators are being used to evaluate the effects, if 
any, of cladding surface thermocouples on quench 
behavior, and to determine the accuracy of the 
cladding surface thermocouple measurements. 

Preliminary tests conducted on a single, swaged 
heater rod over a wide range of flooding conditions 
indicate that cladding external thermocouples increase 
the cooldown rate and reduce the time-to-quench on 
that type of rod. The results of the heater rod tests 
are being used to reassess the fuel rod cladding 
temperature response during the LOFT L2-2 and L2-3 
tests as measured by the cladding surface 
thermocouples. 

a. Work supported by the U. S. Nuclear Regulatory Commission, 
of Nuclear Regulatory Research, under DOE Contract No, DE 
76IDO1570. 
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INTRODUCTION 

The Loss-of-Fluid Test (LOFT) facility is an integral nuclear 
reactor system designed to simulate and measure the important thermal-
hydraulic phenomena that are expected to occur during a loss-of-coolant 
accident (LOCA) in a pressurized water reactor (PWR) system. A parti
cular objective of the LOFT experimental program is to obtain an under
standing of the thermal behavior of the core and, in particular, of the 
temperature response of the fuel rod cladding. To carry out this 
objective, LOFT uses fuel rod cladding external surface thermocouples 
on selected rods as shown in Figure 1, During the LOFT L2-2-'- and 
L2-32 large break LOCA tests, unexpected fuel rod quenching occurred 
early in the blowdown phase as indicated by the response of the 
cladding surface thermocouples shown in Figure 2. 

It has been postulated that during blowdown, the cladding surface 
thermocouples may have caused premature quenching of the fuel rods to 
which they are attached; a phenomenon similar to that observed in 
reflood tests at ambient pressure with flooding rates less than 
10 cm/s. Also, the ability of the cladding surface thermocouples to 
accurately measure the cladding temperature during a rapid cooling 
transient has been questioned. Due to the lack of data at high 
pressure conditions and high flooding rates similar to those in the 
LOFT tests (7 MPa and 1.5 to 2.0 m/s), separate effects tests using 
electrically heated fuel rod simulators are being conducted at the 
Idaho National Engineering Laboratory (IHEL) to answer these 
questions. The test program consists of two phases. The first phase, 
which has been completed, utilized a single swaged heater rod of the 
same design as that used in the Semiscale^ and FLEGHT^ 
loss-of-coolant accident testing programs sponsored by the Nuclear 
Regulatory Commission (NRG), The second phase of testing will use a 
zircaloy-clad, cartridge type fuel rod simulator in a nine-rod bundle 
configuration. A description of the first phase of testing, including 
the test results, is presented. A preliminary correction to the 
cladding temperature measurements in the LOFT L2-3 test is presented 
based on the results of the swaged heater rod tests. Finally, a review 
of the upcoming second phase of testing is presented. 

PHASE 1 TEST DESCRIPTION 

Because of the inmediate availability of an electrically heated, 
swaged fuel rod simulator, the specific objectives of the first phase 
of testing were to? (a) provide preliminary information on the effect 
of cladding surface thermocouples on quench behavior, (b) determine the 
repeatability of test data and test conditions in the test facility at 
the INEL, and (c) scope the hydraulic conditions for which a surface 
thermocouple effect might occur. 

The Phase 1 tests were conducted in the blowdown loop of the LOFT 
Test Support Facility (LTSF) at the INEL. The loop configuration is 
shown in Figure 3. The main loop consisted of a pressure vessel, a 
coolant pump, a warmup heater vessel, and associated valves and piping. 
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Figure 3. Loop confinguration for quench tests. 

A high pressure nitrogen source was connected to the top end of the 
pressure vessel to provide a regulated pressure in the main loop to 
drive ttie primary coolant into the test section. The test section, 
containing the heater rod, was connected to a surge tank to maintain a 
fairly constant pressure in the test section during each test run. The 
surge tank and test section were initially pressurized with nitrogen to 
a nominal 7 MPa. The pressure in the test section was maintained 
relatively constant during each test run by allowing excess steam to be 
released through a relief valve on top of the surge tank. 

The flow rate to the test section was controlled by the nitrogen 
pressure in the pressure vessel and an orifice located immediately up
stream of the test section. Various orifice sizes were used to obtain 
the desired flow rates. The pressure in the primary loop was 
maintained sufficiently high to keep the fluid upstream of the test 
initiation valve subcooled at all times so that an accurate measurement 
of the flow rate to the test section could be made with a turbine meter. 
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For the first phase of testing, the heater rod was tested first 
with and then without cladding external thermocouples over a wide range 
of thermal-hydraulic conditions. Eighteen test runs were conducted on 
the rod with external thermocouples, The thermocouples were then 
removed from the rod and the same eighteen test runs were repeated. 
Thermal-hydraulic conditions in the LOFT core at the time the high 
pressure quench occurred were simulated by bringing the heater rod to a 
high temperature in a fairly stagnant nitrogen environment, simulating 
film boiling on the LOFT fuel rods, and then subjecting the rod to a 
sudden surge of coolant as occurred during the LOFT tests. Table 1 
lists the test conditions for the Phase 1 tests. 

TABLE 1. Phase 1 test conditions 

HIGH PRESSURE TESTS 

Test section pressure: 7 MPa 

Test section inlet flooding rate 0.4, 1.8, 3.0, and 6.0 m/s 

Initial rod temperature 775, 1025, and 1175 K 

Test section inlet fluid quality: 0 and 15% 

LOW PRESSURE TESTS 

Test section pressure: Atmospheric 

Test section flooding rates 4- and 10 cm/s 

Initial rod temperatures 1025 K 

Test section inlet fluid temperatures 300 K 

The swaged heater rod used for these tests had stainless steel 
cladding and a 1.67-m heated length, A cross section of the swaged 
heater rod is shown in Figure 4. Four external thermocouples were 
laser welded to the outer surface of the swaged heater rod, with 
junctions and attachments similar to the cladding thermocouples on LOFT 
fuel rods. Type K thermocouples with a 1.02-mm-outer-diameter 
stainless steel sheath were used. Dummy thermocouple extensions were 
attached to the rod from the three thermocouple junctions highest on 
the rod to the level of the lowest thermocouple junction (i.e., closest 
to the bottom of the heated length of the rod), the same procedure as 
used for LOFT fuel rods. The heater rod also had four internal 
cladding thermocouples, as shown in Figure 4, to measure the 
temperature response of the rod with and without the cladding external 
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thermocouples. Two of the internal thermocouples had junctions at the 
hot spot of the rod. The heater rod was placed in a 2.43-cm-
inside-diameter test vessel. The test vessel aiid rod instrumentation 
configuration is shown in Figure 5. 

Thermocoypte (4) 

Helical coristantari 
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Figure 4. Swagged electrical heater rod cross section. 
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Figure 5, Azimuthal locations of internal and external thermocouples, 
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PHASE 1 TEST RESULTS 

Figure 6 shows a typical comparison of the temperature response of 
the swaged heater rod both with and without the cladding surface ther
mocouples for a high pressure test. The data presented were taken from 
a cladding internal thermocouple located at the hot spot of the rod. 
For the high pressure tests (7 MPa), the rod with external thermo
couples consistently quenched in about half the time required for the 
rod without external thermocouples. The rod with external thermo
couples had a higher precursory cooldown rate and quenched from a 
higher temperature than the bare rod. 
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Figure 6. Cladding temperature comparison based on internal 
thermocouple measurements. 

The quench temperature is defined as the temperature at which the 
rod begins an extremely rapid cooldown to the surrounding fluid tempe
rature. For the bare rod, the quench temperature is easily determined, 
and varied from 712 to 795 K for the various test runs. However, for 
the rod with external thermocouples, a quench temperature cannot be 
readily determined due to the gradually increasing cooldown rate near 
the time of quench. 

A comparison of the cladding external thermocouple measurement and 
the internal thermocouple measurement is shown in Figure 7. It can be 
seen that the external thermocouple is selectively cooled and quenches 
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Figure 7. Comparison of cladding external and internal thermocouple 
measurements. 

much sooner than the cladding, as indicated by the internal thermo
couple reading. Also, there is a large difference in the quench time 
between the external thermocouple measurement and the rod with no 
external thermocouples under the same test conditions. 

Repeat tests were conducted (four replications) using the rod with 
and without the cladding surface thermocouples and the results of these 
tests are shown in Figure 8. The rod quench time decreased slightly 
for each successive test. Repeatable test conditions were measured for 
each of these test runs. 

PRELIMINARY ASSESSMENT OF LOFT FUEL ROD QUENCH 

BEHAVIOR BASED ON PHASE 1 TEST RESULTS 

The quench times for the swaged heater rod, either with or without 
external thermocouples, were longer than would be anticipated to occur 
for a nuclear fuel rod, particularly at high flooding rates. Although 
the low rate of precursory cooling and the long periods of precursory 
cooling were not expected, the experimental results can be explained in 
terms of the high thermal diffusivity, lack of a simulated fuel-
cladding gap, and stainless steel cladding of the test rod, all of 
which are atypical of a nuclear fuel rod, and all of which would tend 
to make the swaged heater rod more difficult to rewet than a nuclear 
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rod. A thermocouple fin effect, in which the external thermocouples 
might increase the heat transfer coefficient and increase the area for 
heat transfer, would be expected on the swaged heater rod during pre
cursory cooling. A similar fin effect would theoretically be expected 
on a nuclear rod but may not be experimentally noticeable, depending on 
the length of time a nuclear rod would be in a precursory cooling 
mode. That is, if a bare nuclear rod quenches from a very high temper
ature with minimal precursory cooling, then adding external thermo
couples to the rod would not noticeably increase its ability to quench. 
On the other hand, the results of these tests indicate that if a bare 
nuclear rod does not readily quench from a high temperature with 
minimal precursory cooling time, then cladding external thermocouples 
could have a significant effect on the quench behavior of the rod. 
Although the results of these tests may not directly apply to a nuclear 
rod, depending on the simulation ability of the swaged heater rod they 
do indicate the probability of a thermocouple effect on the quench 
behavior of a nuclear rod, the magnitude of which has not yet been 
confirmed. 

The quench behavior indicated by the external thermocouple on the 
swaged heater rod is similar to that measured by the fuel rod external 
thermocouples in the LOFT L2-2 and L2-3 tests. Again, if the response 
of a nuclear rod is similar to the swaged heater rod, one would expect 
a significant error in the external thermocouple measurement of clad
ding temperature, and an even larger difference between the external 
thermocouple measurement and the cladding temperature of a bare nuclear 
rod. 
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Assuming the swaged heater rod adequately simulated a nuclear rod, 
one could postulate the cladding temperature response of a bare nuclear 
rod in the LOFT L2-3 test as shown in Figure 9, based on the swaged 
heater rod data. In this case the bare nuclear rod would not have 
quenched. 
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Figure 9. Comparison of Test L2-3 exxternal thermocouple measurement 
with possible cladding temperature based on electric rod 
data. 

The Phase 1 tests indicate the need for continuing with the second 
phase of testing, using a heater rod that more closely simulates the 
materials and thermal diffusivity of a nuclear fuel rod. 

PHASE 2 TEST DESCRIPTION 

The objectives of the second phase of testing include 
(a) evaluating the effect of cladding surface thermocouples on the 
quench behavior of a zircaloy-clad, cartridge type fuel rod simulator, 
(b) qualification testing for a new LOFT cladding embedded thermocouple 
design, (c) comparing LOFT external thermocouple measurements with 
cladding embedded thermocouple measurements on the cartridge type 
heater rod, and (d) comparing the quench behavior of solid and cart
ridge type fuel rod simulators. 
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The second phase of testing will use a nine-rod bundle in a 
6.67-cm-inside-diameter test vessel, as shown in Figure 10. The center 
rod in the bundle will be a German REBEKA heater rod (Figure 11), which 
will be tested first with and then without LOFT type cladding surface 
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Figure 10. Nine-rod bundle configuration. 
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Figure 11. REBEKA fuel rod simulator. 
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thermocouples. This heater rod was chosen because its zircaloy clad
ding, simulated fuel-cladding gap, and aluminum oxide pellet 
construction will provide a closer simulation of a nuclear fuel rod 
than the swaged heater design. The REBEKA rod has a 3.9-m heated 
length and a nonuniform axial power profile. The eight peripheral 
heater rods are German FEBA rods of a solid construction, and will 
provide a geometry and thermal-hydraulic environment more typical of a 
nuclear rod cluster. The nine-rod bundle will also incorporate grid 
spacers similar to those used in the LOFT core. 

A new procedure is being developed for embedding a thermocouple in 
the inner surface of the cladding of nuclear fuel rods to be used for 
future LOFT tests. The installation is shown in Figures 12 and 13, 
The sheath near the hot junction is flattened to 0,25 mm and placed in 
a groove in the cladding approximately 51 mm long. Above the embedded 
region the thermocouple lead exits the fuel pellet stack through a 
groove in the fuel pellets to the top of the rod. Two embedded ther
mocouples of this type will be installed in the REBEKA heater rod at 
the hot spot, as shown in Figure 14, in order to measure the cladding 
temperature response of the REBEKA rod both with and without cladding 
external thermocouples. One of the cladding external thermocouples 
will have a junction at the same axial location as the embedded ther
mocouples to allow a comparison of the response of the thermocouple 
measurements. This information will aid in the interpretation of the 
cladding external thermocouple data taken during the LOFT L2-2 and L2-3 
tests. Test conditions for the second phase of testing are given in 
Table 2, The second phase of testing will also be conducted in the 
LOFT Test Support Facility and will use a similar test procedure as for 
the first phase of testing. 

Once the REBEKA rod has been tested with and without cladding sur
face thermocouples, it will be replaced in the bundle with a FEBA 
heater rod of solid construction similar to the swaged heater rod used 
in the first phase of testing. Tests will then be conducted at similar 
conditions as for the REBEKA rod to allow a comparison of the quench 
behavior of solid and cartridge type heater rods. This will provide 
additional information on the ability of various types of fuel rod 
simulators to duplicate the behavior of nuclear fuel rods. 

APPLICATION OF DATA 

The data from this test program will be correlated with data from 
similar test programs in order to make a final evaluation of (a) the 
effect of cladding surface thermocouples on the quench behavior of LOFT 
nuclear fuel rods and (b) the ability of the LOFT cladding surface 
thermocouples to accurately measure cladding temperatures under rapid 
cooling transients. A final assessment will be made of cladding 
temperatures in the LOFT L2-2 and L2-3 tests, as well as the ability of 
the surface thermocouples to measure cladding temperatures in future 
tests. 
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Illustration of LOFT cladding embedded thermocouple 
installation. 
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Figure 13. Cross section of cladding showing embedded thermocouple 
installation. 
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Figure 14. REBEKA rod thermocouple locations. 
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TABLE 2. Phase 2 test conditions 

HIGH PRESSURE TESTS 

Pressures 7 MPa 

Flooding rates 0.5 to 3.0 m/s 

Inlet quality? 0 and 10% 

Initial rod temperatures 775 and 875 K 

LOW PRESSURE TESTS 

Pressures Ambient 

Inlet fluid temperatures 300 K 

Flooding rates 4 and 10 m/s 

Initial rod temperatures 875 K 

The data from these tests will be helpful in evaluating the cap
ability of various electric heater rods to simulate nuclear fuel rod 
response during rapid cooling transients. In addition, these tests 
will provide fundamental data for assessing computer code capability to 
predict LOCA heat transfer phenomena. 

Mr. R. C. Gottula is currently a project engineer 
responsible for various thermal-hydraulic separate 
effects tests in the Water Reactor Research Test 
Facilities Division of EG&G Idaho, Inc, at the INEL. 
Previous experience includes 12 years of thermal-
hydraulic safety analysis of nuclear reactor systems 
at the INEL and 4 years of propulsion analysis with 
the McDonnel-Douglas Corporation. 

Mr, M, L. Carboneau received an M.S. Degree in 
mathematics from Michigan State University in 1974 and 
an M.S. Degree in Nuclear Engineering from Idaho State 
University in 1979. Besides his current work in the 
LOFT reactor safety program for EG&G Idaho, he has 
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located on the INEL site. He is also a member of the 
American Nuclear Society. 



404 

Mr. E. L. Tolman is currently supervisor of the 
LOFT Fuel Evaulation Section and has participated in 
program planning and test evaluation activities for 
both the LOFT and Power Burst Facility programs being 
conducted by EG&G Idaho, Inc., at the INEL. 

NOTICE 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, or any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or 
responsibiity for any third party's use, or the results of such use, of 
any information, apparatus, product or process disclosed in this 
report, or represents that its use by such third party would not 
infringe privately owned rights. The views expressed in this paper are 
not necessarily those of the U. S. Nuclear Regulatory Commission, 

REFERENCES 

1. M. L. McCormick - larger, Experiment Data Report for LOFT Power 
Asceasion Test L2-2, NUREG-CR-0492, TREE-1322, February 1979. 

2. P. G. Prassinos et al., Experiment Data Report for LOFT Power 
Ascension Test L2-3, NUREG-CR-0792, TREE-1326, July 1979, 

3. L. J. Ball et al., Semiscale Program Description, TREE-NUREG-I2IO5 
May 1978. 

4. F, F. Cadek et al., PWR FLECHT (Full Length Emergency Cooling Heat 
Transfer) Final Report, WCAP-76655 April 1971, 



• 

Part IV: Fuel Rod Simulator Components and Inspection 

A. J. Moorhead, Chairman 

• 





l̂ IMUFACTURE AND ANALYSIS OF HIGH PURITY 
BORON NITRIDE POWDER FOR NUCLEAR FUEL ROD SIMULATORS 

L.A. Garrett and M.A. Roche 
Union Carbide Corporation 

ABSTRACT 

The development program to Improve state-of-the-art purity 
levels of boron nitride powder utilized in the fabrication 
of nuclear fuel rod simulators is described. Challenging 
low trace element impurity goals, jointly set by ORNL and 
Carbon Products, were met through material and process 
changes and improved handling techniques in the manufac
ture of the powder. 

SUMMARY 

Commercially available boron nitride powders did not possess the 
necessary chemical purity for successful incorporation into the higher 
temperature fuel rod simulators. The Carbon Products Division of 
Union Carbide Corporation and the Oak Ridge National Laboratories 
(ORNL) set a new purity specification for boron nitride powder which 
was judged acceptable for use in nuclear heaters. The main points of 
emphasis in the specification were to reduce trace elements, primarily 
iron, nickel, and chromium, and control the level of electrically 
conductive particles containing these elements. 

This paper describes material, process and handling changes made by 
Carbon Products leading to the development of a high purity boron nitride 
powder. Grade TS-1449, which exceeded the goals set at the beginning of 
the program. Close coordination between OENL and Carbon Products in the 
chemical and physical analyses of materials from each stage of pro
cessing was required and, in some cases, new analytical techniques were 
developed for evaluating individual aspects of the powder. 

Requirements for production of the high purity material are described 
and properties of the resulting boron nitride powder, Grade TS-1449 
are summarized. 

407 
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DISCUSSION 

Although the compound boron nitride does not occur naturally, 
the French first synthesized it in 1840. However, it remained 
a laboratory curiosity for over a century until Post World War II. 
Interest In high temperature refractory compounds for aerospace 
and nuclear applications spurred property characterization and 
subsequent process development of many of the borides, nitrides, 
and carbides. 

The Carbon Products Division of Union Carbide Corporation is a 
manufacturer of a wide spectrum of commercial products based on 
carbon and graphite. The technologies and processing disciplines 
for carbon and graphite are those of powder metallurgy and high 
temperature containment. Thus, the manufacture and application 
criteria for boron nitride products were, and still are, congruent 
with our overall expertise. 

Research and process development started in the early 1950's, lead 
to a series of products based upon boron nitride, and through con
tinuing company efforts, the products have been refined and 
expanded. Today three basic lines of Boron Nitride Products are 
commercially available from Union Carbide: 

- Boron Nitride Shapes and Powders 

- Intermetallic Composites, and 

- Pyrolytic Boron Nitride Coatings 
and Free-standing Shapes 

Incorporation of boron nitride into nuclear pin heater programs 
began in the late 1960's. Evaluation of many grades of boron 
nitride powder resulted in the following set of circumstances 
by 1975. 

- Union Carbide's Grade HCM boron nitride powder 
emerged as the preferred material for nuclear 
pin heaters. 
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- Although the HCM boron nitride powders met all 
product specifications; including total metallic 
impurities, discrete electrically-conductive 
inclusions rendered the material marginal for 
use in cold-pressed preforms for the Multirod 
Burst Test (MRBT) program at Oak Ridge National 
Laboratories. 

Now that you have had a brief introduction to the state-of-the-
art of boron nitride powder in 1975, a description of the boron 
nitride manufacturing process will be given. Finally, the 
results of a joint program between Carbon Products and Oak 
Ridge National Laboratories to upgrade the properties of Grade 
HCM will be presented. 

Figure 1 displays the process flow used in the manufacture of 
boron nitride powder. Boron and nitrogen containing flours 
are dry blended in a prescribed ratio and reacted at 800 to 
1000°C to form the basic boron nitride molecule. After this 
thermal history, however, the boron nitride is not chemically 
stable. If left exposed to the atmosphere, it would react 
with water and revert to B„0„ and NH_. Thus, a heat treatment 
follows in which the material is exposed to a temperature at 
which chemical stabilization occurs. Magnetic Separation 
follows which removes large metallic particles introduced 
during processing. This is followed by a chemical purification 
which removes excess B„0„. Finally the product is milled to 
desired particle sizing. This powder serves as a precursor 
which is either processed into low density powder grades or 
monolithic shapes and high density powders. 

As shown on the process flow illustrated in Figure 2, the boron 
nitride powder is compacted into high density shapes by hot-
pressing techniques. Additives may be introduced prior to hot-
pressing to produce various hot-pressed grades. The hot-pressed 
grades are either machined into desired shapes or reduced, 
classified, and purified into high density powders. 
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Figure 2 
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Grade HCM powder supplied to Oak Ridge National Laboratories in 
June of 1975 met all chemical and physical specifications for the 
Grade. However, Electrical Conductivity Cell Tests at ORNL 
revealed that Insulation Resistance of heaters made from the HCM 
powder were below acceptable limits. Evaluation of the powder 
Identified discrete x-ray opaque particles. These particles were 
found to be very high in Iron, Nickel, and Chromium and ferro
magnetic. OKNL found that the metallic particles in the HCM 
powder could be removed by High-Gradient Magnetic Separation and 
did upgrade the powder in this manner. 

ORNL and Carbon Products Division personnel met several times to 
assess what might be done in CPD's process to reduce the number 
of metal particles in Grade HCM powder. It was agreed that a 
production lot of HCM type powder would be manufactured, and 
challenging low trace element goals were set. The goals for the 
up-graded Grade HCM, designated Grade TS-1449, are shown in 
Table 1. To reach these goals it was agreed that the TS-1449 
processing would be monitored at each stage of the process. 
Table 2 displays the process flow established for the TS-1449 
and accept/reject criteria at each stage. 

By following the manufacturing and testing procedure, we judged 
that two main objectives would be accomplished: 

- TS-1449 Boron Nitride Powder would be made to the 
challenging specifications, and in addition, 

the source of the metallic particles would be 
isolated. 

During the manufacture of the TS-1449 there was only one deviation 
made from the original process flow plan. Stage 1 material was 
found to require magnetic separation because of the metallic 
particle level. However, it was discovered that the material in 
the Stage 1 form could not be effectively magnetically separated. 
Because of this and past experience indicating a reduction of 
metal in the boron nitride during Stage 3 processing, the judgement 
was made to complete Stage 3 before the first magnetic separation. 



Table 1 

GOALS FOR BORON NITRIDE POWDER, GRADE TS-1449 

GRADE HCM GRADE TS-1449 

TAP DENSITY, GMS/CC MINIMUM 

SIZING (TYLER MESH) 

OXYGEN, % MAXIMUM 

CARBON, % MAXIMUM 

SOLUABLE BORATES, % MAXIMUM 

BORON + NITROGEN, % MINIMUM 

TRACE ELEMENTS, PPM 
TOTAL, MAXIMUM 
FE, MAXIMUM 
ANY OTHER, EACH MAXIMUM 

X-RAY OPAQUE PARTICLES 
PER FIELD*, MAXBIUM 

SPECIFICATIONS 

0.80 

100% MINUS 48 MESH 
90% MINIMUM MINUS 
48 MESH PLUS 200 
MESH 

0.5 MAXIMUM 

0.4 MAXIMUM 

-

99.0 

1000 
-
-

TYPICAL 

0.9 

SAME 

0.15 

0.25 

0.25 

99+ 

300 
50 
50 

LIMITS 

0.80 

SAME 

0.20 

0.10 

0.20 

99.0 

150 
10 
30 

GOAL 

0.80 

SAME 

SAME 

SAME 

0.10 

99.0 

75 
5 
10 

30-100 

*FIELD IS FILLED 3 1/2" DIAMETER X 5/8" HIGH PETRIE DISH 



414 

Table 2 

PROCESS FLOW FOR TS-1449 

STAGE 1 - SELECT PRECURSOR BN POWDER 

- CHEMISTRY AND X-RADIOGRAPHY PERFORMED BY ORNL AND CPD 
- MUTUAL ACCEPTANCE BEFORE FURTHER PROCESSING 

STAGE 2 - MAGNETIC SEPARATION OF STAGE 1 MATERIAL IF NECESSARY 

- ACCEPT/REJECT CRITERIA SAl̂IE AS STAGE 1 

STAGE 3 - PROCESS TO DENSIFY TO TS-1449 PRECURSOR 

- CHEMISTRY AND X-RADIOGRAPHY PERFORMED BY ORNL, 
X-RAY ONLY BY CPD 

- MUTUAL ACCEPTANCE BEFORE FURTHER PROCESSING 

STAGE 4 - MAGNETIC SEPARATION OF STAGE 3 MATERIAL IF NECESSARY 

- ACCEPT/REJECT CRITERIA SAME AS STAGE 3 

STAGE 5 - PROCESS TO TS-1449 POWDER 

- CPD AND ORNL TO X-RAY AND IF WITHIN PARTICLE LIMITS 
PERFORM FULL PRODUCT CERTIFICATION 

STAGE 6 - MAGNETIC SEPARATION OF STAGE 5 MATERIAL IF NECESSARY 

- ACCEPT/REJECT CRITERIA SAME AS STAGE 5 
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The judgement proved good as the metallic particle count was 
reduced from fifty-four(54) in Stage 1 to thirteen (13) in 
Stabe 3 material. All other processing was as originally 
designed. 

The two main objectives of the program were met. Table 3 
displays the chemical and physical properties of the TS-1449 
as compared to the Program Limits and Goals. The product goals 
were met or exceeded. The major source of the metallic impurities 
was identified as the precursor powder from Stage 1. The 
primary processing of the powders has since been improved and 
the level of metallic particles in Stage 1 materials have been 
reduced substantially. 

Table 3 

FINAL PROPERTIES OF BORON NITRIDE, GRADE TS-1449 

TAP DENSITY, GMS/CC MINIMUM 

SIZING (TYLER MESH) 

OXYGEN, % MAXIMUM 

CARBON, % MAXIMUM 

SOLUABLE BORATES, % MAXIMUM 

BORON + NITROGEN, % MINIMUM 

TRACE ELEMENTS, PPM 
TOTAL, MAXIMUM 
FE, MAXIMUM 
ANY OTHER, EACH MAXIMUM 

X-RAY OPAQUE PARTICLES 
PER FIELD*, MAXIMUM 

LIMITS 

0.80 

PROGRAM 

100% MINUS 48 
90% MINIMUM 
MINUS 48 MESH 
PLUS 200 MESH 

0.15 

0.10 

0.20 

99 

150 
10 
30 

MESH 

GOAL 

SAME 

SAME 

SAME 

SAME 

0.10 

SAME 

75 
5 
10 

TS-̂ 1449 

ACTUAL 

0.91 

99 

98.6 

0,07 

0.08 

0.008 

99.2 

100 
1.6 
35 

2-4 

*FIELD IS FILLED 3 1/2" DIAMETER X 5/8" HIGH PETRIE DISH 



416 

BIOSKETCH 

Mr. Garrett received a Bachelors of Ceramic Engineering from the 
Georgia Institute of Technology In 1963. He has performed 
Quality Control functions in various Carbon Products plants, and 
is presently Project Engineer responsible for Boron Nitride Products. 

Mr. Roche received a Bachelors of Science in Chemistry from Kings 
College (1957) and a Master of Science in Physical Chemistry from 
Pennsylvania State University (1960). He has held various positions 
in Technology, Manufacturing, and Marketing for Carbon Products; and 
is presently Business Manager, GRAFOIL and Boron Nitride Products. 



AUTOMATED DRY PRESSING OF BN PREFORMS 

C.F. Van Conant 
Eagle-Picher Industries, Inc. 

P.O. Box 1090, Miami, Oklahoma 74354 

ABSTRACT 

Dry pressing boron nitride powder into thin walled, annu
lar, thermally conductive, electrical insulators requires spe
cial techniques. Stringent chemical purity requirements pre
clude ordinary powder preparation and dictate direct lubrication 
of tooling. The pressing forces required are below what is 
normally commercially available. The need for high density and 
anisotropic particle orientation necessitates control of the 
speed of tooling movement, rate of pressure application, and 
sequence of pressing events. Automated manufacturing requires 
systematic recognition of subtle variations and corresponding 
minute adjustments. 

Eagle-Picher has historically been interested in Boron Compounds hav
ing researched boron arsenide, boron phosphide, boron carbide and other 
potential ceramic semiconductor materials in the early 1960's. E.P. cur
rently manufactures elemental boron as 99.999% pure, both naturally and 
highly enriched with the B-JQ isotope. E.P. also synthesizes boron com
pounds of boron tribromide, boric acid, and boron carbide of either nat
ural or '̂̂ B isotopic enrichment. It is understandable then, that Eagle-
Picher personnel would be interested in boron nitride. 

In the summer of 1976 Or, P.D. Ownby learned of a requirement for BN 
preform insulators at Oak Ridge National Laboratories. Dr. Ownby is a 
consultant for the Miami Research Lab of the Specialty Material Division 
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of Eagle-Picher Industries, and a professor at the University of Missouri-
Rolla School of Ceramic Engineering. He had previously done several de
velopment projects at Battelle Memorial Institute-Columbus.T»2 jhe first 
study investigated the effect upon the final properties of hot isostatical-
ly pressed graphite. Various fabrication techniques were used and the 
resultant physical structure was measured with neutron diffraction for 
degree of isotropy. Tensile strength and density were measured and cor
related to the degree of orientation of the flat crystallites. This work 
was followed by a study of hot isostatically pressed BN to be used as a 
high purity, oxygen free insulator with more Isotropic properties, by 
using techniques developed in the graphite study. The use of these in
sulators in an electron tube application required a high degree of electri
cal and thermal Isotropy. This project demonstrated that it was very 
difficult to mold the BN without contributing some degree of orientation 
to the flat platelet BN particles. Tryinp to load the hot isostatic press 
cannister by sifting or tamping Imparted anisotropy characteristic of the 
technique utilized. The variation of cold pressed density versus forming 
pressure, powder characteristics, and loading techniques was studied. Iso
tropy was determined by x-ray diffraction. Measurements of thermal dif-
fus1v1ty, thermal conductivity, thermal expansion along both transverse 
and longitudinal sections, room temperature electrical properties, and 
densities all characterized the BN material with respect to the degree 
of anisotropy. Correlations were made between the degree of Isotropy 
and density^ and their effects upon the other measured characteristics. 
These previous studies provided the background information necessary to 
confirm that the F.R.S. preform Insulators needed by ORNL could be fabri
cated by cold pressing only, and that details of the powder characteris
tics and the pressing techniques or pressing parameters were critical. 

Eagle-Picher subsequently entered into a contract with ORNL to de
velop the automated production of BN preform Insulators to be made util
izing several powder types, both lubricated and unlubricated. Initial 
pressing studies were done both at ORNL and HRL utilizing steel tooling 
in Carver lab presses, by manually producing test parts. The part-to-
part uniformity was unacceptable, but it did serve as an Interim method 
of evaluating powder preparation. Concurrent with this work, a thorough 
survey was made of compacting presses suitable for this application. The 
majority of well known press manufacturers were contacted, and pressing 
trials were conducted which yielded results typified by figure 1, on 
the following page. These density-versus-cold-forming-pressure results 
were obtained on a well known mechanical press equipped with hydraulic 
punch equalizers. The density-versus-forming-pressure curve that was 
established Is typical of HCM BN powder preforms, but the press couldn't 
make parts over .1" long without severe breakage problems. It was ap
parent that absolute control over every aspect of the compacting cycle 
is necessary to assure successful production. A hydraulic press was 
therefore chosen for its flexibility of pressing cycles and individual 
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Figure 1 A plot of the density versus preforming pressure obtained 
with a typical mechanical press on HCM, Boron Nitride 
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control of all the various parameters of the cycle. As a result of our 
manufacturing experience, additional circuits and systems have been 
added to the press which Increased its flexibility and usefulness, but 
added to its complexity. It is now capable of duplicating any cold press
ing regime with absolute control of the rate and applied force to each and 
every tooling component. The most unusual feature of this press is its 
ability to apply final pressing tonnage as little as 400 pounds (182 Kg). 
This capability is essential to press preforms with cross sectional areas 
of 0.008 square inches (0.05 square centimeters). 

The first BN preform configuration produced has proven to be one of 
the most difficult. It was fortuitous that It was difficult, as all of 
the problems which must be resolved to do this work were displayed in 
this single preform shape. The preform was 0.104 inches diameter (2.64 mm 
mm) and approximately .5 Inches (12.7mm ) long. Six sets of punches were 
broken by catastrophic tooling failure while elucidating the necessary 
tooling setup and press cycle parameters. Many of these failures occurred 
in pressing the first part with each new tooling set. A redesign of the 
tooling shortened the die to accomodate the powder fill just adequate 
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to produce the required part. This allowed shortening both upper and 
lower punches, which increased their working life. New circuitry was 
added to the press which allowed ejection of the part at pressures no 
greater than the forming pressure. Once precipitous tooling failure 
was overcome, the pressing cycle could be investigated. 

The powder utilized was unlubricated Union Carbide HCM grade BN 
powder. Because of the small die bore opening, a special powder feed 
shoe was designed which simulateously jogs front-to-back over the die 
while an oscillating blade (in the shoe) wipes powder from side-to-side 
over the bore. The number of jogs (passes) of the feed shoe is con
trollable from 1-40 times, and so the powder fill uniformity became 
acceptable. Once the powder fill was resolved and the preforms were 
produced in repeatable lengths, it was possible to vary the press cycle 
sequence and verify which options were necessary or helpful. The press 
cycle sequence was eventually delineated and then the duration of each 
event in the sequence was found to be crucial. The approach velocity of 
the punch tip was measured, the duration of pre-press delay to allow de-
airing, the time at forming tonnage, the duration of ejection delay, and 
the ejection rate were all varied and the effect upon preform quality re
corded. When the optimum pressing cycle, was utilized, a synergistic 
effect was observed which resulted in the preform quality being better 
than expected. 

The remaining problem was preform-to-preform density uniformity. 
An automatic tooling lubrication system had been installed to allow com
pacting the unlubricated powders. It became necessary to be very crit
ical of injecting the proper quantity of lubricant at the onset of every 
cycle with a correctly shaped injector nozzle such that every surface 
was uniformly coated. A forced air drying apparatus was a part of the 
lubrication sequence which drys the lubricant, and the drying time had 
to be sufficiently long that the lubricant wouldn't wet the powder. When 
the automatic lubrication systems were optimized to give repeatable, pre
cise injection and drying, the preform uniformity was no longer a problem. 

Because the BN powder is used without any preparative processing, 
the range of lengths is as much as 0.10" (2.5mm). However, the preforms 
are compacted to a constant final pressure and not to mechanical stops, 
so the density, uniformity, purity, anisotropy and all other character
istics are essentially equal from part-to-part, irregardless of length. 
The primary accomplishment of automated uniaxially pressed BN preforms 
manufacture is not the increased productivity, it is the part uniformity 
so very essential for adequate performance in fuel rod simulators. One 
preform having unusual properties can result In the failure of the F.R.S., 
with resultant loss in time and usable information from the out-of-reactor-
test program of which it is a small, but important part. Automatic press
ing of BN preforms has greatly increased the F.R.S. reliability and fur
ther experience justifies increased confidence. 
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Concurrent with the Improvements in automated preform production, 
the necessary quality assurance functions were developed. Five percent 
of all preforms made are inspected for dimensional tolerances to the 
nearest .001" (.025 mm ) and the mass to the nearest milligram. The 
density of the preform is then calculated and recorded. The dimensions, 
mass, and density are recorded for each preform on an inspection sheet 
devised for this work. At the end of each shift, another form is filled 
out which is titled the Production Summary Sheet. This sheet records the 
operator responsible for work accomplished, the contract number, the mate
rial designation, several basic press settings Including the total number 
of machine cycles, and a summary of all the inspection data. The means 
of the outside and inside diameters, length, and density for the parts 
made that shift are all calculated and recorded. The total mass of parts 
made is measured and recorded, and using the average part density calcu
lated previously, the total length of preform produced is calculated and 
recorded. Figure 2 is a graphical summary of one day's inspection data 
for the .063" ID and .155" O.D. (1.60 mm and 3,94 mm) preforms. The 
scatter seen is typical, and is caused by the rounding off to the near
est one thousandths Inch or gram of all the physical data, the spring-
back of the preforms after ejection from the die which Is a function of 
time, inaccuracy in the zero adjust of the milligram balance, and in
spection personnel inaccuracy. The length variation is not exaggerated, 
but the density variation of the preforms after pressing and purification 
is typically + 1/2 weight percent of a nominal 87 percent of theoretical 
density. Therefore, the actual preform density on insertion into the 
FRS's is much better than the inspection data immediately after pressing 
would indicate. Any change in pressing conditions is normally evidenced 
by a very marked deterioration in preform density. Quality Is therefore 
more all-or-nothing, rather than borderline. It is possible to make bor
derline parts by utilizing a poorly conceived and executed pressing re
gime. 

Once the development of a pressing cycle for one preform configur
ation was accomplished, it was evident that sufficient information needed 
to be recorded to allow rapid duplication of the same tooling setup in 
future applications. Several record keeping forms were generated which 
accomodated our needs. 

The first form allows the press operator to calculate the mechani
cal advantage between the hydraulic fluid pressure in the cylinders, com
pared to the final pressing tonnage on the punch tips, A table of hydrau
lic pressure versus preforming pressure is generated. Next, a series of 
preforms was produced starting at lower than optimum preforming pressures 
and continuing upwards in pressure until no appreciable Increase in pre
form density is seen with increased pressure. The preforming pressure is 
recorded along with the preform densities measured at each pressure on 
the daily preform inspection sheet mentioned earlier. A pressure is fi
nally choosen which compromises the best density at the least pressure. 
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Figure 2 A graphical summary of the inspection data for .063" I.D. and 
.155" O.D. BN Preforms expressed as density versus length. 
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The results of 8 different tooling set up ej<periences are shown in figure 
3. Two different BN powder lots are represented by the two curves. The 
maximum density points at which the curves plateau are characteristic of 
the results achieved with these powders, which are HCM TS-1449 with the 
higher density, and TS-1325 with the lower. (TS-1449 is the flat plate
let structure and TS-1325 is rossette shaped particle) This history of 
tooling set up data allows more rapid accomodation to new configurations, 
as there is an expected behavior characteristic of BN powder types. 

Once the pressing cycle is considered to be fully optimized, all the 
press control settings are recorded into a 4 page record keeping format. 
The press controls are divided into 3 categories. First, one has all the 
electrical switches for choosing what is going to happen when the machine 
cycles. Secondly, one has a linear cam programmer which determines at 
what point in the choosen cycle certain events will occur in relation 
to the other programmable events. Third, there are hydraulic rate and 
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Figure 3 A summary of the density versus preform 
resulting from different tooling sizes 
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pressure control valves for independent adjustment of each movement of 
every hydraulic cylinder in each direction with a preset maximum force. 
These hydraulic control valves are responsible for determining the speed 
at which each of the sequential pressing events occur and the overall 
cycle time. The set-up data is recorded by noting the position of all 
switches, cams, and the opening settings of the flow valves, the pressure 
of each hydraulic circuit, as well as stop watch determined times for in
dividual events and the overall cycle time. Once this data has been re
corded, it is possible to exactly duplicate a pressing cycle for a given 
preform configuration at some future date, with minimum set up time. 

In the three years since E-P began producing BN preforms with auto
mated pressing, 21 different preform configurations have been made. E.P. 
has been obligated to certify the quality of the preforms only as it per
tains to density and sometimes chemical purity. Product improvement has 
been dependent upon customer feedback of actual in-use analysis of the 
Insulator performance in out-of-reactor tests. Certain non-required 
analytical information has been acquired as dictated by the curiosity of 
ceramic engineering minds versed in the theory of ceramic powder forming 
techniques. Figure 4 is a 200 power magnification electron microscope 
photograph showing a 160 x 400 micron agglomerate of the flat, hexagonal 
crystallites. Figure 5 is a 2000 power magnification of this same agglo
merate structure showing the individual 5-20 micron platelets. It is 
not surprising that the TS-1449 HCM BN powder packs to greater than the 
60% density predicted by calculating the packing density of uniformly 
sized spheres. The BN powder has both a nonspherical particulate shape, 
and a mixture of different size particles. Both of these deviations 
from the theoretical density of idealized spherical particles contribute 
to the 90% T.D., as-pressed preforms. 

Having to bid on new configurations necessitated extrapolation from 
previous experience. Figure 6 was an early attempt to establish a re
lationship between the preform configuration and the predicted average 
length of the preforms. Since the normal production rate is from 1.5 to 
4 pieces per minute, the longer preform length greatly enhances the daily 
production rate, and every attempt is made to maximize length without de
grading density. Preforms have been sectioned to determine if the ends 
are isodense with the middle. If the overall preform density Is close 
to 90% T.D., then there appears to be very little density variation from 
end-to-middle-to-end. Lower overall densities tend to demonstrate lower 
mid section density and green strength, and handling and shipping break
age increases. 

Production rates are also affected by the wall thickness of the pre
forms. Tubular preform insulators with wall thicknesses greater than 
.047" tend to be longer than figure 6 predicts, and with wall thicknesses 
less than ,047", the preforms are shorter than the graph would predict. 
Tubular preforms with longitudinal outer grooves are always short. Green 
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Figure 4 - 200X S.E.M. Photograph of a TS-1449 BN Powder Agglomerate 
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Figure 5 - A 2000X S.E.M. Photograph of TS-1449 BN Powder Crystallites 
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Figure 6 A plot of preforms diameter versus the length-over-diameter 
ra t io , used to predict practical preform lengths. 
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strength becomes the determing factor over density when one has a thin 
walled tubular preform with grooves. These parts must be made very 
short to prevent excessive breakage. 

A purification process was developed at ORNL to remove all organics 
from the preform after pressing. This process has been automated at MRL 
by utilizing a micropressor controlled molybdenum hot zone sintering fur
nace. The process consists of an initial outgassing under vacuum up to 
200°C. The atmosphere is then changed to forming gas or anhydrous ammoni 
and the temperature ramped to 975°C, After holding at final temperature 
10 hours, the hot zone is back filled with high purity nitrogen and then 
cooled slowly down to room temperature. The furnacing cycle requires 32 
hours, and produces total oxygen and carbon levels of 1000 ppm or less. 

The latest accomplishment at EP was the development of a magnesium 
oxide preform which is cold pressed to 78% T.D. Part-to-part length uni
formity is held to t .010" (.25 mm). The as pressed preforms are fired 
to 1350^0 in air to promote green strength and drive off the organic 
pressing aids. The fired preforms are crushable, and are dimensionally 
stable up to 1400°C. The absence of sintering in a moderately high 
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density oxide ceramic part at elevated temperature, is an unusual pro
perty which was engineered by controlling the synthesis and processing 
history of the MgO powder prior to cold pressing. 

Summary 

Nuclear fuel pin simulators require boron nitride insulators with 
unusual specifications. The geometric configurations are right cylin
ders, annular and solid, with parallel ends that are perpendicular to 
the sides. Many of the insulators are thin walled (26 mil) and may have 
longitudinal groves on the outer surface for passage of 20 mil thermo
couples. The individual BN particles must be oriented with their larger 
axis aligned radially. This anisotropic ordering promotes high thermal 
conductivity from inner to outer surfaces. The need for good electrical 
resistance necessitates stringent chemical purity. The final preform 
dimensions (after purification) must be equal to nominal within 0.001 
Inches, and part-to-part density uniformity must be within 1/2 weight 
percent of a nominal 87% theoretical density, typically. 

Automatic dry pressing with a hydraulic, opposed ram press has suc
cessfully accomodated the various geometries and preform specifications. 
The press allows choice of sequence of pressing, variable rate of ram 
travel from 1 to 68 parts per minute, and variation in final hydraulic 
pressing force from 50 to 3,000 P.S.I. The tooling surfaces are lubri
cated directly, so no internal powder lubricants are needed. Purifi
cation of the preforms following pressing is done in a programmable, 
microprocessor controlled furnace. A 32 hour furnacing cycle Initiated 
by low temperature with vacuum, followed by high temperature with form
ing gas, and finally, cooling in nitrogen, assures chemical purity. 

Experience has dictated the composition of a general tooling setup 
procedure, a 4 page listing of press control positions for each tooling 
set, a procedure for in-process dimensional-density inspection, a pro
cedure for furnace programming and operation, a purification procedure, 
and a packing procedure. The manufacturing process incorporates rigor
ous written observation of diverse, subtle variation in preform attri
butes and the corresponding process accomodations. 
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LIFETIME IMPROVEMENT OF SHEATHED THERMOCOUPLES FOR 
USE IN FUEL ROD SIMULATOR THERMAL CYCLING TESTS* 

R, W. McCulloch J. H. Clift^ 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Small-diameter sheathed thermocouples are placed with
in nuclear fuel rod simulators to measure high temperatures 
(up to 1100°C) and severe thermal transients (up to 100°C/s) 
encountered during simulated nuclear reactor accidents in 
thermal-hydraulic test facilities. These extreme require
ments, in addition to operational life requirements of up to 
1000 h, place severe demands on the thermocouples. 

Examination of thermally cycled thermocouples along 
with investigations of their time/temperature behavior 
yielded three criteria for improvement of thermocouple life
time. Methods to eliminate thermocouple prestraln, reduce 
impurity content, and refine thermoelement grain size were 
developed and introduced into the thermocouple fabrication 
process. 

Research sponsored by the Office of Research and 
Technology, U.S. Department of Energy under contract W-
7405-eng-26 with the Union Carbide Corporation. 

"''Y-12 Development Division, Y-12 Plant, Oak Ridge, 
Tennessee 37830. 
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INTRODUCTION 

Small-diameter sheathed thermocouples are the principal means of 
temperature measurement in several large out-of-reactor thermal-hy
draulic test facilities at Oak Ridge National Laboratory (ORNL). These 
facilities are the Slowdown Heat Transfer—Thermal-Hydraulic Test Fa
cility (BDHT-THTF), the Multirod Burst Test (MRBT) facility, the Breeder 
Reactor Program—Thermal-Hydraulic Out-of-Reactor Safety (BRP-THORS) 
facility, and the Gas-Cooled Fast-Breeder Reactor—Core Flow Test Loop 
(GCFR-CFTL), Transient temperature information is required In all these 
ORNL programs. The reliability of 0.51-mm (0.020-in.), sheathed, iso
lated junction type K thermocouples used in three of these experiments 
has improved significantly in the last few years and, in general, has 
met the program needs. However, requirements for small-diameter ther
mocouples for use in the developing GCFR-CFTL program necessitated a 
marked increase in reliability if the CFTL was to successfully meet its 
objectives. 

CFTL FRS DESCRIPTION 

The CFTL, shown in Fig. 1, is a high-temperature, high-pressure, 
fast-transient, out-of-reactor gas loop that is designed to supply he
lium at appropriate temperature and pressure conditions to a test bun
dle. The test bundle consists of electrically heated fuel rod simula
tors (FRSs) that are arranged to represent a segment of the GCFR core. 
The CFTL is designed to accommodate rod bundles of 37 to 91 FRSs and to 
operate from ambient pressure to 10.3 MPa, from 300 to 1370°C, and at 
FRS power levels from 0 to 43 kW/rod (0 to 4 MW total power). The 
principal objectives of the test program are the acquisition and anal
ysis of test data on (1) thermal and pressure-drop characteristics, (2) 
design and safety margins, and (3) friction and thermal mechanical be
havior of test bundles that simulate portions of GCFR fuel and control 
assemblies. CFTL test bundles will be operated with flat or skewed power 
distributions at prescribed power levels and slopes and at steady-state 
or transient conditions. Transient operation will include prescribed 
variations (with time) of test bundle power, helium pressure, and cool
ant flow rate to simulate normal, upset, emergency, and faulted accident 
transients. Depressurization accidents are included in the test pro
gram. Data obtained will be primarily from the subject thermocouples, 
most of which are integral components of the FRSs, 

The design of the CFTL FRS is shown in Fig. 2, The FRS cladding is 
prototypical of the GCFR 316 stainless steel alloy fuel rod cladding and 
thus has the same dimensions, configuration, and thermal and mechanical 
characteristics. The length of the FRS is 2860 mm, 1200 mm of which is 
heated; the outside diameter is 8,0 mm. A length of 1220 mm of the 
outer surface, slightly overlapping the heated length, is roughened to 
enhance heat transfer to the helium. The FRS is reentrant in design; 
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Fig. 1. Core Flow Test Loop (OKNL-DWG 79-16148), 

that is, both power terminals enter at a single end. The outer termi
nal, a copper tube, is joined to a tubular nickel conductor which, in 

turn, is joined to the variable-width Kanthal A-1 heating element. The 
heating element is designed to provide a cosine heat-flux distribution. 
The center terminal is made of a solid copper rod that is joined to a 
nickel conductor. This conductor, in turn, is joined through an adap
ter to the other end of the heating element to complete the electric-
current-carrying circuit in the FRS. Cold-pressed boron nitride (BN) 
preforms provide electrical insulation and thermal conductance between 
(1) the cladding and the heating element with its associated tubular con
ductor and terminal (outer annulus) and (2) the heating element and the 
center conductor with its terminal (inner annulus). Swaging was used on 
early CFTL FRSs to provide final compaction of the BN preforms. Later 
models were fabricated using a special "nonswaged" fabrication tech
nology to preserve the prototypical properties of the GCFR clad. 

Six type K thermocouples (four on earlier FRSs) with insulated 
junctions are installed inside the FRS cladding. The sheaths of the 
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thermocouples run longitudinally along the inside surface of the clad at 
60° intervals. Each of the six thermocouple junctions is axially lo
cated with a tolerance of ±1 mm and is required to provide temperature 
information over an extremely wide range of conditions. Table 1 sum
marizes these requirements. The combinations of violent thermal cy
cling, high temperatures, and long lifetime are severe requirements for 
small-diameter type K thermocouples. 

Table 1. FRS thermocouple requirements 

Type 
Sheath 
Insulation 
Junction 
Length, mm 
Diameter, mm 
Lifetime, h 
Time at 1100°C, h 
Time above 1100°C, min 
Thermal cycles 
Cycling range 
Normal 
<10 cycles 

Ramp rate, °C/s 
Accuracy, °C 

K (Chromel-Alumel) 
Inconel 600 
MgO 
Insulated 
1550 to 2750 
0.51 
1000 minimum 
40 
~10 
2000 minimum 

300 to 800 
300 to 1370 
1 to 100 
±8 to 800 
±15 from 800 to 1370 

INITIAL FRS QUALIFICATION TESTS 

To qualify the CFTL FRS and its thermocouples, the FRS is operated 
at various steady-state conditions from 300 to 1100°C for 100 to 200 h, 
including 40 h at 1100°C. It is then subjected to more than 2000 ther
mal cycles, for a total operation time of about 1000 h. Thermal trans
ients are normally from 1 to 100°C/s, and the temperature changes dur
ing cycling are from 150 to 600°C. 

Initially, we tested four swaged FRSs into which 13 (total) small-
diameter insulated-junction thermocouples had been installed. About 
1200 h of steady-state and transient-cycling tests were conducted on the 
four FRSs, and over 1000 thermal transients were conducted on one of 
them having four thermocouples. Most thermocouples failed in the ini
tial steady-state portion of the tests. Those thermocouples that did 
survive the steady-state tests failed within a few hundred transient 
cycles. Failure in all cases was by development of an open circuit in 
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one or both of the thermoelements at elevated temperatures. When the 
FRS temperature was lowered, the thermocouples would again become opera
tive. Photomicrographs of failed thermocouples showed voids at the 
grain boundaries of both thermoelements, and both were extremely brit
tle. 

These negative results prompted investigation into the causes and 
mechanisms for failure. Our investigations were primarily directed 
toward lifetime improvement. Previous work by Potts and McElroy^ and by 
Anderson and Kollie 2 showed that small-diameter thermocouples are sus
ceptible to metallurgical, chemical, and mechanical changes and that 
these changes affect both lifetime and accuracy. 

THERMOCOUPLE INVESTIGATIONS 

To understand the factors that contribute to the premature failure 
of small-diameter thermocouples, both their structure and metallurgical 
state must be considered. 

A thermocouple consists of two thermoelements, an insulating mate
rial and a metal sheath (Fig. 2). One thermoelement is Chromel-P* (the 
K+ alloy), a nickel-based alloy having chromium as the major alloying 
element. The other thermoelement is Alumel* (the K- alloy), a nickel-
based alloy containing aluminum as the major alloying element. The 
final grain size of both thermoelements is specified for CFTL use to be 
ASTM micro-grain size 7 (0.33 mm) or smaller. Thermoelement wires are 
contained In a magnesium oxide (MgO) insulation having a particle size 
of ASTM micro-grain size 7 or smaller. The sheath is Inconel 600,' a 
nickel-based alloy. The thermoelement wire diameter, the insulation be
tween thermoelements and the sheath, and the sheath thickness are 0.0508 
to 0.0762 mm. Thus, the thermoelement grain size and wire diameter are 
such that as few as two to six grains traverse the entire thermoelement 
cross section. Grain boundaries represent material discontinuities and 
are relatively weak and brittle compared with the rest of the material; 
regions along the thermoelement with large grains are therefore weak 
points within the structure. 

Another closely related factor influencing lifetime is that of 
thermal stresses arising from differential thermal expansions between 
the thermocouple components and other FRS components. Figure 3 (Ref. 4) 
gives a comparison of thermal expansion of the 316 stainless steel alloy 
used as the FRS cladding, the Inconel 600 thermocouple sheath material, 
and the Chromel and Alumel thermoelement materials. At lOOO^C the 316 

*Trade name of the Hoskins Manufacturing Company. 

'Trade name of the International Nickel Company. 
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Fig. 3. Average linear thermal expansion of materials for CFTL FRS 
clad and thermocouple components (ORNL-DWG 79-8634 ETD). 

stainless steel alloy clad has expanded 20% more than the Chromel ther
moelement and 30% more than the Alumel thermoelement. The thermocouple 
is intimately associated with the much more massive FRS clad, and both 
thermoelements are put into tension as temperatures are Increased. 
These tensile forces, imposed on grains only slightly smaller than the 
thermoelement lead wires, are major contributors to premature thermo
couple failure. 

A third contributing factor is that of oxidation. Spooner and 
Thomas,5 operating bare Chromel and Alumel in various environments, 
found that oxidation of both Chromel and Alumel thermoelements resulted 
in embrittlement and early failure, especially when the thermocouples 
were operated in the temperature range of 815 to 1038°C. They state 
that elimination of oxygen from the insulation matrix will extend the 
thermoelement lifetime indefinitely and speculate that operational tem
peratures close to the material melting point may be possible. 

A final factor that has been found to make thermocouples suscepti
ble to both early failure and temperature measurement errors is residual 
cold-work, or prestraln, in the material prior to its use at tempera
tures above its recrystallization temperature. 

Potts and McElroy^ have shown the Importance of a fvilly recrys-
tallized microstructure, free of material cold-work, as the final fabri
cation step for type K thermoelements. Cold-working changes the thermal 
electric sensitivity of the material, and, during use in an FRS, the 
cold-worked material will be annealed, again changing the thermal elec
tric sensitivity. Changes in the thermal electric sensitivity of a 
thermocouple cause temperature measurement errors. 

In addition to causing errors, small amounts of coldwork have been 
shown to cause relatively large increases in grain size when a material 
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recrystalllzes, possibly by a factor of 2 or 3 for low values of cold-
work. 6 Figure 4 illustrates the effect of coldwork on recrystallized 
grain size. With thermoelement grain size already on the order of the 
wire diameter, prestraln clearly should be avoided, if only to preserve 
a small grain size. 

Anderson conducted tests to determine the combined effects of grain 
size, prestraln, and differential thermal expansion on thermocouple 
lifetime.7 Material from two manufacturers was used. The first had a 
grain size of ASTM 7-8, and the second had a grain size of ASTM 6-7. 
Test samples were prepared by collapsing 1.5-mm-diam stainless steel 
tubing over a length of 0.5-mm-diam thermocouple material. The clamping 
of the collapsed tubing to the outside diameter of the thermocouple sam
ple was intended to simulate the strong mechanical connection that ex
ists between the FRS cladding and thermocouples. The collapsed tubing 
was electrically heated through various thermal cycles, and the loop 
resistance of the samples was monitored. 

Those samples with the smaller grain size (ASTM 7-8) were found to 
endure about 5000 cycles before failure, or two to three times the num
ber imposed on those with the larger grain size. Also, prestraining the 
samples 5% prior to thermal cycling reduced their lifetime by a factor 
of 2. 

Photomicrographs of most of the test samples showed void formation 
at the grain boundaries, as had our earlier photomicrographs. Anderson 
attributed these voids to aluminum and chromium oxides which apparently 
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Fig, 4. Schematic curves of recrystallized grain size vs amount of 
cold-work before recrystallization (after Shewman'̂ ) (ORNL-DWG 80-4764A). 
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formed at the respective grain boundaries and were removed by metal-
lographic sample preparation. In Anderson's findings (as well as ours) 
samples with voids were extremely brittle* This brittleness was attri
buted by Ludwig 8 to the brittle oxides that formed at the grain bound
aries. 

A quite different explanation of grain boundary voids has been of
fered by Dyson and Henn and by Dyson and Rodgers. ̂ ^ They found in a 
study of a nickel-based alloy that prestrain introduces microcracks 
which nucleate to form grain boundary voids when the material is subse
quently heated above its recrystalllzation temperature. Further, the 
effect of stress is to enhance the formation of voids. Prestrain values 
of about 2% reduced the elongation-to-fracture of samples by a factor of 
2 (Ref. 10), indicating that even small values of prestrain result in 
grain boundary voids. 

Although not specified, most thermocouples are received with a re
sidual coldwork of 1 to 3%, •'• presumably to adjust the thermoelectric 
sensitivity to meet the calibration curve. Further, as part of their 
assembly into an FRS, the thermocouples are strained an additional 0.5%. 
Thermocouples assembled into the earlier swaged FRSs were prestrained an 
additional 4 to 5% by the swaging process. Thus, the thermocouples in a 
swaged FRS (like those initially tested) have a prestrain of 5.5 to 
8.5%, and those in "nonswaged" FRS have a prestrain of 1.5 to 3.5%. 

As the effects of prestrain were surfacing, the design of the CFTL 
FRS was evolving toward use of the nonswaged fabrication technique, 
which, by its nature, reduced thermocouple prestrain to a level below 
which large grain growth occurs (Fig. 4). We had also incorporated a 
period of low-temperature operation at ~350°C for 1 to 2 days as part of 
the operational sequence. After these changes were adopted, lifetime 
tests of thermocouples in nonswaged FRSs were extremely successful, al
though there was still evidence of decalibration. Eight nonswaged FRSs 
with 27 thermocouples endured over 2,000 h of steady-state and transient 
testing, including over 12,000 thermal transient cycles. No thermocou
ples failed prior to FRS failure, even though some rods endured more 
than 4000 transients, many as severe as 100°C/s, 

Figure 5(a and b) compares photomicrographs of the Alumel thermo
element from a swaged FRS prototype and a nonswaged FRS prototype re
spectively. Both FRSs endured about 1000 h of steady-state and trans
ient operation and over 2000 thermal cycles. Sample 4a failed after 
~200 h of steady-state operation and 400 thermal cycles, while sample 4b 
did not fail. Sample 4a was extremely brittle, but sample 4b was duc
tile even though the grains were relatively large. 

Thus, while oxidation contributes to failure and should be mini
mized, we feel the major cause of premature failure of small-diameter 
thermocouples is prestrain-induced grain growth and grain boundary void 
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i 

Fig, 5. Photomicrographs of the Alumel thermoelement from (a) a 
swaged FRS and (b) a nonswaged FRS, both of which endured ~1000 h of 
operation with more than 2000 thermal cycles. Voids in (a) render it 
very brittle while the void-free sample of (b) is ductile. (Original 
reduced 8%) (ORNL Photo 5287-80). 

growth, causing reduced thermoelement cross-section and grain boundary 
embrittlement. 

From the preceding discussions, the thermocouples apparently must 
have three characteristics if they are to meet CFTL operational require
ments: 

1. The thermoelements must be fully annealed when received. Any ensu
ing coldwork occurring during fabrication of the FRS should not 
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exceed 1% and should be removed prior to operating the thermo
couples at or above their recrystalllzation temperature, 

2. There must be a minimum of oxygen and moisture as well as hydrox
ides [such as Mg(0H)2] or oxides (such as iron oxide) inside the 
thermocouple sheath. This requirement will help to reduce the 
source for oxidizing the chromium or aluminum in the thermoele
ments, 

3, The final grain size of both thermoelement wires must be very 
small, with a recommended maximum of ASTM micro-grain size 9 (~4440 
grains/mm^ or 0.016-mm diam). 

A structure free of coldwork can be obtained by completely anneal
ing the material above the recrystalllzation temperature or by a "recov
ery" anneal below the material recrystalllzation temperature.^ There
fore, the first characteristic can be obtained by specifying a complete 
(fully recrystallizing) anneal or by a recovery anneal as the last oper
ation during thermocouple fabrication. The second characteristic can be 
obtained by specifying a 1000°C, OO-y vacuum bakeout of the insulators 
prior to their assembly into the thermocouple sheath, followed by assem
bly of the thermocouple bulk material in an inert atmosphere. The final 
characteristic results from optimization of the thermocouple fabrication 
process to refine final grain size as discussed in the next section, 

THERMOELEMENT GRAIN SIZE REFINEMENT 

The development work to produce the refined-grain thermoelements 
was performed by ORNL in conjunction with thermocouple processing at 
Groth-Mazur, Inc, (GMI), Addison, Illinois, Using the actual production 
equipment avoided the effects that small variations in specific param
eters such as deformation, furnace temperatures, and temperature gradi
ents have on the final results. 

The fabrication process consisted of the following steps. The MgO 
insulators were subjected to a 1000°C vacuum bakeout, and all materials 
were thoroughly cleaned. The thermoelement wires and MgO insulators 
were then assembled into the 4.76-mm-diam Inconel 600 sheath. The 
diameter of the assembly was reduced from 4.76 to 0.51 mm by a multi
ple draw-and~anneal cycle. Figure 6 shows the thermocouple cross sec
tion after assembly. 

The development effort optimized both the drawing and annealing 
processes to achieve the finest grain size possible consistent with rea
sonable production times and material yields. A brief review of recrys
talllzation and drawing is warranted before discussing the experimental 
work. 
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Fig, 6. Cross-sectional view of a sheathed type K thermocouple 
after assembly (ORNL-DWG 80-5632 ETD). 

Recrystalllzation and Drawing 

The recrystalllzation of the thermoelements is a nucleatlon and 
growth phenomenon, the completion of which is dependent on annealing 
temperature, time, and coldwork performed before annealing, as well as 
composition variations, A schematic representation of the effect of 
prior coldwork and initial grain size before cold-working on the re-
crystallized grain size is shown in Fig. 4, The schematic suggests that 
a large amount of coldwork is desired to refine grains by subsequent re-
crystallization; small amounts of coldwork must be avoided. 

Because it is a nucleatlon and growth process, the amount of mate
rial transformed during recrystalllzation follows a sigmodial ("S"-
shaped) distribution with time.^ A process that takes 20 min to com
plete may be only 10% complete after 5 min and 90% complete after 15 
min. Grain growth of some grains begins while others recrystallize; 
grain growth will continue after recrystalllzation is complete if the 
material remains at temperature. 

The relationship between temperature and time of recrystalllzation 
is given by an Arhennius-type equation found to hold for a number of 
metals:^^ 

1/t = A exp(-Qj./^T) , (1) 
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where 

t = time for a certain percent recrystalllzation, 

A = a constant, 

Qj. = activation energy for recrystalllzation, 

R = gas constant, 

T = absolute temperature. 

From Eq. (1): 

1/T = R/Qr (In t + C) , (2) 

where C is a constant. This equation shows that, for a unit change in 
temperature, the time for a fixed amount of recrystalllzation changes 
logarithmically. 

A schematic representation of Eq. (2) for two materials with dif
ferent activition energies in shown in Fig. 7. To a first approxima
tion, material with a lower activation energy is characterized by a 
higher slope and takes less time to recrystallize at a given tempera
ture. As temperature is reduced, the difference in recrystalllzation 
times increases. Thus, the minimum difference in recrystallized struc
ture is obtained at the highest temperature for the shortest time. 

If the grain size of two materials is to be minimized and they must 
be annealed at the same temperature (as is the case with the Chromel-
Alumel system in a thermocouple), then the amount of recrystalllzation 
of the material with the highest activation energy (Chromel) determines 
the anneal time. Thus, the extent of recrystalllzation necessary for 
subsequent cold-working of that material without fracture during fabri
cation must be determined. This amount of recrystalllzation will deter
mine the annealing time for the system and, therefore, the grain size of 
the material with the lowest activation energy. From Fig. 7, the dif
ference in grain size will be smallest when the recrystalllzation time 
is shortest; this occurs at the highest temperature. 

The drawing process was also examined in detail. Figure 8 shows 
the geometry and forces on material being drawn through a die. The 
three forces acting on the material are axial tensile forces, transverse 
shear forces, and friction forces. The equations describing the process 
for a homogenous wire of constant volume are given̂ '̂  as 

Useful Friction Redundant 
work term term work term 

^xa = t̂ o ln(Ab/Aa)] • (1 + M cot a) • (({)) , (3) 
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Fig, 7. Schematic representation of Eq, (2) for two materials with 
different activation energies (ORNL-DWG 80-5633 ETD). 

and 

Db + Da 
= Ci + Co sin a , 

Db-Da 

(4) 

where 

a^a - the draw stress on the wire exiting the die, 

o^ = the mean material yield stress, 

Ajj and A^ = the initial and final cross-sectional area, 

jj = the coefficient of friction for the lubricated die-wire 
surfaces, 
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Fig, 8, Solid wire being drawn through conical die (ORNL-DWG 80-5635 ETD) 

Ci 

Db 

and 

and 

a 

* 

Cl 

Da 

the draw die half angle, 

the redundant or nonuseful work term, 

constants associated with strain hardening, 

the initial and final wire diameters. 

The first term in Eq, (3) is the useful work term; the last two terms, 
the friction and redundant work terms, respectively, do not contribute 
to the wire diameter reduction. The process, also in Ref, 12, is ex
pressed more simply by 

-•xa 
jade , (5) 
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where rij the efficiency factor, is the ratio of the useful work term to 
the total work â a ^'"•d jade is a representation of the contlnous 
integration of OQ ln(A]3/Aa), 

A material which exhibits strain hardening when plastically de
formed can be described by 

a = K e" , (6) 

where n is the strain-hardening exponent coefficient and K is the 
strength coefficient. Figure 9 shows the flow curve for a solid wire 
following the strain-hardening power law as well as Jade (the work 
curve) for an ideal (100% efficient) process and 1/n Jade for the actual 
drawing process. 

The draw stress a^a f°^ ̂  die-produced elongation e and the cor
responding material flow stress Og are indicated. The weak point in 
the system is where the wire exits from the die. The flow stress of the 
material follows the indicated curve, and the material is strain hard
ened as it is deformed. The drawing limit is attained when the total 
elongation (^xaax ^^ reached; at this point the material flow stress 
®emax ^^ equal to the process draw stress a^a' When Smax ^^ 
reached, whether in one or several draws, the material breaks. Thus 

Fig. 9, Flow curve (Ke'̂ ) for a solid wire that exhibits strain 
hardening as well as the work curve for ideal (Jade) and typical (1/n 
jade) drawing process (ORNL-DWG 80-4766 ETD). 
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Ejnax '̂ '̂̂  ^^ increased only by increasing the process efficiency so 
that the process flow curve Intersects the material flow curve at a 
larger Emax^ 

Drawing efficiency can be maximized by increasing ln(A,/A ) in Eq, 
(3) and by decreasing D^ in the term (D^ + Dg)/(Db - D^) in Eq, (4) (a 
is set and is not considered). This model and analysis predict that 
less redundant work is put in the material as the reduction per pass Is 
increased. 

Experimental Work 

Groth-Mazur, Inc., had previously fabricated small-diameter thermo
couples by annealing for 6 min at 1000°C after introducing ~20% true 
strain. Figure 10 shows the microstructure that resulted from this pro
cess. The thermoelement on the left of the figure is the K- alloy. The 
grain size of the K- alloy was extremely large (ASTM 5) and needed to be 
reduced to ASTM 7 or smaller to conform to ORNL specifications. 

The new drawing and annealing schedule to make this reduction was 
determined from the preceedlng recrystalllzation and drawing theory, 
literature information on the thermocouple components,^ s-'-̂  and indus-
trj' experience. The intent was to (1) draw the maximum amount possible 

Fig, 10. Grain size of vendor-produced 0.51-mm-diam thermocouples 
before grain size refinement. Chromel (left) and Alumel average grain 
size is 23 and 47 p (ASTM 8 and 6), respectively (400x). (Original 
reduced 16%) (ORNL Photo 2611-80). 
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without encountering excessive thermoelement breakage or other damage 
and (2) adjust annealing conditions to minimize grain growth of the 
Alumel thermoelement while still obtaining full recrystalllzation of the 
Inconel sheath and Chromel thermoelement. 

Optimum annealing conditions were determined by drawing annealed 
samples of Chromel and Alumel wire, and of assembled thermocouples, to 
20 to 50% coldwork [as Indicated by true strain = In (Ab/Ag)], fol
lowed by annealing at several time-temperature conditions. Elongation 
to failure tests, as well as metallographic and microhardness examina
tion of annealed samples, were also used, Optimun annealing conditions 
were found to be •~1025°C for 60 s for a l~mm-diam thermocouple. 

Determination of these conditions was complicated by several fac
tors. First, the thermocouple mass per unit length changed by a factor 
of 30 during the total drawing process, requiring that annealing times 
and/or temperatures be continuously adjusted to compensate. Second, 
when the material limits were approached, failure might not occur at 
that point, but damage (necking or introduction of small cracks avail
able to act as stress raisers) would lead to premature failure at 
smaller diameters later in the process. The degree of damage would 
depend on the degree of previous annealing, the amount of strain intro
duced after annealing, how it was in troduced, and the strain-hardening 
behavior of the material, 

Backofenl't defines the ratio of maximum strain in drawing to pull
ing as: 

e(draw) _ n (n + 1) 

e(pull) max " n 

where n is process efficiency and n, defined in Eq, (6), is the strain-
hardening exponent. He also gives process efficiency data which shows 
normal drawing efficiencies of 55 to 75% in the range of 40 to 50% cold-
work. 

From stress-strain tests, we determined the strain-hardening ex
ponent n of Chromel (the thermoelement that was usually found to fail 
first) to be '̂ 0.4 and the maximum strain e for annealed Chromel in pull
ing to be about 24%. From Eq. (7), the maximum strain in drawing is 
thus about 55%, assuming a process efficiency of 65%, 

A third complicating factor is that of MgO-to-thermoelement inter
action during drawing. Our drawing work did not follow that normally 
used for a solid wire. Instead, our experimentation led to the obser
vation that the maximum strain before fracture was obtained by multiple-
pass drawing instead of by a single large reduction as theory predicted. 
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The reasons for this observation become more evident when the thermocou
ple drawing process is examined, as in Fig. 11, The thermoelement is 
reduced by frlctional forces transferred through the MgO particles. 
Forces are generated by the draw die acting on the thermocouple sheath. 
As a sheath diameter is reduced and the insulation gap is decreased, the 
MgO particles move forward in the drawing direction and inward to elon
gate the thermoelement and thus reduce its cross-sectional area. 

Because the surface-to-volume ratio for the thermocouple components 
is inversely proportional to their diameter and material movement is by 
surface interaction with the MgO particles, surface effects become much 
more important as the thermocouple size is reduced. Additionally, the 
sheath-to-thermocouple annulus size decreases, while the MgO particle 

Fig, 11, Schematic representation of a thermocouple being drawn 
through conical die (ORNL-DWG 80-5635). 
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size does not. This limits the number of particles across which the re
duction forces are transmitted. Fewer particles increase the probabil
ity that (1) the thermoelements will encounter large transverse forces 
and (2) a relatively large, irregular particle will interact with a 
thermoelement along its length sufficiently enough for catastrophic 
failure. 

The results of these effects are illustrated in Fig, 12. These 
photographs, produced during this experimentation, show MgO particles 
causing a cross-sectional area reduction of 30% [Fig. 11(a)] and 18% 
[Fig, 11(b)], 

Results of the Fabrication Process Development 

The final drawing and annealing schedule shown in Table 2 included 
nine anneals during reduction of the material to 0.51-mm diam, Coldwork 
ranged from 56 to 36% with the most coldwork Imposed at larger diam
eters. Reduction was by two to four passes between anneals. Anneal 
time was varied from 30 to 90 s at 1025°C to optimize annealing as the 
thermocouple mass per unit length changed. 

Optimization of the drawing and annealing schedule required con
tinuity checks and elongatlon-to-failure tests of postannealed material. 
Excess coldwork often did not result in thermoelement "open" circuits 
until one or two draw-anneal cycles afterward. However, elongation 

Table 2. GCFR-CFTL thermocouple 
draw-anneal schedule 

Draw 
diameter 
(mm) 

2.72 
2.13 
1.68 
1.32 
1.07 
0.86 
0,71 
0.61 
0,51 

No, of 
steps 

4 
3 
2 
2 
2 
3 
3 
3 
3 

Maximum percentage 
per step 

22.0 
21,7 
33.6 
29.3 
29,9 
28.9 
20,0 
14.8 
17,4 

Coldwork 
total 

-56 
48,4 
48.2 
47.7 
42.7 
42,3 
38,8 
30,8 
36,5 

Annealing time 
at 1025°C 

(s) 

90 
90 
90 
75 
75 
75 
60 
45 
30 

Draw and anneal schedule to produce thermoelements having 
a grain size of 0,016 mm (ASTM 9) or smaller. 
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Fig. 12. MgO partical interaction with thermoelement resulting in 

(a) cross-sectional area reduction of 30% in a 0.53-mm Chromel element 
and (b) cross-sectional area reduction of 18% in a 0.64-mm Alumel ele
ment (400x) (original reduced 16%) (ORNL Photo 5018-80). 
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tests were very sensitive to material damage. Thus, material correctly 
drawn and annealed experienced a true elongation of 20 to 25% for both 
thermoelements and sheath, with the failure occurring initially in the 
sheath. Damaged material was characterized by a true elongation of only 
12 to 18%, with the Chromel thermoelement failing initially. 

Figure 13 shows the microstructure of the Chromel and Alumel ther
moelements produced by this process. The micrograin sizes of Chromel 
and Alumel are ASIM 11 and 9 (9 and 17 p) respectively. Several produc
tion runs were successfully completed, each producing about 120 m of 
material. An additional 2 km is currently in process. 

Fig. 13, Chromel (left) and Alumel average grain size Is 9 and 17 
U (ASTM 11 and 9), respectively, after grain size refinement (400x). 
(Original reduced 16%.) (ORNL Photo 5019-80). 

CONCLUSIONS 

Premature failure of small-diameter thermocouples used in CFTL FRS 
prototypes required an investigation into the causes for failure and 
ways to improve lifetime. Failure was judged to be caused by prestrain-
induced grain boundary growth and growth of voids at the thermoelement 
grain boundaries. These growth effects embrittled the thermocouples and 
caused open circuits when thermal expansion mismatches produced rela
tively small axial strains on the thermoelements. Contributing factors 
were (1) oxidation of the thermoelement chromium and aluminum, causing 
further embrittlement as well as temperature measuring errors, and (2) 
large grains resulting in reduced strength of the thermoelements. 
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Significant Improvements in lifetime were demonstrated simply by 
eliminating prestrain in the material. However, three characteristics 
were finally established as important to lifetime while also providing 
measurement error reduction: 

1, complete elimination of prestrain in thermocouple materials prior 
to operation above their recrystalllzation temperatures; 

2, minimization of oxygen, moisture, and hydroxides during thermocou
ple fabrication; and 

3, refinement of the thermoelement grain size to meet ASTM micrograin 
size 9 or smaller, 

A fabrication process was developed in conjunction with GMI that 
resulted in ASTM micrograin size 9 to 11 in thermoelement samples. All 
three suggested improvements were incorporated into the specification 
for procurement of CFTL thermocouples. 

Wire-drawing theory did not predict the behavior of the composite 
thermocouples, apparently because of surface effects that became more 

important as we reduced the thermoelement diameter relative to the con
stant MgO particle size. At larger reductions per pass, the higher 
transverse compressive force from the die caused a higher probability of 
a critical interaction between the MgO particle and a thermoelement, 
thus causing failure of a thermoelement. Under these circumstances, the 
Chromel thermoelement was normally first to fall. Elongation-to-failure 
tests were the primary means of detecting Chromel damage. 

Possible improvements to enable further thermoelement grain size 
refinement (by additional drawing between anneals) and/or production of 
smaller-diameter thermocouples could include (1) optimization of the 
drawing process with respect to the die design and (2) a further re
duction of the maximum MgO particle size. 
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ABSTRACT 

We have developed laser welding and furnace brazing tech
niques to join subassemblies for fuel rod simulators (FRSs) 
that have survived up to 1000 h steady-state operation at 700 
to llOO'C cladding temperatures and over 5000 thermal tran
sients, ranging from 10 to 100°C/s. A pulsed-laser welding 
procedure uses small-diameter filler wire to join one end of a 
resistance heating element to a tubular conductor. The other 
end of the heating element is laser welded to an end plug, 
which in turn is welded to a central conductor. Before these 
welding operations the intermediate material conductors 
(either tubular or rod) are vacuum brazed to matching copper 
leads. On room-temperature tensile testing, 10 of 11 braze-
ments between copper and nickel rods failed in the copper 
rather than the brazement. 

The thin walls and ductilty of the copper and nickel 
tubular conductors caused joint machining and fitup problems. 
Accordingly, we have not been able to consistently produce 
tensile test samples of brazed dissimilar-metal tubular con
ductors that will fall outside the joint area. 

We have also developed a unique tubular electrode carrier 
for gas tungsten-arc welding FRSs to the tubesheet of a test 
assembly. Two seven-rod mockups of the slmulator-to-tubesheet 
joint area were welded and successfully cycled 500 times from 
370''C (698''F) down to 100°C (212°F) with an internal pressure 

*Research sponsored by the Gas-Cooled Reactor Program Division, U.S. 
Department of Energy, under contract W-7405-eng-26, with the Union Carbide 
Corporation. 
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of 11.72 MPa (1700 psl). No leakage was detected by helium mass 
spectrometry, either before or after testing. 

Modified versions of the electrode carrier were developed 
for brazing electrical leads to the upper ends of the FRSs, 
Satisfactory brazes have been made on both single-rod mockups 
and arrays of simulators. 

INTRODUCTION 

The various nuclear reactor programs in the United States and abroad 
share the common need for improved understanding of reactor core thermal-
hydraulic phenomena and for detailed Investigations of safety-related 
occurrences. Although some of the necessary research and development 
requires actual in-reactor testing, many of the studies of thermo-
mechanical performance at prototypic steady-state and transient operating 
conditions can be conducted on simulated segments of core assemblies by 
using high-performance, electrically heated devices to take the place of 
radioactive fuel rods. These devices, known as fuel rod simulators (FRSs), 
have the same geometry and function (to produce a high heat flux) as the 
fuel rods in nuclear reactors but use resistance heating in a spirally 
wound element rather than radioactive decay. Additionally, they include 
internal thermocouples, which provide temperature measurement at all 
thermal-hydraulic conditions. 

Because of the high costs required to fabricate and assemble an array 
of such simulators, it is very important that each rod be capable of reli
able operation at steady-state cladding temperatures up to 1100°C, tran
sient cladding temperatures up to 1375°C, and heat fluxes typical of both 
normal and off-normal reactor core conditions (up to 1,6 MW/m^) and do so 
over a testing period of 1000 operational hours. Critical factors in the 
successful fabrication of a FRS are the design of the joints between the 
various segments of the simulator and the development of techniques and 
equipment for performing the actual welding and brazing operations. Each 
of the joints must be capable of carrying both mechanical loads and high 
electrical currents but at the same time must conform to the necessary 
space limitations and dimensional tolerances of ±0,025 mm (0.001 in.), 

A comprehensive review of many aspects of the design and fabrication 
of FRSs for Liquid-Metal Fast Breeder Reactor (LMFBR) out-of-reactor safety 
tests has been written by Baucum et al.1 The work summarized in this 
paper was undertaken to assist in the development of procedures for fabri
cation of simulators to be assembled into an out-of-reactor helium circu
lation loop known as the Core Flow Test Loop (CFTL), This facility, which 
is part of the Gas-Cooled Fast Breeder Reactor (GCFR) Program, is a 
high-temperature, high-pressure system designed to supply helium under the 
appropriate conditions to bundles of from 37 to 91 FRSs that are arranged 
to represent a segment of a fuel rod assembly of the GCFR core. The loop 
will simulate both steady-state and fast transient conditions in the core. 
Operational test data will be obtained in support of GCFR core designs, 
mechanical interaction, and safety criteria under normal and postulated 
accident conditions. Both the laser welding techniques for attaching the 
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resistance heating element to an intermediate material and the brazing 
techniques developed for joining this intermediate material to the copper 
lead-in will be discussed. 

Pulsed ruby laser welding^ and electron-beam welding (EBW) have3 
previously been investigated for welding FRSs to a tubesheet to form a 
test assembly. The EBW process was superior, and eight bundles of rods 
have been fabricated with this process. These assemblies have operated 
collectively for over 26,000 h to date in high-temperature sodium with no 
failures in the FRSs-to-tubesheet joints. 

Although the EBW process has proven capable and reliable in this type 
application and is the reference process for attaching the CFTL simulators 
to the tubesheets, it does have the drawback that the test bundle must be 
placed in a vacuum for welding, and a large enough EBW chamber was not 
available in Oak Ridge, 

The simulators for the CFTL are approximately 2,5 m (98 in.) long 
so that only electron-beam welders with very large vacuum chambers could 
be used for these simulator-to-tubesheet welds. Although we have located 
a company with a machine that apparently can accommodate these very long 
bundles, the packing and shipping problems remain. Consequently, we have 
undertaken a program to develop an alternate technique for making these 
welds. We have selected the gas tungsten-arc process (GTA), and our 
equipment and procedural developments will be discussed below. We will 
also describe our work developing a technique for brazing the electrical 
conductors to the coaxial leads that protrude from the top of the FRS. 

FUEL ROD SIMULATOR GEOMETRY 

The configuration of the FRS for the CFTL is shown in Fig. 1. These 
simulators use a coiled-ribbon heating element of high resistance and high 
melting point that is connected on either end to an Intermediate material 
of lower resistance. The intermediate material is in turn joined to cop
per leads that exit one end of the FRS for eventual connection to the 
power supply. Figure 1 shows the reference FRS, which has a Nichrome V* 
(Ni—20% Cr) heating element and nickel as the intermediate material. The 
high-temperature version of this design is attained by replacing the 
Nichrome V with Pt--8% W and substituting molybdenum for the nickel. 
Kanthal A-It [Fe~22 Cr—5.5 Al-0.5 Co (wt %)] is also used to replace the 
Nichrome V in the heating element with nickel remaining as the inter
mediate material. 

These simulators differ from most others fabricated in the United 
States in that they are relatively long [up to about 2.5 m (98 In.)] 
and small in diameter [7,47 mm (0.294 in.)] but have both power leads 
connected to the rod at one end. In most other FRSs the electrical 

*Nichrome V is the trade name of the Driver-Harris Co., Harrison, 
New Jersey, 

tKanthal A-1 is the trade name of the Kanthal Corp., Bethel, 
Connecticut. 
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Fig, 1. Typical design of a fuel rod simulator for the Core Flow 
Test Loop. This particular schematic shows a Nichrome V heating element, 
but the joint designs are the same whether the heating element is Kanthal 
A-1 or ?t--8Z W (ORNL-DWG 79-7831). 

connections are made at both ends, eliminating the need for the central 
current-carrying rod. Therefore, space restrictions are not quite so 
severe. 

Figure 1 also shows the joint designs used in the connections of the 
various components inside the FRS, Our techniques for laser welding the 
resistance winding to the intermediate material and for brazing the inter
mediate material to the copper leads will be discussed separately below. 

MATERIALS 

Three heating element materials (Pt—8% W, Kanthal A-1, and Nichrome V) 
have been considered for use in these FRSs. For prototypes that contain 
the Pt—8% W winding, we have used molybdenum as the intermediate material, 
whereas in units with Kanthal or Nichrome windings nickel is used as the 
intermediate material between the heating element and the copper leads. 
In each case the sheath of the FRS is type 316 stainless steel tubing, and 
the insulating material is cold-pressed boron nitride preforms developed 
by ORNL.'̂  

At this time we have had the most success in fabricating and testing 
rods with a Nichrome V winding. Therefore, this Ni—20% Cr alloy is pre
sently our reference material. The Nichrome V has better fabrication 
characteristics than Kanthal A-1 because it is more ductile and more eas
ily welded. After welding, Kanthal A-1 is quite brittle at room temper
ature, is subject to splitting during manufacturing, and has very low 
strength above 1100°C. However, the higher melting temperature of this 
material (1510°C) compared with that of Nichrome V (1400°C) makes it 
favorable for FRS use. Consequently, development of Improved fabrication 
techniques continues. 
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The Pt—8% W alloy has an even higher melting temperature (1870°C) and 
so Is desirable in simulators designed for very high peak heat fluxes. 
Use of this material for the winding necessitates the intermediate 
material also having a higher melting point than nickel (1453°C), To date 
we have used molybdenum for this application. However, problems exist 
with both these materials. The Pt—8% W alloy undergoes abnormal grain 
growth (as a function of the degree of cold work) with exposure of less 
than 4 h at 1400°C. The large grains cause increased volume resistivity 
and localized high temperatures at the grain boundaries. The positive 
temperature coefficient of resistivity of the Pt—8% W material leads to 
further local heat generation until failure occurs from melting the heat
ing element. Also, the large grains are more susceptible to failure under 
thermal stresses since the grain boundaries often traverse the entire rib
bon cross section, resulting in a relatively brittle localized region. 

The second major problem with this type of FRS is the large differ
ence in coefficient of thermal expansion between that of the molybdenum 
central return rod material and that of the stainless steel sheath of the 
heater. This difference has caused tensile failures of the molybdenum 
rod-to-molybdenum plug weld (Fig. 1, left end) in some test units. This 
latter problem might be alleviated if a sheath material with a lower coef
ficient of expansion (such as a ferritic stainless steel) could be substi
tuted for the presently specified austenitic type 316 stainless steel. 
However, this will not be allowed for simulators for the CFTL. Because of 
the above problems, an FRS having a Pt—8% W winding and molybdenum inter
mediate material is not being actively considered at this time, 

JOINING OF SIMULATOR CCMPONENTS 

Welding the Heating Element to Intermediate Material 

The temperature requirements for this joint are severe because during 
operation the melting point of the winding is approached. Thus, to get 
the highest possible temperature capability out of a given winding mate
rial, brazing is precluded in this particular area. Although it is likely 
that with sufficient development of equipment and procedures several dif
ferent welding processes could be used, we have elected to concentrate on 
pulsed-laser welding because of several important characteristics of this 
process. First, because it is a highly concentrated but low total energy 
input process, very little distortion is produced by these welds. Thus, 
the inner diameter of the joint is not reduced, as would likely be the 
case if GTA welding were used. This allows the boron nitride insulator 
preforms to be loaded easily during rod fabrication.^ The low energy 
input during laser welding also reduces the amount of grain growth that 
occurs in the heat-affected zone, thereby minimizing a problem common to 
some materials (such as molybdenum) whereby abnormal grain growth results 
in weldments with low room-temperature ductility. Finally, because it is 
a pulsed process, the laser welds can be made with little or no fixturing 
with (if necessary) the individual location of each overlapping spot that 
makes up a seam weld. 



458 

Figure 2 shows a heating element being welded to an Intermediate tube 
with the pulsed ruby laser welder. This device contains an optically 
pumped, 9,52-mm~diam by 101.6-mm-long (0.375 X 4.00~in,) ruby rod with a 
rated output of 10 J/pulse. As seen in this figure the operator views the 
workplece (and each completed weld spot) through a binocular optical 
system that is collinear with the path of the laser beam. Viewing is done 
at a magnification of either 20, 40, or lOCK, as determined by the focal 
length of one of three objective lenses used to concentrate the laser 
energy. A movable mirror, similar to that on a single-lens reflex camera, 
permits viewing through the optical train and then moves to block the 
viewing optics and allow passage of the laser beam. The laser can either 
be fired manually by depressing a footswltch or cycled repetitively at 
rates as high as one pulse every 2s, A more complete description of 
this equipment and its capabilities was published earlier by Moorhead,5 

Fig. 2, Ribbon heating element in place at the pulsed ruby laser 
welder for joining to a tube of intermediate material. The location of 
the joint is indicated by an arrow (Y-159099) . 

For all three winding materials, the joint design is a single bevel 
groove with a 45° bevel machined on the tube or end plug (upper left inset 
of Fig, 1), This design increases the capability for achieving full pene
tration of the weld, minimizes the amount of the heating element material 
that is fused in the weld pool, and allows the use of a filler metal as 
shown in Fig, 3. The weld is made in two passes with the pulsed ruby 
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Fig, 3. Upper tube — resistance winding (left) before being joined 
by laser welding to a tube of an intermediate material (right), lower 
tube — partially completed two-pass laser weld with a piece of filler wire 
(arrow) intentionally left in the joint for clarification (Y-160147). 

laser welder. In each pass the energy output from the machine is approxi
mately 5 J/pulse, The second weld is essentially a cosmetic pass used to 
smooth the bead surface. We use 0.25-mm-diam (0.010-ln,) American Welding 
Society (AWS) A5.14 ERNi-3 {Nickel 61 [Ni-0.15 G-0.75 Si-1,5 Al-2.75 Ti 
wt %)]} filler wire for the Kanthal A-1 winding, AWS A5,14 ERNiCr-3 
Inconel 82 [Ni-0.1 C-0.5 Sl-3 Mn™2.5 Nb-20 Cr (wt %)]} filler for the 

Nichrome V, and pure platinum wire In the molybdenum-to-Pt—8% W weldment. 
A snug fitting stainless steel mandrel is used in all cases to maintain 
alignment of the heating element and intermediate material and to minimize 
constriction of the bore of the tube. Alignment and weld drop-through are 
critical in this application because the cold-pressed boron nitride pre
forms used as instilation in the simulators are produced with only a slight 
clearance fit so that the final compacted layer will be as dense and uni
form as possible. We are attempting to meet the dimensional criteria of 
no more than 0.05 mm (0.002 in.) in either reinforcement of the weld sur
face or drop-through in the bore, A typical metallographic cross section 
of one of these welds is shown in Fig. 4, 
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Fig, 4. Cross section through laser weld joining nickel tube (left) 
to Nichrome V heating element (Y-159669). 

Joining of Central Conductor Rod to Lead-In 

In the simulators with Nichrome V or Kanthal A-1 heating elements, 
the central conductor rod material is commercially pure nickel, and in the 
higher temperature rod with the Pt-8% W winding we used molybdenum at this 
location. These materials were selected on the basis of their relatively 
low electrical resistivity and adequate mechanical strength in high-
temperature service. We also tried to select materials whose coefficients 
of thermal expansion approximated that of their respective heating 
element. 

Copper, because of its high electrical conductivity, which minimizes 
resistance heat generation in the terminal area, was used in all cases for 
the lead-in material. The rod diameter is 2.16 mm (0.085 in,). Brazing 
was chosen as the method for joining these rods because we thought it 
offered the best possibility of producing a joint with strength at least 
as great as that of the copper, with electrical resistance no greater than 
that of the central conductor, and with capability of holding component 
distortion to a minimum. 

The conical geometry shown in Fig. 5 was selected for use in this 
joint. This geometry has several favorable features for a design amenable 
to brazing: (1) most of the braze joint is in shear (under axial loading) 
because brazes have poor strength in a butt joint configuration, (2) the 
parts are self-aligning or -fixturing, and (3) the joint can be made with 
sufficient overlap so that the load carrying capacity is greater than that 
of the copper rod. We found that if the tapers were closely matched and 
the parts were rigidly held together during brazing we did not achieve 
alloy flow through a sufficient amount of the joint in some instances. To 
prevent this overly tight condition, we scribed three fine lines on the 
faying surface of the male rod, thus creating projections that prevented 
metal-to-metal contact and ensured the necessary gap for capillary flow of 
the filler metal. Note also that we have made the material with the 
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Fig, 5, Geometry of joint used in brazing the central conductor rod 
in mechanical property tests and prototypic fuel rod simulators. The 
angle of taper was 30° in early tests but was subsequently increased to 
45° to help solve a braze alloy filling problem (ORNL-DWG 80-11516) . 

higher coefficient of thermal expansion (copper) the female member. This 
geometry admittedly results in a larger gap when brazing but results in 
the braze joint itself being in compression on cooling — a favorable 
condition. 

Four brazing filler metals - BNi-3 (Ni~3.0% &-4.5% Si-0.5% Fe), BNi-6 
(Nl~11.0% P), BAu-3 (Cu-3,0% Ni-35,0% Au), BAu-4 (Au-18.0% Ni) (AWS A5,8) -
were considered for joining the central conductor rod components. These 
alloys were chosen for their solidus temperatures (i.e,, above the esti
mated service temperature); liquidus temperatures (below the 1083°C 
melting point of copper); and known excellent brazing behavior on copper, 
nickel, or molybdenum. The two nickel-base alloys were used in powder 
form, whereas the gold- and copper-base materials were wires. 

After a series of brazes were made on inverted tee specimens, on 
short samples with prototypic conical joint geometries, and on the 
subassemblies for GLR-L-6P, we narrowed our candidate brazing filler 
metals to two — BAu-4 and BAu-3, Although the BNi-3 alloy wet all three 
base materials (copper, nickel, and molybdenum) in the tests on the tee 
specimens, it did not flow well through the conical joints at the 1050°C 
brazing temperature we had selected to avoid problems with the copper 
melting point (1083°C), For the BNi-6 alloy, if we brazed at the recom
mended temperature of 980°C, this filler metal tended to penetrate the 
grain boundaries in the copper and to liquate excessively with the nickel. 

A 30° included-angle joint geometry was selected for the first proto
typic samples of the braze joint in the central conductor. This angle was 
selected to give a wide faying surface, which is beneficial from the 
standpoints of joint alignment and resultant strength. However, after the 
first few brazed nickel-to-copper samples were pulled to failure in a room 
temperature tensile test, we noted that in all cases failure occurred at 
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the braze joint rather than in the copper base metal, as would be desired. 
On examination of the tested coupons it was obvious that the brazing 
filler metal had not flowed the full extent of the conical joint. 

This problem was overcome by increasing the angle of taper to 45° 
andj as mentioned previously^ by scribing three fine lines on the male 
part of the joint to ensure that a slight gap will be present at the 
faying surface. Specimens having this modified design are shown in 
Fig. 6. Note that in the tested sample at the bottom of this photograph, 
failure has occurred well away from the braze joint in the copper base 
material. 

Snig 

Fig. 6. Tensile coupons in central conductor rod materials (copper 
and nickel) in which the conical joint has an included angle of 45®. The 
brazing filler metal was Cu-~35% AiJ--3% Ni (Y-161965). 

Joining of Outer Conductor Tube to Lead-in 

The development of a procedure for joining the 4.06-mm-diam 
(0.160-in.) tubular outer conductor of intermediate material to the copper 
lead-in tube has closely paralleled that for joining the central conductor 
rod to the copper lead-in rod. In both cases the intermediate material is 
either molybdenum for the high-temperature FRS with the Pt—8% W winding or 
nickel for simulators with either a Kanthal A-1 or Nichrome ¥ winding. 
Also, a tapered braze joint is used for alignment and for increasing the 
cross-sectional area of the brazement (and thus its load-carrying ability) 
without increasing the thickness of the joint, as would be the case if a 
lap joint were used. The design that was selected initially at the 
beginning of this study and is still in use is one with a 15° included 
angle (7.5° angle on each wall), as seen in the upper right-hand portion 
of Fig. 1. This small angle was needed because the wall thickness of the 
tubes is only 0.25 mm (0.010 in.), that is, larger angles result in a 
reduction in the overlap area of the joint. 

The major problem experienced to date with this geometry is in 
machining this fine taper on relatively soft materials such that the 
angles on both components match very closely and such that the copper 
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lead-in (female portion of the joint) is not flared by the cutting tool. 
The latter problem has generally been eliminated, but we are still 
experiencing difficulties in matching the angles of the tapers. The 
result of this mismatch is that the parts do not then fully fit together. 
Consequently, the joint falls at the base of the reduced section in the 
copper tube instead of in the tube away from the joint, as was the case of 
brazements of the central conductor. This type failure is illustrated in 
Fig, 7. The tested molybdenum-to-copper sample shown failed under a load 
of 60 kg (132 lb), which puts a tensile stress of about 186 MPa (26,9 ksi) 
in the tube itself. Thus the joint as brazed is not as strong as the 
copper tubing, which we would estimate would fail at a load of about 82 kg 
(180 lb). Similar results were obtained in a series of ten tubular joints 
between molybdenum and copper brazed with Cu—35% Aur-3% Ni at a temperature 
of 1040°C for 5 min. The load at failure of these samples, which had 15° 
included-angle joint geometries, varied from 53 to 64 kg (117—141 lb) with 
an average of 58 kg (127 lb). 

Fig. 7. Tapered joint of the outer conductor in the fuel rod simula
tor for the Gore Flow Test Loop showing nickel and copper tubes before 
brazing (upper tubes), a test specimen of nickel and copper after vacuum 
brazing with BAu-4 filler metal (center tube), and a tested tensile coupon 
of copper and molybdenum tubes brazed with the Cu—35% Ati—3% Ni alloy 
(bottom tubes). Note that failure occurred in the copper at the base of 
the tapered section (Y-161963). 

PERFORMANCE TESTING OF FUEL ROD SIMULATORS 

The ultimate test of joint integrity is obtained by operationally 
testing individual FRS prototypes at conditions equaling or exceeding 
those to be experienced in the CFTL, The CFTL simulators, assembled in 
bundles of up to 91 rods, are expected to operate for 1000 h at cladding 
temperatures from 350 to 1100°C with a few minutes of operation at 
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temperatures approaching the cladding melting temperature of 1375°C. 
Total power per FRS is as high as 42 kW with a potential of approximately 
350 V across the terminals and as much as 125 A of current flowing through 
the 3.18 mm2 (4.9 X 10~3 in. 2) cross section. 

However, the most stringent tests of joint integrity are the thermal 
transients that the FRS must withstand. Rapid power changes may result in 
cladding temperature changes up to 200°C/s at temperatures as high as 
1100°C, A total of 1500 to 2000 thermal cycles, mostly at 10 to 100°C/s, 
are expected in the lifetime of a bundle. The results of extensive per
formance tests on prototypic FRSs in single-rod test stands at ORNL are 
summarized below. 

Rod prototypes GNR-L-llF and -12P, containing Nichrome V-to-nickel 
laser welds and nickel-to-copper rod and tubular joints furnace brazed 
with Cu—35% Au—3% Ni filler metal, were successfully fabricated and 
tested. They logged over 700 h steady-state operation at cladding tem
peratures up to 1000°C and at power levels up to 43 kW, Additionally, 
they successfully completed over 2000 thermal cycles (most by GNR-L-12F) 
with step power changes from 29 to 31 kW. GNR-L-12P was the first CFTL 
FRS prototype to meet all normal operational requirements. Techniques for 
both welding and brazing had been optimized and proven to meet operational 
requirements. 

A final design change that replaced the Nichrome V heating element 
with Kanthal A-1 was incorporated in subsequent prototypes. The 100°C 
higher melting point of the Kanthal was required to increase the FRS 
operational capabilities. Techniques developed for laser welding the 
Nichrome V winding to the tubular nickel Intermediate material were 
generally applicable to the Kanthal A-1-to-nickel weld, but, as mentioned 
previously, the filler wire was changed from ERNiCr-3 to ERNi-3 for the 
Kanthal-to-nickel weld. 

Rod prototypes GNK-L-16P, -21P, -22F, and -23P, containing the opti
mized Kanthal-nickel weld and nickel-copper brazes with Cu—35% Au—3% Ni 
filler metal, were successfully fabricated and tested. A combined total 
of approximately 1000 h of steady-state operation, much at high power 
and/or high temperatures was logged. Additionally, more than 10,000 ther
mal transients, some much more severe than anticipated in CFTL operation, 
were conducted. 

JOINING THE FUEL ROD SIMULATOR TO A TUBESHEET 

Design of the Electrode Carrier 

The plan of a portion of a 91-rod bundle of simulators (Fig, 8) for 
CFTL shows that the rods will be tightly packed in the assembly with 
each FRS at a distance of only 11,20 mm (0.441 in.) from each of its 
nearest neighbors. This distance, the diameter and sheath thickness of 
the FRS, and the length of extension of the copper conductors all signifi
cantly influenced our development of equipment and techniques for an 
alternate joining process, as will be discussed below. The length of the 
simulators and the size of the bundle of heaters also affected our deci
sion to develop an alternate process to EBW. 
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F ig . 8. Plan layout of approximately o n e - s i x t h of a 91-rod bundle 
assembly (85 rods powered) of fuel rod s imula to rs for the Core Flow Test 
Loop (ORNL-DWG 79-18497). 

After considering the various geometric constraints on the 
weldment — small-diameter thin-wall heater sheath, close spacing between 
simulators, and lengthy projections from the center of each heater — it 
was obvious that no commercial tungsten-arc torch was available that 
could weld a joint at that location. We then set out to develop an 
electrode carrier for this particular application. The starting point 
for our efforts was a commercially procurred welding head (Fig, 9) that 
we had used extensively in developing techniques for tube-to-tubesheet 
welding inside the confining bore of a 15,88-mm-OD (0.625-in.), 
2,84-mm-wall (0,112-in,) tube. This welding head provides rotary movement 
of a tungsten electrode along a weld joint via a hollow copper electrode 
carrier, which also conducts an inert shielding gas to protect the weld
ment from contamination. The rotation speed of the welding tip as well as 
the welding current cycle are precisely controlled through a 200-A dc 
solid-state programmable power supply. 

On the basis of prior experience we selected the trepanned joint 
design shown in Fig, 10 for our preliminary development. This design has 
several advantages: (1) the groove corrects the mass Imbalance (and 
thus the differing heat requirements) between the large tubesheet and 
the thin wall of the simulator, (2) the resultant edge joint is readily 
weldable, and (3) it is relatively easy to cut away the projecting weld 
bead for simulator removal and replacement, without having to deepen the 
trepan. However, note that this type of weld is difficult to Inspect 
volumetrically, and there is a built-in crevice at the root of the 
joint. However, as in the previous work the surface of the tubesheet 
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Fig. 9. The commercially made welding head that was modified for 
welding and brazing of fuel rod simulators (Y-130148). 

INNER CONDUCTOR 
2 ) 6 m m (0 085 in ) DIA 
COPPER ROD 

OUTER CONDUCTOR 
4 0 6 m m (0160in) 0 0 
COPPER TUBE 

0 51mm (0020 m ) 
THERMOCOUPLES 

0 51mm (0020in) 

TYPE 308 
STAINLESS STEEL 
WELD OVERLAY 

FRS SHEATH 
747 mm (0 294 m) 0 0 
TYPE 316 STAINLESS STEEL TUBE 

Fig. 10. Joint design used in developing techniques for attachment 
of fuel rod simulators to the tubesheet of a test bundle 
(ORNL-DWG 79-18498). 
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will be overlaid with type 308 stainless steel filler metal to minimize 
any hot-cracking tendencies in the weldments. 

Our preliminary calculations on the size of a hollow electrode 
carrier that would clear both the central power leads wrapped with ther
mocouples and the adjacent simulators showed that even the diameter of 
the tungsten electrode required to carry adequate current was a factor 
in our design. We therefore made some welds using a manual GTA torch on 
two pieces of O.Sl-nnm (0,020-in.) stainless steel sheet clamped together 
in a vise to simulate the 1.02-mm (0.040-in.) edge joint. Welding 
currents of only 10 to 15 A were required. These low currents allowed 
the use of a 0.51-Tnm-dlam (0.020-in. ) tungsten electrode, and so we 
designed our tip for that size. 

We also calculated that the electrode had to be angled slightly 
toward the central axis to center the arc over the 7.47-mm-diam (0.294-
in.) simulator sheath. We accordingly designed and built our first 
electrode carrier according to the design shown in Fig, 11 with holes in 
the tip to contain a 0.51-mm-diam (0.020-in.) tungsten at an angle of 16°, 

Fig. 11. Original design of tungsten electrode carrier for arc 
welding of simulators to the tubesheet (ORNL-DWG 79-18495). 

We subsequently made a series of welds on single-joint prototypes 
in which the space envelope of the copper leads wrapped with thermocouples 
and a potential cable connector were represented by a stainless steel 
shaft. The quality of these very early welds was excellent, as determined 
by visual examination for bead geometry, helium mass spectrometer leak 
detection, and metallographic examination. 

Because of the high degree of success in these early welds, which 
were made to develop basic parameters, only one significant change has 
been made in the general design of the electrode carrier. We were not 
pleased with the electrode's degree of protection from atmospheric con
tamination. Therefore we modified the carrier by adding four radial 
holes connecting to shallow longitudinal grooves on the outside of the 
tip (Fig. 12). This allows inert gas to flow from the bore of the 
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Fig. 12. Final design of tungsten electrode carrier with addition of 
longitudinal grooves connected to radial holes [highlighted by arrow] for 
improved inert gas coverage. The part being welded was instrumented with 
thermocouples in the weld area to monitor the temperature of the spirally 
wrapped thermocouples in an actual fuel rod simulator (Y-159104). 

carrier out between the tip and the fused quartz gas cup, resulting in 
improved gas coverage of the weldment. To prevent aspiration of air 
from the closed end of the gas cup, we seal this area with silicone 
rubber compound. 

FABRICATION AND TESTING OF MULTIROD ASSEMBLIES 

The next step in our efforts to develop an alternate method for 
joining the FRS to a bundle tubesheet was to demonstrate that high-
quality welds could consistently be made under the space limitations of 
an actual array of simulators, ttiring the welding of the first of the 
seven-rod test assemblies (one is shown before welding in Fig. 13), we 
encountered a problem that has been the most difficult to solve in the 
entire welding study; the arcing from the bore of the copper electrode 
carrier to the thermocouples, which are wrapped around the tubular outer 
conductor of the FRS. This is very significant as it results in the 
destruction of one or more of the sensors that will eventually be used to 
monitor the temperatures inside the FRS during service. Furthermore, 
these temperature measurements are critical to the successful testing of 
the bundle. 
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Fig. 13, Seven-rod test piece being assembled for gas tungsten-arc 
welding. The parts representing the fuel rod simulators are 9.52 mm 
(0,375 in.) in diameter. The arrow indicated where we had problems with 
arcing to the thermocouple (Y-162237). 

We were aware of this potential problem from the beginning of this 
program and had accordingly designed our electrode carrier to maximize the 
distance between its bore and the thermocouples. The inside diameter of 
the electrode carrier was machined to 7,24 mm (0.285 in.) so that the 
distance between the carrier and the outside of the thermocouples wound on 
the lead-in [a diameter of about 5.3 mm (0,21 in.)] would be greater than 
the 0.51-mm (0.020-in) arc length. With these dimensions the radial 
separation would be 0.95 mm (0,038 in), and we would expect the arc to 
strike across the shorter distance to the weld joint. However, at this 
time arcing was to the thermocouples at the point where they exited from 
the tops of the test pieces before starting the spiral wrap (as indicated 
by the arrow in Fig. 13), The spacing may have been less at that 
location, or we could attribute the behavior to the vagaries of the arc 
during high-frequency initiation. 
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Our solution to the arcing problem in the vicinity of the weld joint 
was to have very thin walled quartz sleeves made in our glass shop for 
each FRS. The shields are about 25 mm (1 in.) long and extend beyond the 
weld area down into the top of the simulator, as shown in Fig, 14, 

U ^ 

Fig, 14, Quartz sleeve used to protect the thermocouples of a fuel 
rod simulator from arc damage during welding (Y-162589). 

Although the quartz sleeves eliminated arcing in the weld area and 
along the length [25-mm (1 in,)] of the conductor extensions, the problem 
recurred when we began welding multirod assemblies with 114-mm (4,5-in.) 
extensions. We tried to use heat-shrinkable tubing over the portion of 
the conductor and thermocouples extending beyond the quartz sleeve, but 
arcing occurred where there was a slight gap at the intersection of the 
two insulators. The inside of the electrode carrier was coated with an 
insulating paint (Glyptal) and a polymer film, but we were unable to 
obtain a layer of high enough quality to prevent arcing during 
high-frequency initiation. The problem was finally resolved by wrapping 
the extension (from beneath the quartz sleeve out to the tip) with at 
least two layers of the very thin polytetrafluoroethylene (PTFE) tape used 
by plumbers as a pipe thread seal. 

After these developnental activities, two seven-rod test assemblies 
were welded. One had 7,47-Tam-diam (0,294-in,) simulated FRSs, while the 
other had an FRS diameter of 9.52 mm (0.375 in.) to evaluate a concept in 
which the end of the FRS would be flared in the weld joint area. These 
assemblies (which had type 316 stainless steel simulator sheath material 
and type 308 cladding on the tubesheet) were checked for leakage by helium 
mass spectrometry. The assemblies were then GTA welded into test modules, 
such as the one shown in Fig, 15, Testing consisted of thermally cycling 
500 times from 370°C (698°F) down to 100°C (212°F) with an internal 
pressure of 11,7 MPa (1700 psl). Once during each thermal cycle the 
pressure was briefly dropped to 0.34 MPa (50 psi). Ifo leakage was 
detected in either assembly (as determined by helium mass spectrometry), 
either before or after this extensive test series. 
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Fig, 15. Seven-rod test assembly [7,47-mm-Diam (0,294 In.) simula
tors] after 500 thermal cycles between 370 and 100°C (698 and 212°F) with 
an internal pressure of 11.7 MPa (1700 psi). The simulators were machined 
from type 316 stainless steel bar, and the tubesheet was type 304L bar GTA 
weld surfaced with type 308 filler metal before machining the Joint area 
(Y-160142). 

After completion of the thermal and pressure cycle tests, the 
assemblies were sectioned for metallographic examination. As can be, 
seen in the photomicrographs of Fig. 16, no discernable detrimental effects 
were apparent as a result of these tests. 
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Fig. 16. Cross section of gas tungsten-arc weldment in a seven-rod 
test assembly with 7.47-mm-diam (0.294-in,) type 316 stainless steel simu
lated heater and a type 304 stainless steel tubesheet, which was surfaced 
with type 308 filler metal to minimize any hot-cracking tendencies. 
Etchant 50HC1, IOHNO3 (Y-161783, Y-161782, Y-161785). 
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BRAZING OF ELECTRICAL LEADS TO THE FUEL ROD SIMULATOR 

As mentioned previously the task of joining the electrical power 
leads to these simulators is complicated by the fact that both connections 
must be made on one end of the rod so that the available space is even 
more limited. Several different techniques for lead attachment (including 
mechanical clamps and shape-memory alloy couplings) have been considered 
by others; they have also done a limited amount of manual brazing using a 
GTA torch heating source. Nevertheless, we have limited our work to the 
technique we consider most viable: automatic brazing by using a GTA 
heating source with a special electrode carrier similar to the one devel
oped for simulator-to-tubesheet welding. This technique has the advan
tages of allowing low-resistance connections with high-temperature 
capability to be made at locations with limited access and to do so with
out problems of temperature control and heat-source positioning associated 
with manual torch brazing. By using an inert gas heating torch rather 
than the commonly used oxygas torches, the braze can be made without the 
use of a flux to protect the joint from atmospheric contamination, thereby 
eliminating flux removal or corrosion problems. 

The electrode carrier designed especially for this application is 
shown in the center of Fig, 17 along with one of the shorter tips used for 

Fig, 17, Tungsten electrode carriers developed for welding (right) 
and brazing of electrical leads to conductors extending from fuel rod 
simulators (left). Also shown are three fused quartz gas cups to maintain 
inert gas in the joint area during heating (Y-160145). 



474 

welding. Because the position of the lead termination on the conductor 
extensions on the FRS has not yet been determined (and the extensions 
might be at staggered intervals above the tubesheet), we have developed 
techniques to accommodate various lengths by using either long or short 
electrodes and gas cups, also shown in Fig, 17, 

We have considered and tested several different terminations. The 
design shown in Fig, 18 is presently the most favored. To use this 
geometry the foot (indicated by an arrow in Fig. 19) is first brazed to a 
straight length of 5,18-mm-diam (0.204-in,) copper wire in a furnace. 
After bending to the proper radius (depending on the position of its FRS 
in the bundle), the subassembly is brazed to the tubular outer conductor 
of a heater. The connection to the central conductor is also made by 
brazing with a special GTA heating source in which the electrode is held 
radially in the copper carrier. Brazed connectors of both types are shown 
in Fig. 19. Note that because of space limitations we were unable to 

Fig. 18. Designs of electrical leads for the Core Flow Test Loop 
showing the one for the outer tubular conductor (right) and the one for 
the central rod conductor at left. The location of the stationary 
tungsten arc on the foot of the outer conductor lead is indicated by an 
asterisk (ORNL-DWG 18496). 
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Fig. 19, Electrical leads brazed to inner (above) and outer (below) 
conductors with a gas tungsten-arc heat source and a brazing filler metal 
of Ag—28% Cu—0.5% Ni, The foot (arrow) of the lead for the outer conduc
tor is vacuim-furnace brazed to the lead with Au—18% Ni filler metal 
(Y-160141). 

design a foot of such size that the arc could be rotated in a circle 
around the tubular conductor. Instead the arc is held stationary at the 
point indicated in Fig. 18, while the braze cycle is controlled by the 
programmable power supply. 

We considered several different brazing filler metals as potential 
candidates for this application. We have selected two at this time. 
For the furnace braze of the foot to the end of the 5,18-mm-diam 
(0.204-in.) copper wire, which will connect to the outer conductor of 
the FRS, we have had good success using a piece of AWS-ASTM type BAu-4 
wire (composition Au—18% Ni). This alloy, which flows well on copper, has 
a liquidus of 950°C (1742°F). We have also obtained good results with 
type BVAg-8b (an alloy having composition of Ag—28% Cu-0,5% Ni) for the 
actual attachment of the leads to the FRS, The 795°C (1463°F) liquidus of 
this alloy is sufficiently below that of the BAu-4 in the first braze. 
Consequently, we have not experienced remeltlng problems when the second 
of these brazes is conducted. We chose the alloy with a slight amount of 
nickel rather than the Ag—28% Cu eutectic, which also flows well on copper 
as the nickel improves wetting on oxide-bearing surfaces (such as on 
stainless steels). We thought that this alloy would therefore be more 
likely to flow on slightly oxidized copper parts resulting from incomplete 
inert gas coverage during heating. 

To demonstrate that this brazing technique was applicable to 
multirod bundles and not just to single-heater assemblies, the mockup 
shown in Fig. 20 was constructed. This unit simulates a 16-rod segment 
of a test bundle with provisions for attaching leads to 6 of the FRSs. 
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Fig, 20. Full-size mock-up of a portion of Core Flow Test Loop 
bundle above the tubesheet (ORNL Photo 5827-80). 

The space limitations provided by the other simulators in an actual 
bundle are represented by brass rods machined in the shape of the copper 
electrical conductors. 

Two problems were encountered in brazing the leads to the FRSs in the 
full-scale mock-up. First, we had instances in which the arc would wander 
from its intended impingement point on the foot of the lead-in. This 
resulted in a hole being melted in the 0.25-inm-thick (0,010-in.) wall of 
the outer conductor of the FRS, This behavior was eliminated by inserting 
a short, thin-walled quartz sleeve around the end of the outer conductor 
that projected above the foot of the lead-in. 

The second problem area was in providing adequate inert-gas shielding 
during brazing. If this is not done, an oxide layer tends to form on the 
copper components and the brazing filler and the alloy will not flow even 
at elevated temperatures. This problem was resolved by very careful 
sealing of the glass enclosure (Fig. 21) around the components wherever 
possible to minimize the influx of air. 



477 

r 

Fig, 21, Copper leads in position for brazing to conductors from 
FRSs using gas tungsten-arc heat source (arrow). The glass enclosure has 
been opened for clarity (ORNL Photo 5829-80). 

SUMMARY 

Welding and brazing techniques have been developed for joining com
ponents that are assembled into FRSs surviving up to 1000 h high-
temperature operation and over 5000 severe thermal transients. Pulsed-
laser welds connecting coiled-ribbon resistance heating elements of 
Pt—8% W to a thin-walled molybdenum tubular conductor and Fe—22% 
Cr—5,5% Al—0.5% Co or Ni—20% Cr to a nickel tube survive stresses imposed 
by fabrication tooling and thermal gradients as well as by operational 
temperatures up to 1100°C. A Cu—35% Au—3% Ni filler metal brazement 
between the molybdenum or nickel tubular conductor and a matching copper 
lead-in will fail during a room temperature tensile test in the copper 
tube at the base of the tapered joint at a load less than that which will 
bring about failure of the copper tubing itself. However, this failure 
occurs at a base metal stress of approximately 170 MPa (24,7 ksi), which 
is two-thirds the ultimate strength of the copper and is very satisfactory 
for this application. The second conductor for the FRSs consists of a 
2.16-mm-diam (0.085-in.) nickel or molybdenum rod, which is brazed to a 
copper lead-in of the same diameter. If a 45° tapered joint were used. 
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samples of nickel and copper rod brazed with Cu—35% Au—3% Ni consistently 
failed in the copper rod away from the braze joint during room temperature 
tensile testing. 

We have developed an alternate method based on a special GTA heating 
source in place of EBW for joining FRSs to the tubesheets of test bundles. 
By using equipment and procedures developed in this program, seven-rod 
prototypic assemblies having 7.47- or 9.52-mm-diam (0,294- or 0.375-ln.) 
plugs representing simulators were fabricated and subsequently tested. No 
leakage was detected either before or after thermally cycling 500 times 
from 370°C (698°F) down to 100°C (212°F) with an internal pressure of 
11.72 MPa (1700 psi), which was briefly dropped to 0,34 MPa (50 psi) 
during each cycle. 

We have designed and built a modified version of the above electrode 
carrier for brazing electrical leads to the tubular conductors extending 
from the ends of the fuel rod simulators. By using this device as a heat 
source and a preplaced filler metal ring of Ag—28% Cu—0.5% Ni alloy, we 
have successfully brazed heater leads to simulators in both single- and 
multirod-arrays. 
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ABSTRACT 

Variable width ribbon heating elements have been fabri
cated which provide a chopped cosine, variable heat flux 
profile for fuel rod simulators used in test loops by the 
Breeder Reactor Program Thermal Hydraulic Out-of-Reactor 
Safety test facility and the Gas-Cooled Fast Breeder Reac
tor Core Flow Test Loop. 

Thermal, mechanical, and electrical design considera
tions result in the derivation of an analytical expression 
for the ribbon contours. From this, the ribbons are machined 
and wound on numerically controlled equipment. Postprocess
ing and inspection results in a wound, variable width ribbon 
with the precise dimensional, electrical, and mechanical 
properties needed for use in fuel pin simulators. 
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INTRODUCTION 

Nuclear fuel rod simulators (FRSs or rods) are necessary to the 
operation of the thermal-hydraulic test facilities for four Oak Ridge 
National Laboratory (ORNL) programs. These programs and their facilities 
are the Slowdown Heat Transfer—Thermal Hydraulic Test Facility (BDHT-
THTF), the Gas Cooled Fast Reactor—Core Flow Test Loop (GCFR-CFTL), the 
Breeder Reactor Program—Thermal Hydraulic Out-of-Reactor Safety (BRP-
THORS) facility, and the Multirod Burst Test (MRBT) Program and test 
facility. These experimental facilities are used to conduct out-of-
reactor thermal-hydraulic and mechanical interaction safety tests for 
both light-water and breeder reactor programs. The FRS units simulate 
the geometry, heat flux profiles, and operational capabilities of a 
reactor core fuel element under steady-state and transient conditions. 
The FRSs are subjected to temperatures as high as 1375°C (2500°F) and 
power levels as high as 57,5 kW/m (17,5 kW/ft), as well as severe 
thermal stresses during transient tests. 

The heat fltix profile for an FRS is generated by a tubular or 
coiled ribbon heating element embedded in boron nitride (BN) insulation 
within a stainless steel sheath. "Chopped cosine" (cosine profile chop
ped at either end so that power goes to zero abruptly) heat flux pro
files for BRP-THORS and GCFR-CFTL FRSs have been generated by varying 
the helical pitch of a constant width ribbon. This method, while ac
ceptable for steady-state tests, resulted in unacceptable profile per
turbations during transient heat flux, A thorough summary of develop
ment in support of the BRP program is presented in Ref, 1. 

This paper describes the design, fabrication development, and in
spection of variable width, helically wound heating elements, which 
eliminate the disadvantage of variable pitch ribbons while providing 
other important advantages to an evolving FRS fabrication technology, 

FUEL ROD SIMULATOR 

Variable width ribbons were developed for the BRP-THORS and the 
GCFR-CFTL FRSs. While they are similar in many respects, there are 
major differences in the purpose, design, and operation of the two 
simulators. This paper discusses variable width ribbons for the THORS 
FRS. 

The THORS FRS (Fig. 1) is intended for use in a liquid sodium envi
ronment. It has a double-ended design (current enters one end and exits 
the other) with a 5,84-mm-OD (0.230-in,) by 0.38-mm-thlck (0,015-in,) 
clad. The 3.175-nmi-OD (0.125-in.) heating element has a total resis
tance of 3.039J2 , a peak-to-average heat flux profile of 1.30:1, and a 
peak-to-mlnimum profile of 2.92:1. The BN preforms provide structure 
and insulation in the central and annular regions. Three 0,38-mm-OD 
(0,015 in,) type K, insulated junction thermocouples, with BN backfilled 
into the junction region, are located on the clad Inside diameter at 
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Fig. 1. BRP fuel rod simulator (ORNL-DWG 79-5320 ETD). 
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120° intervals and various axial locations within the FRS annular re
gion. The variable width ribbon is externally connected to the power 
supply via a nickel intermediate rod which is in turn joined to a copper 
rod. The ground connection is made by welding a nickel ground plug to 
the ground lead extension (Fig. 1). 

Power is obtained by Î R heating of the ribbon. The FRS is capable 
of operating at 400 W/cm2 (55.0 kW/m, 390 V at 130 A) at 1000°C (1832°F) 
clad temperature for short periods of time and at 315 W/cm^ (43.3 kW/m) 
at 1000°C indefinitely. Additionally, the FRS is designed to withstand 
sodium voiding and clad dryout for 1 s ŝ ile operating at the latter 
condition. Several core simulations using FRSs have been assembled and 
tested under various operational conditions in the THORS facility,^ 

DESIGN 

For peak FRS performance, the heating element, as the power gener
ating component, is required to operate under conditions approaching the 
maximum capability of the material. The geometry of, and the configura
tion within, the FRS must be optimized based upon careful consideration 
of the thermal, mechanical, and electrical properties of FRS materials 
for the operational range. 

High heat flux FRSs may have a radial temperature profile as high 
as 260°C/mm so that the radial distance from clad outside diameter to 
heating element inside diameter directly determines maximum operating 
conditions for the heating element for a given clad temperature. Gener
ally, the coiled heating element diameter should be as large as possible 
^ile taaintaining an appropriately thick BN insulation between the heat
ing element and the FRS cladding. This annular region, which contains 
the FRS Internal thermocouples, must maintain acceptable insulation re
sistivity at the required operational temperatures and must withstand 
the voltage potential betssen heating element and clad or thermocouples 
without dielectric breakdown. 

Because FRS peak internal temperature will Increase as the ribbon 
thickness is increased, the thickness of the heating element should be 
as small as practical. Problems in forming or fabricating the ribbon, 
as ftKll as handling, assembling, and swaging of ribbons and FRSs, place 
practical limits on the minimum ribbon thickness. The heating element 
must be capable of withstanding differential thermal expansion without 
permanent deformation during transient testing. As the ribbon thickness 
decreases, the percent variation in thickness becomes much harder to 
control. This in turn affects local heat generation, because local 
power generation (with constant current through the ribbon) is inversely 
proportional to thickness, A practical ribbon thickness and tolerance 
limit is 0.25 + 0.0125 mm (0.010 ± 0.0005 in.). 

Because transient operation of the FRS is of paramount concern, the 
heating element configuration must be carefully analyzed under transient 
conditions as part of the design effort. Heat capacity effects become 
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pronounced in the transient heat flux profile, and axial and circumfer
ential conduction do not smooth out the profile as they do under steady-
state conditions. Furthermore, with the use of BN preform technology, 
axial conduction is much lower than radial conduction because of the 
anisotropic nature of thermal conductivity in BN preforms. Thus, under 
transient conditions, such properties as the turn-to-turn spacing, ratio 
of coil surface area to sheath surface area, coil diameter variation, 
coil turns per unit length, and eccentricity of the heating element be
come important. 

Evaluation of thermal, mechanical, and physical properties of the 
heating element material provide design limits for the variable width 
coil and assure that it can be fabricated and will be suitable to its 
environment. Electrical considerations provide the design basis for the 
exact configuration to meet FRS operating requirements. 

Design of the heating element is dependent upon current and voltage 
available from the power supply. For parallel connection of the FRS to 
the power supply, a heating element resistance "window" can be calcu
lated by 

Rmax= V V P , (la) 

^min = P/I' » (lb) 

where V is voltage, P is power in watts, and I is current. Factors such 
as terminal Î R heating, large bundle connection, FRS dielectric break
down, and material temperature coefficient of resistance (TCR) must also 
be considered in optimizing the element resistance. 

Once the resistance has been determined, the design of a constant 
width, rectangular ribbon heating element can be accomplished using the 
method illustrated in Fig. 2. From this, ribbon width w is derived in 
terms of the physical and dimensional parameters of the heating element: 

w = I -'^^^Y'\ (2) 
Rt / 

The ribbion thickness t, coil pitch diameter D = OD — t, material resis
tivity p, wound element resistance R, and axial heated length C are the 
input parameters that, along with the ribbon width w, completely define 
the wound coil. 

Once the width has been determined, factors describing the FRS 
power profile are needed. These are peak/average power, Pp/Pg; peak/ 
minimum power, Pp/Pml and coil axial length C. Figure 3 shows a typical 
chopped cosine profile where Pp, P^, Pm, and C are defined. 

The power profile of Fig. 3 can be defined by 

P = Pp cos ^ , (3) 
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SECTION 

^ t DEFINITiOiyS 

d = WINDING ANGLE 

w = WIDTH OF HEATING ELEMENT 

THICKNESS OF HEATING ELEMENT 

A X I A L LENGTH OF WIDTH 

C = A X I A L LENGTH OF HEATING ELEMENT 

TURNS PER CENTIMETER 

LENGTH OF RIBBON FOR 1 TURN 

OVERALL LENGTH OF RIBBON 

NUMBER OF TURNS IN COIL 

PITCH DIAMETER OF COIL 

CROSS-SECTIONAL AREA OF RIBBON 

RESISTANCE OF HEATING ELEMENT 

t = 

a = 

1 _ 

£ = 

L = 

N = 

D = 

A = 

R = 

DERIVATIONS 

TTD W „ a W 
sin 0 = -T- = - , cos (9 = —= — , 

£ a £ irD 

c c sin e c „ „ c 
N = - = = — tan e, L = N£ = -. 

a w TTD COS a 

pL _ TTDpC A /TrPpC 
A = — = , SO w = — =1 

R Rw t \ R t 

1/2 

Fig, 2. Considerations of winding a ribbon of length L on a pitch 
diameter D for an axial length C results in an equation that defines 
ribbon width in terms of the material and dimensional properties 
(ORNL-DWG 80-5573 ETD). 

X, A X I A L 

LENGTH 

0 (deg) -90 

Fig. 3, Variable heat flux chopped cosine proflie(ORNL-DWG 80-5572 ETD). 
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where $ is the angle that relates the power profile to the coil axial 
length C. By definition, cos ^^ = %/Pp = ^> and ^^ = 0° at Pp. The 
angle at P̂ j where x = ±C/2 is now 

(̂m = cos-i (Pm/Pp) . 

The profile can now be described within the "chopped region" by 

(4) 

Pr, cos ̂  = Pp cos 
2x ,-1 cos"^ (Pm/Pp) (5) 

Equation (5) relates the chopped cosine profile analytically to the ax
ial power variation. 

Since current is constant through the heating element, power is 
proportional to resistance. The local peak resistance Rp is in the 
center of the profile and is given by 

(6) 

as shown in Fig. 3. 
The ribbon width at the peak of the profile, Wp, (where P = Pp) can 

now be calculated from Eq. (2) by replacing R with Rp of Eq. (5) and 
taking C to be of unit length: 

Wp = 
yDp 
Rpt 

,1/2 
(7) 

The design of a ribbon profile to give a specific axial heat flux 
distribution was first reported by D, L, Clark and T. S. Kress. ̂  The 
local heat flux distribution was established by them to be: 

w^t 
(8) 

where P is the local power per unit area, w is the local ribbon width, 
and I is the current. 

From Eq, (8), the local ribbon width w is 

1^ 
Pt I 

(9) 
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If Eq. (9) defines the power at some reference position such as the cen
ter where P = Pp and w = Wp (Fig, 3), then the local width w, with re
spect to the reference width, is 

w = 

1/2 

Wr (10) 

Equation (10) can be used to establish the relative width anywhere 
along the ribbon. However, knowing just the width is not sufficient. 
The ribbon must be wrapped around a mandrel to form the coil of the de
sired diameter and length L. Figure 4 shows the uncoiled ribbon contour 
and the coiled configuration. For the coil to wind properly, the verti
cal contour angle 9 must be the same on both sides of the ribbon at any 
position along the abcissa shown in Fig. 4, Thus, for the gap Gy = 0, 
the vertical component of the width of the ribbon, w^, is constant and 
is 

Wv = 'fD 

where D is the ribbon pitch diameter as defined previously, 
width w is given in terms of the contour angle 6 by 

w = irD cos 6 

(11) 

The local 

(12) 

VARIABLE 
WIDTH STRIP 

WOUND 
VARIABLE 
WIDTH t 
RIBBON 

Fig. 4, Variable width contour is designed with a constant verti
cal width, Wv = TfD' Local width W varies with winding angle 9 to allow 
coll to be wound on a circumference nD with no variation in gap between 
turns(ORNL-DWG 80-5574 ETD) . 
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or in terms of a reference angle 0p at Pp, Wp by 

1/2 

cos 0, (13) 

The vertical contour or winding angle, 6, can now be determined in 
terms of the specific profile information by substitution of Eq. (5) 
into Eq. (13): 

cos 6 = 
1 

cos (cos-̂ P„j/Pp) ^ 

1/2 

cos 6, (14) 

Then local width w is calculated using Eq« (12). This defines the rib
bon contour in terms of 9 and w at any axial length x for—C/2 ^ x <_ 
C/2. 

The final task is then to determine the ribbon length £ and the 
vertical length y in terms of x for a given ribbon contour and to com
pile the information in a form that can be used to generate magnetic 
tapes for machining and winding the ribbons. 

From Fig. 4: 

£ = 
cos 0 

(15) 

and 

y = x tan 0 (16) 

where i is the length of one turn. Equations (14), (12), (15)^ and (16) 
completely define the parameters of a variable width ribbon in terms of 
the axial length x. These data, computed from a programmable calcula
tor, are then used as input to generate ribbon machining and winding 
control tapes. 

MACHINING 

The objective of the machining phase of ribbon development is to 
convert the ribbon contour information into ribbons of variable width 
that have a precisely controlled contour. The major requirements are to 
hold the width variation and the x and y locations describing the ribbon 
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contour on the x-y plane (and therefore the angle) to within 1% through
out the ribbon length. 

Early attempts to machine the ribbon contour on a numerically con
trolled (NC) horizontal milling machine were unsuccessful because these 
tolerances could not be held, excessive ribbon edge burring occurred, 
and machine time per ribbon ^^s excessive. 

These difficulties prompted investigation of the use of grinding 
techniques which allowed machining (grinding) a stack of elements simul
taneously. This method eliminated edge burrs and reduced fabrication 
time. Dimensional inaccuracies were overcome by using a high precision 
NC template grinding machine (Fig. 5), which is equipped with a 50.8-cm-
diam (20-in.) rotating oscillating aluminum oxide grinding wheel with an 
adjustable vertical oscillating stroke, mounted on the "Y" axis or main 
slide. It has been retrofitted with a vertical milling attachment that 
is mounted on the grinding wheel housing. However, the "X" axis or 
cross slide machine travel was only about two-thirds as long as was 
needed to machine current ribbon designs. This limitation was overcome 
by using a staging technique to effectively extend the cross slide 
travel from 137 cm (54 in.) to ~245 cm (96,5 in,). Thus, slide travel 
was provided to machine the element contour of all design configurations 
of interest. 

Ribbons are machined from strips of base stock up to 15.2 cm 
(6 in.) in width and 259,1 cm (102 in.) in length; up to 15 of these 

Fig. 5. Numerically controlled template grinding machine 
(Y-12 Photo 194617). 
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strips are stacked together and clamped between steel plates. Figure 6 
shows the heating element geometry within the base stock. 

As the figure shows, up to 5 sets of 15 ribbons can be obtained 
from one stock assembly. The machining sequence is as follows; 

1, The upper left surface of stack one is machined, 
2, The upper right surface of stack one is machined. 
3, The stack is reversed and remounted on the machine, 
4, The region between stacks one and two is milled and the first stack 

of 15 strips is separated from the rest of the assembly. 
5, The upper left surface of the first stack is completed. 
6, The upper right surface of the first stack is then machined, com

pleting the first stack. 

Stacks 2 through 5 are completed similarly, 
A typical ribbon machining operation uses two numerically con

trolled drive tapes (designated as stages one and two in Fig. 6) gener
ated from the design calculations. The first stage tape is designed to 
control more than half of the element contour machining. At the end of 
the program, an angular tab is defined to establish the relationship of 
the second stage tape to the program of the first stage tape. The path 
defined by the stage one program and its relation to the stage two pro
gram are shown in Fig, 7. As shown, the program travel of the second 

STOCK LEMGTH (190-260 cm) 

Fig, 6. Fuel pin simulator heating element geometry within ribbon 
stock (OKNL-DWG 80-5637 ETD), 

CONTOUR PASS FOR STAGE ONE 

25 mm 

Fig, 7. Stage one contour machining. Pass starts at high point at 
(1), proceeds down, then left to ribbon end, moves up, then longitudi
nally to alignment tab, and completes contour pass adjacent to starting 
point. Stages one and two overlap at the alignment tab by 25 min 
(ORNL-DWG 80-5638 ETD). 
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stage tape overlaps the programmed travel of the first stage tape by 
~25 mm (1 in.) so that the tool path of the second tape will blend with 
the finished surface of the first tape. These two tapes control (1) the 
end mill operation that separates the five stacks of material and 
(2) the grinding of the full contour of one side of a variable width 
ribbon, Fixturing enables the ribbon stack to be removed and reversed 
so that the other (symmetrical) side can be nachined. 

With the entire stack clamped in position on the front side support 
fixture, which is mounted on the cross slide of the machine, the first 
stage of the front side of the element is rough machined using the end 
mill attachment* After the end milling pass is completed, the milling 
spindle is replaced by the grinding wheel; and, using the same drive 
tape as was used for rough milling, the first stage of the element con
tour is ground to the proper configuration (Fig, 8), 

\ 
\ 

Fig. 8. Finish grinding of first stage of one side of heating 
element (Y-12 Photo 194611). 
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Still encased in the support fixture, the assembly is then moved 
longitudinally on the cross slide, and the milling spindle is brought 
back into position for rough milling the second stage of the front side 
contour. Alignment of the stage two contour pass to that of stage one 
is maintained by positioning the end mill on the two surfaces of the tab 
at the end of the stage one contour (Fig. 9), After completion of the 
stage two milling, the milling spindle is again replaced by the grinding 
wheel and the contour is finish ground. 

At this point in the machining process, the element stack—fixture 
assembly is removed from the machine, and the first fixture is replaced 
with a backup plate fixture which is then aligned on the cross slide. 
This second fixture consists of a top and bottom support plate attached 

Fig, 9» Alignment of stage two contour to that of stage one as 
maintained by positioning end mill on tab surfaces (Y-12 Photo 194614). 
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to an auxiliary support fixture by an attachment bar (Fig, 10). After 
alignment, the element stack—fixture assembly is positioned so that the 
previously finished front side contour is firmly placed against the pre-
machlned contour of the backup plate. This establishes a reference sur
face between the two sidles of the ribbon stock. 

With the element stack nestled in the backup plate fixture and sup
ported by the auxiliary support fixture, stage one of the second side of 
the element contour is separated from the stack by) an end mill opera
tion. After the stage one milling is completed, the entire assembly is 
moved on the cross slide i'nto position and stage two of the contour is 
end milled (Fig. 11). This first element is now separated from the re
mainder of the stack (Fig, 12). The auxiliary support fixture is then 
removed from the machine, and the backup plate fixture with the elements 
attached is repositioned on the cross slide. The second side contour is 
now ready for first stage finish grinding. 

The second side of the element contour is ground in a manner simi
lar to the first side contour, with the final relationship between the 

Y 1? rnOTO 194472B 

, ATTACHMENT 
/ BAR 

Fig. 10. Backup plate fixture and auxiliary support fixture at
tached to each other by attachment bars at either end (Y-12 Photo 194472). 
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Fig. 11. End milling of second side Fig. 12. After completion of stage one 
ribbon coutour (Y-12 Photo 194582), and two milling passes on second side, element 

stock is separated from the rest of the stock 
(Y-12 Photo 194581). 
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first and second stages being controlled by width measurements taken at 
the midpoint and the ends of the element (Fig, 13). When the design 
width of the element has been reached at the blend point of the first 
and second stages, the machining of the stack of 15 elements is com
pleted. Four additional groups are then machined for a total of 75 rib
bons. Local width and contour tolerances of 0,013 mm (0.0005 in.) are 
consistently achieved. 

WINDING 

The variable width ribbons are formed into spirally wound coils on 
a stainless steel mandrel by a high-precision automated winding machine. 

Fig. 13, Final contour width tolerances are obtained by width 
measurements at center and ends of element stock (Y-12 Photo 194585). 
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To obtain reproducibility of coil parameters, the winding equipment must 
have a controllable variable lead rate (centimeters per/revolution). 
This lead rate must be programmed to maintain a variable vertical speed 
defined by the variation in ribbon width at points along the ribbon con
tour. Rotational velocity remains constant throughout the process. 

The Black-Glawson four-axis NC winding machine, depicted schemati
cally in Fig, 14, ^ms selected to fabricate the colls. Only the "Y" 
axis and the "0" axis motions are required for winding, 

A typical coil winding operation uses an appropriately sized stain
less steel rod loaded under tension bet̂ reen the headstock (machine base) 
and the tailstock. With a winding die attached to the machine ram, the 
headstock rotates as the ribbon is fed into the winding die. The die is 
advanced by the ram in a controlled vertical movement. Figure 15 de
picts the machine in operation, and Fig. 16 provides a close up of the 
headstock chuck and the coil winding die affixed to the machine ram. 

The ribbon is positioned by the ram so that the winding mandrel is 
concentric to a precision ground hole through the body of the die. The 

Fig. 14. Schematic layout of Black-Clawson winding machine 
(ORNL-DWG 81-7776 ETD). 
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4^ 

OS 

Fig. 15. A variable width ribbon being 
wound Into a coil. Inset shows how ribbon 
is formed on rotating mandrel by the die 
(Y-12 Photo 169102). 

Fig. 16. Headstock chuck and winding die 
(Y-12 Photo 169106). 
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die Is made in two sections (Fig, 17) so that the ribbons can be posi
tioned at the correct feed angle prior to initiation of the automatic 
winding cycle. The forming area of the die is made of tungsten carbide 
to reduce spalling and ribbon damage. 

Figure 18 shows the hand tool used to form the lead tab of the rib
bon in preparation for attachment to the mandrel. The first two coil 
turns are manually wound on the mandrel (Fig. 16), and the mating half 
of the winding die is then attached, A ribbon strip feed slot with a 
feed angle at 22.5° is machined on one-half of the die body. This slot 
is required to allow the ribbon to feed freely into the working bore of 
the die; it also automatically maintains the proper feed angle at the 
coil midpoint. 

Coils can be easily wound with diameter uniformity of 0,125 mm 
(0,005 in.) and length (as well as gap) tolerance variations of about 
5%. Coils with these tolerances are more than sufficient for use in 
FRSs because they receive a final swaging operation before installation 
into the FRS. The swaging operation is described in the next section. 

Fig. 17. Ribbon winding die showing ribbon feed region and carbide 
inserts in forming region (Y-12 Photo 169103). 

*:#" 

Fig. 18. Hand tool used to form ribbon lead tab in preparation for 
attachment to mandrel (Y-12 Photo 169104). 
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SWAGING AND INSPECTION 

A final processing step, swaging, sets the coils to final dimen
sions and to required tolerances prior to installation of the colls in 
the FRS, 

First, the coils are tightly wound on a hard, stainless steel man
drel with the turns touching. Both ends are attached to the mandrel, 
one with a clamp and the other by spot welding. The coil is then care
fully swaged to lock it into this configuration. After swaging, it is 
removed from the mandrel. Swaging supplies coldwork to the coll to lock 
the turns in place, sets the required diameter, removes the concavity 
Introduced by winding, and decreases the surface roughness. 

Additional coldwork put into the coils by swaging makes them rigid 
and mechanically similar to a spring. Then, gaps between turns are pro
duced by stretching the coil about 5% of its length. The coll does not 
plastically deform under these conditions; thus, the gaps between turns 
no longer depend on the local material yield stress and are quite uni
form. The coil outside diameter can be controlled to within ±0.013 mm 
(0.0005 in,) using this method. 

Colls are dimensionally inspected with a micrometer, cleaned in a 
vapor degreaser, and cut to the exact length after swaging. To maintain 
a symmetrical chopped cosine profile, equal amounts of material are cut 
off each end. 

Infrared scanning techniques were used to evaluate how well the 
heat flux distribution produced by the coils fits the design criteria. 
Infrared scanning of FRSs has been used for some time at ORNL.'* As part 
of this effort, these techniques were extended to relate heat flux 

perturbations to bare coll dimensional variations and to determine the 
effect of these variations on the completed FRS heat flux profile. 

The most acceptable technique for coil evaluation is (1) to paint 
the coil with a black paint (to increase surface emissivity), (2) to 
insert a close-fitting insulated arbor into the center, (3) to stretch 
the coil on the arbor about 2% of its length, and (4) to scan it after 
applying a power of about 25 W for 4 min. Much more sensitive analysis 
of coils is possible by using higher power, shorter time scans, and/or 
by close, narrow range scans. The 25-W, 4-min scan of a bare coil was 
determined to be comparable to the 1-s core transient Infrared scan com
monly used in FRS inspections. These inspections indicate that coll 
outside diameter variations of ±0,025 mm (±0,001 in,) and coil gap 
variations of 0.05 mm (0.002 in.) are acceptable from a thermal profile 
standpoint. 

Figure 19 compares Infrared scans of a bare coil with the same coil 
in a completed FRS. A discontinuity in the coil turns causing an abrupt 
change of about 8% in the center of a heat flux profile is evident in 
both scans. Figure 20 shows the core steady-state and transient scans 
and the clad transient scans of a completed BRP FRS with a variable 
width heating element. The core transient profile is a close replica of 
the steady-state profile (except for axial conduction at either end). 
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INSTALLED IN A FPS; POWERED AT 12.8 kW 
FOR 1 s 

Fig. 19, (a) Bare coll, stretched and printed; powered at 25 W 
for 4 min, (b) Core transient scan of coil in (a) in an FPS powered at 
12,8 kW for 1 s (ORNL-DWG 80-5575 ETD). 
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(c) CLAD TRANSIENT TEST, POWERED AT ~ 4 kW 

FOR 1 s 

Fig. 20. Core steady state (a), core transient (b), and clad tran
sient (c) infrared scans of a completed FRS with chopped cosine variable 
width ribbon heating element (ORNL-DWG 81-7777 ETD). 
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Maximum deviation is within 2,5%, Heat flux profiles during transient 
operation are acceptable with this amount of deviation. 

CONCLUSION 

Design of variable width ribbon heating elements is based upon a 
mathematically derived equation for the chopped cosine profile and takes 
into account the syncronous variation of the local ribbon width with the 
winding angle so that the cross section (and therefore local heat gen
eration) can change essentially Independently of the turn-to-turn spac
ing. 

The ribbon profile, once determined, is machined on a numerically 
controlled template grinding machine to width and contour tolerances of 
better than 0.5%. The ribbons are wound into coils using a filament 
winding machine. The colls are then swaged, cleaned, cut to length, 
dimensionally Inspected, and infrared scanned prior to use. 

The elements have been successfully operated as components of THORS 
Bundle 9 FRS, THORS Bundle 12 FRS prototypes, and GCFR-CFTL Bundle AG-1 
FRS prototypes. The coils are fabricated with very small gaps between 
turns while maintaining a variable profile. These coils have been suc
cessfully Installed in sophisticated FRSs using precise FRS fabrication 
technology. This technology includes the use of cold pressed BN pre
forms as insulation between the heating element and the cladding. 

REFERENCES 

1. W. E, Baucum, R, E. MacPherson, D. L. Clark, and R. W. McGuIloch, 
State of the Art Fuel Pin Simulators for LMFBR Out~of-Reaetor Safety 
Tests - Status Report, ORNL/TM-5889 (September 1977), 

2. P. A. Gnadt et al.. An Update of the THORS Facility — A High-
Temperature Sodium Test Facility, ORNL/TM-7121 (May 1980), 

3. D. L. Clark and T. S, Kress, U.S. Patent No. 3,912,908, Electric 
Cartridge-Type Heater for Producing a Given Non-Uniform Axial Power 
Distribution, Oct, 14, 1975, 

4. W. A. Simpson, Jr., S. D. Snyder, and K. V, Cook, Infrared Inspec
tion and Characterization of Fuel-Pin Simulators^ ORNL/NUREG/TM-55 
(November 1976). 



THE PREVENTION AND CURE OF DISEASED FUEL ROD 
SIMULATORS - FROM CONCEPTION TO DEATH - BY 

TIMELY AND PROPER INSPECTION* 

S. D. Snyder 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

The major inspection methods — electrical, radiographic, 
and infrared — employed during the development, fabrication, 
and use of fuel rod simulators are described. Principal em
phasis is placed on the infrared scanning Inspection system 
and interpretation of test results. The role of liquid pene
trant inspection and helium mass spectrograph testing is men
tioned. Correlation and feed-back of information from all 
inspections during the development and fabrication steps are 
detailed. 

INTRODUCTION 

The quality requirements that are in effect today for fuel rod 
simulators (FRSs) mandate close and constant monitoring of every itera
tive step in the concurrent development of simulator components, tool
ing, and fabrication procedures, Edsel Murphy apparently was involved 
in FRS work when he formulated his whimsical laws of illogic that seem 
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Corporation, 

501 



502 

to govern the universe. Three of his laws appear to be particularly ap
plicable: (1) "if anything can go wrong, it will go wrong"; (2) "noth
ing is ever as simple as it first seems"; and (3) "every activity takes 
more time than you have," To refute these laws, the timely use of ap
propriate inspection methods have been instituted after most of the 
fabrication steps. These methods cover a broad range of nondestructive 
tests, including visual, dimensional, electrical, radiographic, liquid 
penetrant, helium mass spectrograph, and infrared inspections. This 
paper will give an overview of inspection methods we have found cost ef
fective in our FRS development and fabrication activities. It will con
centrate on the infrared scanning technique because of its versatility 
and relative simplicity. Because the other methods have more limited 
applications, they are only briefly discussed, 

ELECTRICAL INSPECTIONS 

Because an FRS is an electrical heating device, being able to mea
sure accurately several electrical parameters such as low and high re
sistance and leakage current is essential. Low-resistance measurements 
are necessary to monitor the condition of the central heating element 
[active component assembly (ACA)] during every step of its fabrication 
and assembly into the FRS, High-resistance and leakage-current measure
ments are necessary to determine the condition of the electrical insula
tion between the ACA and the sheath of the FRS, 

We have assembled the simple circuit shown in Fig, 1 to measure the 
low-resistance value of the ACA with an accuracy of <0.5%. With the 
switch turned to position 1, thus placing the dc voltmeter (DVM with a 
0,1-mV sensitivity) across a 1,0000-^ resistor, the power supply is 
raised until the voltmeter reads 1,0000 V. This establishes a 1,0000-A 
current through the ACA and resistor circuit. When the switch is moved 
to position 2, the voltmeter reading is the ohmic value of the ACA re
sistance, because the current is 1 A, These measurements are normally 
made after filling, bakeout, swaging, annealing, and trimming to size. 

1.0000 n ACA 
V\AAA-------#-^ ^ A A A A A A A A A A A A r — • 

(jVOLTMETER 

' >̂k ' 
Fig, 1, ACA resistance measurement circuit (ORNL-DWG 80-5567 ETD). 
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High-resistance and leakage-current insulation inspections consist 
of a series of tests with a conventional megger and a high-potential 
megger (Hipot) at room temperature. A 500-V dc potential is used for 
megger tests, and a 1500-V dc potential is employed in the high-poten
tial tests. The 500-V megger tests are performed before and after the 
1500-V Hipot tests. Insulation resistance, as read on the megger, 
should normally be 10^ ^ (or more) both before and after the high-
potential test, A significant decrease in insulation resistance after 
(or during) the high-potential tests is reason to suspect Insulation 
anomalies. Current leakage in the high-potential test should be <100 pA 
and is normally zero for units without moisture or other insulation 
problems, 

At times, insulation anomalies exist which have not been explained. 
An empirically derived procedure of eliminating some of these defects 
has been developed. This procedure involves the use of a high-voltage 
(up to 2000 V dc), low-current (10- to 500-mA) source in which the volt
age is slowly increased to allow limited controlled arcing to occur 
across the insulation gap. The apparent corona discharge, if closely 
controlled to limit its magnitude, improves insulation resistance and 
"clears" many units from further arcing up to the highest discharge 
voltage used. 

This procedure, however, does not always result in improved insula
tion resistance; in these cases, the units must be rejected. The phe
nomenon is not yet understood, but a certain "window" of energy release 
(voltage X current x discharge time) which will result in improvement 
apparently exists. If too little current is available at the voltage 
that causes arcing (as with the high-potential device, which has limited 
current capacity), clearing will not occur; if too much voltage is ap
plied without limiting current, the insulation often is destroyed. 

RADIOGRAPHIC INSPECTION 

In addition to the normal use of radiography for inspection of 
welds, brazes, etc., we use this technique to inspect the cold-pressed 
boron nitride (BN) preforms to determine metallic Inclusion content. 
This is done at relatively low x-ray energies (40 kV) to provide ade
quate film contrast between the low atomic number BN and the higher 
atomic number metallic particles. Figure 2 is a positive print of a 
radiograph of a series of BN preforms with a high metallic inclusion 
content. These particles appear as stars when the radiograph is ob
served on a back-lighted viewer. Normally, orientation of the container 
of BN preforms is maintained during radiography to facilitate identifi
cation and elimination of the contaminated preforms. 

Our primary use of radiography is for the dimensional determina
tion of the locations of thermocouples and the boundaries of the heated 
section in an assembled ACA and FRS, Radiography is also used as an 
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Fig, 2. Sample of radiograph of BN preforms (ORNL-DWG 80-5569 ETD). 

adjunct to infrared scanning for the analysis of anomalies, such as 
(1) eccentricity of the ACA within the FRS, (2) poor contact between 
terminals and ACA, and (3) large discontinuities in BN insulation. 

Whenever radiography is used for accurate dimensional analysis, the 
effects of geometric distortion must be considered. To minimize errors 
in measurements, we radiograph all assemblies on a table that has grid 
marks made from 1,0-mm-diam (0.040-in,) tungsten wires Imbedded in 
6.35-mm-thlck (1/4-in.) Plexiglas and spaced at ~15,24-cm (6-in.) inter
vals over a 5.94-m (234-ln.) length. The exact interval between grid 
marks was determined after the table was assembled. The table, which is 
on casters for mobility, will accommodate up to five ACA or FRS assem
blies with a maximum length of 6,1 m (20 ft), A section of this table 
is shown in Fig, 3, 

In practice, radiographs are made with the x-ray tube and film cen
tered on the grid mark nearest the location of interest, thus minimizing 
the effects of geometric distortion. Because the grid mark spacing is 
about 15,24 cm (6 in,), the magnitude of all measurements from the cho
sen central grid mark must be <7.62 cm (3 in). Distortion correction 
factors are determined from the film-to-focal spot distance and the di
ameter of the object being radiographed; these correction factors are 
applied to the distances measured from the radiographs. Optimum measur
ing accuracy is obtained by using a vernier caliper, while observing a 
back-lighted radiograph under a minimum of 3x magnification (as shown in 
Fig. 4), 

The use of radiography as an adjunct to Infrared scanning will be 
discussed in the next section. 
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Fig* 3, Grid-marked radiography table (ORNL Photo 6684-79R). 
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Fig, 4, Determining Internal component dimensions from radio
graphs (ORNL Photo 6665~79R). 

INFRARED INSPECTION EQUIPMENT 

When fuel rod simulators are considered as alternate devices for 
actual fuel rods with matching thermal characteristics, there is an ob
vious need to assess reliably the integrity and thermal behavior of the 
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simulators both during and after completion of fabrication. Many devel
opment and manufacturing problems have been detected using infrared (IR) 
testing techniques. In some cases, such techniques are the only practi
cal method for evaluating the simulators. Variations in the nominal 
heat generation rate of the element and in the thermal diffusivlty of 
the BN are easily detected. Since diffusivlty is a direct function of 
density, thermal conductivity, and specific heat, all these parameters 
can be evaluated, along with eccentricity between the heating element 
and the FRS sheath and anomalies in the element geometry. 

We have designed and built a system for the rapid inspection of 
simulators and their components. The design was not a single cohesive 
one arrived at directly. Rather, it evolved over several years of test
ing, reflecting prior work^ and the changes that have occurred in FRS 
development for a range of research programs. The schematic diagram of 
our infrared scanning inspection system is shown in Fig, 5 and (as 
translated into the equipment components) in Fig. 6, This system may be 
divided into three functional groups; infrared scanning camera, data 
acquisition and storage, and power supply. 
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Fig. 5. Schematic diagram of infrared scanning inspection 
system (ORNL-DWG 76-8332A). 
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Fig. 6. ORNL infrared scanning inspection system (ORNL Photo 6669-79A). 

Infrared Scanning Camera 

The heart of the infrared system is an Inframetrics Model 401 In
frared Thermal Scanner (IR camera). This is a horizontal line scanning 
unit; that is, it repetitively scans a single horizontal line that is 
adjusted to be coincident with the axis of the FRS. The output is an 
analog voltage signal which, when displayed on an oscilloscope synchro
nized to the camera sweep, provides a representation of temperature vs 
axial position along the FRS. The time required for a single unidirec
tional sweep Is ~8 ms (total angular scan is 10 or 25°, depending on 
camera setting), with an equal time required for the reverse scan. Be
cause every other scan is selected for display, the total time between 
successive interrogations of any given point on the fuel rod is ~16 ms. 
The manufacturer claims a temperature resolution of 0,2''C at 30°C and an 
instantaneous field of view of 2 mllliradlans. 

Data Acquisition and Storage 

Different data handling modes ensure a wide range of possible ap
plications of the system. For example, the analog output of the camera 
is connected directly to an oscilloscope (Fig. 5), thus giving a real
time display of the axial temperature distribution during heat-up of the 
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simulated fuel rod. This is particularly useful when aligning the IR 
camera or when performing qualitative measurements that require continu
ous monitoring of the thermal profile of the FRS. 

To facilitate high-speed data reduction and interpretation, digital 
data acquisition and storage capabilities are incorporated. The digital 
system is designed around a Biomation 805 Transient Recorder, This unit 
is an eight-bit A/D convertor with a maximum conversion rate of 5 MHz 
and total storage capacity of 2048 words. This system can be initiated 
with an external command so that a heating cycle can be started and, af
ter a preset delay, the recorder triggered. The signal from a single 
sweep of the IR camera is then captured by the Transient Recorder and 
digitized. Thus, the stored information is a record of the temperature 
distribution along the simulated fuel rod at the preselected instant of 
time. Once captured, the digitized data are then reconverted to an ana
log signal by the transient recorder and fed to a second oscilloscope. 
Therefore, of the two oscilloscopes (Fig. 5), one displays the tempera
ture distribution continuously and the second the distribution that ex
isted at a given instant. The second display is normally transferred to 
an X-Y plot, which is the usual data presentation manner. In addition, 
provisions have been made for extracting the data in a form amenable to 
computer processing via magnetic tape storage. In this case, a hard
wired Interface accepts the parallel binary output of the transient re
corder and converts it to IBCDIC format. 

Acquiring reproducible temperature profiles of a simulated fuel rod 
at any selected instant of time requires that the system have a timing 
control to (1) serve as a master clock and (2) ensure that the digital 
recorder is always triggered by the synchronization pulse generated by 
the IR camera. This second function is needed to start the digital re
corder at the same point in the camera sweep. Because of the one-of-a-
kind nature of the system, no commercially available unit could provide 
the capabilities mentioned previously; therefore, we designed our own, 

FRS Power Supply 

The power supply for heating the FRS consists of three transformers 
to provide voltages from 0 to 50 V, 0 to 120/240 V, and 0 to 750 V. A 
remotely controlled motor-driven variac in a 460-V, 1-<|>, 60-Hz line is 
used to adjust the primary voltage of the transformer selected for each 
particular test. Power can be applied to the FRS in either a timed or 
continuous mode. 

Tests and Data Interpretation 

The IR scanning test conducted on an FRS normally consists of three 
independent operations. The first of these (steady-state scan) requires 
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the application of low power to the heating element sufficient to stabi
lize the surface temperature at 90°C (194°F), after which a surface tem
perature scan is made. This test gives a low-sensitivity measurement of 
temperature distribution and uniformity along the heated length of the 
FRS. The second operation (core scan) involves the application of a 
short pulse (~1.1 s) of high power to the heating element followed by a 
surface temperature scan 1 s into the transient. This gives a sensitive 
measure of essentially all parameters of Importance to FRS performance. 
For additional sensitivity, the scan can be delayed until 5 to 10 s into 
the heating transient with a corresponding increase in the length of the 
power pulse and in the surface temperature level attained. A third op
eration (sheath scan) is then performed; in this scan, the sheath of the 
FRS is subjected to a power pulse (~1,1 s) and a sheath surface tem
perature scan is made 1 s into the transient. Comparison of the results 
from operations 2 and 3 gives additional insight into the condition of 
the FRS, 

The steady-state test is primarily useful for revealing temperature 
variations caused by the lack of concentricity between sheath and heat
ing element or variations in the turns ratio of the central heating ele
ment coil. The two transient tests are useful for evaluating both heat-
generation and heat-transmission properties of the FRS, Variations in 
density and thermal conductivity of the BN insulation are Indicated only 
in the two transient Infrared tests. There is a correlation between 
thermal conductivity and density of the BN, but it is not a simple func
tion. However, the effects of the two parameters are separable and 
quantitatively discernible. 

Thermal conductivity variations occur as opposing (out-of-phase) 
perturbations in the surface temperature profiles taken during the two 
transient infrared scans, while density variations occur as similar (in-
phase) perturbations. For example, if the thermal conductivity at a 
given location in an FRS is below the average, less heat will be trans
mitted at a given temperature (or time) differential. Thus, a valley 
will occur at that location in the surface temperature profile for the 
core transient test, while a surface temperature peak will occur for the 
transient sheath test. This is shown rather dramatically on the two 
transient infrared scans (Fig, 7) of an FRS with local areas of low BN 
thermal conductivity. The central 8 cm of the 10-cm scan plot length 
represents the heated length of the unit, A calibration temperature 
peak from a 70°C (158°F) source is shown at the left of the scan. The 
low thermal conductivity indicated by the perturbations in the tempera
ture profile was caused by Improper BN filling techniques. 

At BN densities >75 to 80% of theoretical, the thermal conductivity 
Is sufficiently high that 1-s transient infrared scan anomalies are most 
frequently associated with density variations. A low-density area has 
low heat capacity and shows up as a hot spot on the temperature profiles 
from both the core and cladding scans. This is illustrated in Fig, 8 
for an FRS with a cosine heat flux profile. Although several perturba
tions are evident, the region just to the left of center on the core and 
clad transient scans is the best example of an in-phase anomaly. 
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Fig. 7. Infrared scans of an FRS showing out-of-phase temperature 
anomalies produced by low annular BN thermal conductivity (ORNL-DWG 
77-13979A). 
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Fig. 8. Infrared scans of an FRS showing in-phase temperature 
anomalies produced by low-density insulation inside the heating element 
(ORNL-DWG 79-4881A). 
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Although producing considerably less effect on the sheath surface 
temperature than the same annular density variations, local BN density 
variations inside the heating element are seen as in-phase perturbations 
in sheath and core tests. Because of fabrication techniques, a varia
tion in either region of insulation will most likely affect the adjacent 
region in the same manner; for example, a low-density region in the 
heating element Interior is likely to lower the density of BN in the ad
jacent annular region. When this occurs, the net effect is a hot spot 
of larger magnitude on the core transient test than on the sheath tran
sient test. 

Eccentricity of the heating element with respect to the sheath pro
vides a characteristic signature during core transient testing. An out
wardly displaced single turn of the coil results in a hot spot, with 
maximum amplitude where the element Is nearest to the sheath. This is 
illustrated in Fig. 9, A heating element with helical eccentricity 

/., »•' """ ' 5.3 m m 
'" (0-222 m.) (0.207 in.) 

Fig. 9. Outwardly displaced single turn of coil. (a) Infrared 
scan of an FRS with an outwardly displaced single turn of coll. 
(b) Radiograph of an FRS in region of displaced turn. (c) Winding 
configuration and dimensions at location of displaced turn (ORNL-DWG 
80-5568R ETD). 
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(common when powder-filling technology is used) appears on the core scan 
as a sinusoidal source. When the scan is repeated with the FRS rotated 
180°, a corresponding phase shift of 180° is apparent on the scan. 
Typically, neither anomaly Is apparent from sheath transient tests re
gardless of the orientation. 

Another example of the value of this diagnostic tool is illus
trated in Fig. 10, which shows the effects of swaging on the thermal 
conductivity of an FRS test cell, ranging from the nonswaged to the 
optimum swaged condition. Noticeable improvement is shown both by the 
increase in the temperature level as the swaging proceeds (the same 
power input and transient time were imposed on the rod for each test) 
and by the improvement in the temperature uniformity over the length of 
the test cell. This procedure provides a means for establishing swag
ing parameters and could also be used to (1) establish BN tamping forces 
during preform insertion, (2) determine optimum preform lengths, and 
(3) monitor other component variables that might affect thermal conduc
tivity. Although detailed determinations of sheath tube wall thickness 
variations have not been done with IR scanning techniques, we have noted 
that the potential exists. 
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Fig. 10. Infrared scans of a test cell filled with BN preforms 
demonstrates effects of swaging on thermal conductivity (ORNL-DWG 
76-2053A). 
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Because of the critical requirement for close temperature profile 
control with some FRS, a technique of high-resolution, high-temperature 
infrared scanning was developed.^ This technique permits infrared scan
ning up to 500°C with the same resolution as in the 90°C scans. 

For high-temperature applications, the camera analog output signal 
corresponding to temperature is routed to an offset amplifier that 
tracks the highest temperature of the axial scan. When the preset ramp 
time is reached, a voltage Is subtracted from the offset amplifier sig
nal. The top part of the temperature scan signal is then recorded and 
displayed as in the normal method. The offset voltage — corresponding 
to the temperature of the baseline of the scan — is known, so the actual 
temperature of the surface can be determined. Figure 11 shows the im
provement in temperature sensitivity obtained from a typical high-
temperature scan when compared with the normal low-temperature scan of 
the same FRS. 

This system has been remarkably successful in characterizing the 
performance of FRSs. The repeatability of any given test, even after 
several months, is extremely high. Perhaps most importantly, the tests 
(by their very nature) are capable of ascertaining or predicting how a 
given simulator will perform in service, as well as providing informa
tion about how well the various components of the FRS meet the specified 
tolerances. 
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Fig , 11 , Comparison of t e s t s e n s i t i v i t y between i n f r a r e d scans a t 
low and h igh tempera tures (ORNL-DWG 79-16921 ETD). 
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LIQUID PENETRANT AND HELIUM MASS 
SPECTROGRAPH INSPECTION 

These tests, although not used during the fabrication of FRSs and 
components, do become necessary during the retrofitting of FRSs for in
stallation in test bundles or loops. Often it Is necessary to install 
end plugs and oversleeves Involving welded and brazed joints. Because 
the FRSs are often used in water or steam atmospheres at high pressures 
and temperatures, these joints must be absolutely leak tight to maintain 
the BN insulation integrity. Liquid penetrant provides a rapid indica
tion of the presence of surface cracks and/or porosity in welds and 
brazes but is used only as an indicator of a possible leak. Confirma
tion is provided with the highly sensitive helium mass spectrograph 
test. There are instances where only the outside of a joint is access
ible, such as end plug welds, and the normal practice of flooding one 
side of the joint with helium while pumping on the opposite side cannot 
be used. We have developed a technique of soaking the Joint in a high-
pressure helium atmosphere for a specific time (normally 1/2 h), follow
ing with an alcohol wash. The rate of removal of any residual helium is 
then monitored by reencaslng the area and running the normal helium mass 
spectrograph test. 

CONCLUSIONS 

Much of our success in the development and fabrication of high-
quality FRSs is attributed to our capabilities for making meaningful 
tests and Inspections at the proper times during the fabrication pro
cess. Quality assurance procedures are based on the need to establish 
that each component is acceptable before it becomes a part of the final 
product. Experience has shown that a delay In confirming quality until 
the finished product comes off the line usually results in a faulty 
product. We have adopted this practices "Before going to the next 
step. Inspect" — even for repetitive operations^ because they often pro
duce unexplained anomalies. 

Most of the equipment required to constantly monitor the condition 
of all the components that go into an FRS is simple and relatively in
expensive. However, the infrared scanning system is unique, sophisti
cated, and expensive, but it has a wide range of applications. For us, 
the use of this system has made the difference between high quality and 
mediocrity. 
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FUEL ROD SIMULATORS 
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ABSTRACT 

Extensive experimental and analytical calibration proce
dures have been developed to fully classify fuel rod simula
tors (FRSs) in order to reduce the uncertainties in computed 
FRS surface temperatures and surface heat fluxes. Case stud
ies show that nonclasslfIcation of FRSs can result in severe 
errors in the calculation of the spatial and temporal history 
of heat flow within the FRS, surface heat flux, and surface 
temperature. 

INTRODUCTION 

One of the primary objectives of the Oak Ridge National Laboratory 
(ORNL) Pressurized-Water Reactor Blowdown Heat Transfer (PWR-BDHT) Pro
gram^ is the determination of fuel rod simulator (FRS) surface tempera
tures and surface heat fluxes from internal thermocouple responses dur
ing loss-of-coolant experiments (LOCE), This calculation requires the 
solution of the Inverse heat conduction problem.^ 

Indirectly heated electric FRSs used in BDHT Bundle 1 (Fig. 1) had 
a dual-sheath design with thermocouples located both in the center of 

Research sponsored by Division of Reactor Safety Research, U.S. 
Nuclear Regulatory Commission under Interagency Agreements DOE 40-551-75 
and 40-552-75 with the U.S. Department of Energy under contract W-7405-
eng-26 with the Union Carbide Corporation. 
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Fig. 1. Bundle 1 heater rod cross section (1 in. = 2,54 cm) 
(ORNL-DWG 75-12882R). 

the FRS and In outer surface grooves of the Inner sheath. These FRSs 
often had gaps between the inner and outer sheaths; furthermore, there 
was (1) FRS-to-FRS variance in the manufacturing process, (2) change in 
bundle response due to aging, and (3) considerable uncertainty in ther
mal conductivity and thermal dlffusivity of the electrical insulators 
[boron nitride (BN) and magnesium oxide (MgO)] used in the FRS construc
tion. An extensive FRS calibration procedure (experimental and analyti
cal) was developed to supply FRS performance information to the inverse 
heat conduction model.^ These calibration procedures will briefly be 
reviewed, and several case studies will be presented to illustrate that 
failure to fully classify FRSs with regard to component physical proper
ties and gaps can result in severe errors during inverse calculations of 
the driving potential [difference in surface and bulk sink fluid tem
peratures (AT)] at the surface of the FRS, the spatial and temporal his
tory of the heat flow within the FRS, and the surface heat flux. 

ROD CLASSIFICATION PROCEDURE 

Experimental Procedure 

Two types of experimental techniques can be used to generate data 
required to classify FRSs, Data from steady-state experiments at varied 
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power-generation rates and FRS surface temperatures can be reduced to 
yield desired gap information and effective thermal conductivity of the 
BN annular insulator. Power-drop tests ("controlled" transients) can be 
performed to determine the effective thermal dlffusivity of the MgO 
core. Centerline thermocouples are assumed to be in tandem with sheath 
thermocouples; that is, the rod centerline temperature must be monitored 
at the same axial position as that of the sheath thermocouple if the 
heater is to be fully classified. Without the centerline thermocouple, 
only the gap information can be extracted from calibration tests. 

The fluid temperature (heat sink) range over which the experimental 
calibration runs can be made is largely dependent on the facility. As 
an upper limit for the sink temperature (a function of the core flow 
rate, core inlet temperature, and pressure), the entire FRS should be 
maintained in the forced convection heat transfer regime. This conclu
sion is based on surface heat flux perturbation studies for the BDHT 
FRSs.'* The lower limit of the heat sink temperature is also facility 
dependent [a function of the capability of loop heat exchangers to re
move core and pump energy dissipated in the fluid or, in the case of the 
Thermal Hydraulic Test Facility (THTF), by the direct power current 
(whose magnetic field adversely affects thermocouple signals at low tem
peratures) supplied to the core].^ 

Analytical Procedure 

The result of the experimental FRS classification procedure is a 
magnetic tape generated by the THTF's computer-operated data acquisition 
system (CODAS) containing multiple steady-state and power-drop informa
tion sets that are processed by a four-part calibration program, ORTCAL 
(ORNL Thermocouple Calibration). 

ORTCAL - Part I 

Part I of ORTCAL reads the steady-state calibration data sets (one 
at a time), computes the core coolant mass flow rate from a core heat 
balance, and calculates the local fluid conditions (i.e., bulk tempera
ture, saturation temperature, and pressure) for each thermocouple level; 
subsequently, the heat transfer coefficient, heat transfer regime, FRS 
radial gap dimension, and FRS temperature profile are determined for 
each bundle thermocouple position. All of this information is accumu
lated on an ORTCAL thermocouple history tape over the life of the bun
dle. 

The aging of THTF Bundle 1 is illustrated (Fig. 2) for thermocouple 
position TE-318BG by means of a graph of the calculated gap width vs the 
number of times Bundle 1 has been brought to power (with the curves 
drawn through approximately equivalent boundary conditions). Figure 2 
shows gap closure when FRS surface temperature is held constant and when 
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FRS power-generation rate is increased (I.e., the inner sheath thermal 
expansion is greater than that of the outer sheath, thus closing the 
gap). 

ORTCAL - Part II 

Part II of ORTCAL uses temperatures indicated by the sheath and 
middle thermocouples along with the power-generation rate to produce the 
effective thermal conductivity of the BN insulator. If the temperature 
dependencies of substrata thermal conductivities and power-generation 
rate are known, FRS centerline temperature can be determined from sheath 
thermocouple response Independent of core MgO thermal properties. It is 
assumed that thermal conductivity of BN can be approximated by a poly
nomial in terms of temperature, that is 

kBN(T) = Ci + C2T + C3T2 + CI,T3 , (1) 

where Ci are the polynomial coefficients. Thus, given a set of coeffi
cients Ci, the FRS centerline temperature Tcenter4 can be calculated for 
each steady-state observation j given the following boundary conditions 
for each observations (1) the sheath thermocouple response and (2) the 
linear power-generation rate. 

The regression procedure for determining temperature dependence of 
^BN l^^.' (1)] involves minimization of the sum-of-squares function with 
respect to the G^ parameters, 

N 
F(Cĵ 5 C25 C3, Cî ) = 2^ (̂ center̂  " Tcenter4^ » (2) 

j-1 J J 

where Y^enter • represents the observed middle thermocouple response, 
Tcenter^ is tne calculated steady-state FRS centerline temperature, and 
N is number of observations. 

The technique employed for optimizing Eq, (2) Is a numerical algo
rithm using a pattern search strategy, 

ORTCAL ™ Part III 

The thermal conductivity of MgO is a strong function of its packed 
density. Because the construction procedure for THTF Bundle 1 FRSs in
volves a series of swaging operations with certain axial sections of the 
FRS being swaged more than others, estimated density of the MgO ceramic 
core ranges from 70 to 90% of the theoretical density. 

Part III of ORTCAL uses the temperatures indicated by sheath and 
middle thermocouples along with the power-generation rate to produce the 
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effective thermal dlffusivity of the MgO core aĵ gO' Thermal conductiv
ity of MgO is actually regressed as values for the density and specific 
heat of MgO are well-defined, [Regressions of ORTCAL — Part II (deter
mination of effective thermal conductivity of the BN insulator) must 
precede regressions of ORTCAL — Part III.] 

Power-drop test information is used by Part III of ORTCAL, These 
tests involve tripping power to the bundle with the core mass flow rate 
and core inlet pressure and temperature remaining essentially constant 
throughout the test. 

Thermal conductivity of MgO is assumed to be approximated by a 
polynomial In terms of temperature; that is, 

kMgo(T) = Ci -h C2T + C3T2 -h C4T3 + CsT̂ * , (3) 

where Ĉ^ are the polynomial coefficients. The MgO thermal dlffusivity 
regression is based on minimization of the following sum-of-squares 
function with respect to the C^ parameters, 

N 
F(C^, C2, C3, Cl^, C5) = Y^ 

j=l 

where Y^enter- represents the observed middle thermocouple response, 
'̂ center- ^^ ^"^^ calculated FRS centerline temperature, n is the number 
of observations per power drop, and N is the total number of power 
drops. 

Part III solves the forward conduction problem, given a set of co
efficients Cĵ  and the following boundary conditions; (1) power-genera
tion rate as a function of time and (2) sheath thermocouple response as 
a function of time. Equation (4) is optimized by the same numerical 
pattern search technique used in Part II of ORTCAL. 

ORTCAL - Part IV 

Part IV of ORTCAL applies regression analysis to the results from 
Part I to determine thermal expansion coefficients and proper bias 
points for stainless steel annuli forming the gap. The mechanical model 
chosen to utilize this Information is one-dimensional, which is con
sistent with the thermal model used in the inverse calculation. The 
linear gap model used is 

Agap = Agapo + Ar^s ~ ̂ %0D5 » (5) 

where subscript 0 denotes the reference gap and subscripts NS and N0D5 
refer to the first node in the outer sheath and the last node in the in
ner sheath, respectively. The values of A"? in Eq. (5) can be expanded 

1=1 
''̂ center̂  •'̂ center̂ ^ (4) 
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by the following equation derived from the definition for the coeffi
cient of linear expansion: 

L - Lg = LQ {exp[C^(T - TQ) + C^Ql^ - T^) + C3(T3 - T^)] - l.O} , (6) 

where Lg and TQ are the reference length and temperature, respectively. 
Expanding Af^g and Ar̂ jQ̂ g by using Eq. (6) and Inserting the expansion 
in Eq. (5) yields 

Agap = Agapo + ^NS {exp[Ci(TNS - T^SIQ) + C2(TNS " Tis|o> 

+ C3(T|S - T ^ S ! Q ) ] ~ 1-0} ~ 7 N O D 5 {exp[Ci(TNOD5-TNOD5lo) 

+ C2(T|OD5 - TNODSIQ) + C3(TNOD5 - TNOD5|O)J " l'̂ } ' ^^^ 

The term AgapQ is the reference gap and T^sL and TN0D5|Q are the refer
ence nodal temperatures. 

Because gap behavior can be expressed in one concise mathematical 
formula [Eq. (7)], a nonlinear least-squares routine (rather than the 
pattern search technique used previously) Is employed to determine the 
coefficients Ĉ^ in Eq, (7), 

CONSEQUENCES OF NONCALIBRATION OF FRS 

The effect of not classifying FRSs can best be illustrated by a 
series of examples that consist of Oak Ridge Inverse Code (ORINC)^ cal
culations for THTF test 105, where the annular BN thermal conductivity, 
core MgO thermal dlffusivity, and gap between the sheaths were varied to 
qualitatively assess their effect on inverse calculations. At present, 
the only alternative to the calibration procedures just developed is to 
use literature data for BN and MgO thermal conductivities and to assume 
that there is no gap between the sheaths. Therefore, ORINC case studies 
were made using the following combinations; 

Case 1. ORTCAL regressions for BN thermal conductivity, MgO thermal 
dlffusivity, and the sheath-gap model; 

Case 2, ORTCAL regression for kg^s ^MgO' ̂ "̂̂  ̂ ^ gaps zeroed; 
Case 3, Least-squares fits to literature data for kgv,, aM„o' ^^^ ORTCAL 

regressions for the sheath-gap model; and 
Case 4. Least-squares fits to literature data for kgĵ , a^go* and all 

gaps zeroed. 

Case 1 will be used as the base case; case 4 is the current state-of-
the-art practice. 

Typical FRS surface temperature plots for case 1 at thermocouple 
level E are presented in Fig, 3, Similar plots for the surface heat 
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flux are given in Fig. 4, The corresponding set of plots for case 2 is 
presented in Figs. 5 and 6, 

A comparison of Figs. 4 and 6 reveals little difference in the com
puted surface heat fluxes. This result should be expected because in
verse solutions of the transient conduction equation for cases 1 and 2 
will yield identical results for the computed temperature profile from 
the sheath thermocouple to the FRS centerline and for the heat flow 
through the sheath thermocouple. Since the heat flow at the sheath 
thermocouple is the same for both cases, temperatures in the outer stain
less steel sheath must be higher for case 2 because the thermal resis
tance of the gap has been removed. Not only will temperatures in the 
outer sheath be higher, the computed surface heat flux will also be 
slightly different because of the temperature dependence of the specific 
heat and thermal conductivity of stainless steel. 

The noteworthy difference between cases 1 and 2 is obvious when 
Figs, 3 and 5 are compared; a significant discrepancy exists in surface 
temperature plots of the precritical and postcritical heat flux (CHF) 
regions. For case 1 at 0 s on level E, FRS surface temperatures range 
from 601.7 to 605.9 K with a predicted heat transfer mode of forced con
vection; however, the heat transfer mode changed to nucleate boiling, 
and the FRS surface temperature range became 621.8 to 674,4 K for case 2 
(zero gaps). Similar results are obtained for 2 s into the transient 
with FRS surface temperature ranges of 773,2 to 796,4 K for case 1 and 
780.1 to 815,3 K for case 2. Calculated surface temperatures for case 2 
are higher than those for case 1, and the range is much broader. The 
question of which case is more accurate must be answered because, as 
noted earlier, the calculated surface fluxes do not vary significantly 
between the two cases and the driving potential (i.e., Tĝ j-fĝ .̂  — Tgj_jĵ ) 
is drastically different. As a result, the computed surface heat trans
fer coefficient would be greatly affected. 

A study of the steady-state conditions (at 0 s) for cases 1 and 2 
gives a reasonable answer to this question. Case 1 predicts forced con
vection at level E. Using the Dittus-Boelter correlation, a heat trans
fer coefficient of 3.6 x 10^ W/(m^°K) is predicted at this level. The 
mean of the coefficients determined by ORINC for level E in case 1 is 
3.77 X 10*+ W/(m^«K) [17 observations with a standard deviation about the 
mean of 0,05 x 10^ W/(m 'K)]. At steady-state, the mean surface heat 
flux for level E is 1,290 x 10^ W/m^ (17 observations with a standard 
deviation about the mean of 0.020 x 10^ W/m^), If the surface tempera
ture for level E is calculated by 

•̂ surf =• '̂ bulk + "T ^ ^̂ ^ 
"̂ D-B 

the expected surface temperature range for level E would be 604,2 to 
607.5 K, essentially the range determined for case 1. In case 2 for the 
nucleate boiling regime to be chosen by ORINC, the FRS model had to 
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transfer heat to a sink temperature equal to the saturation temperature 
(619.0 K at 15709.2 kPa), If Thom's correlation is used for the sub-
cooled nucleate boiling regime, the expected surface temperature range 
for level E can be determined by 

Tsurf = Tgat + 0.0406 (i ± 35^)1^2 e-P/8687 . (9) 

The expected range for level E would be 626.4 to 626.7 K if the local 
fluid pressure is used; however, the computed surface temperature range 
is 621,8 to 674,4 K. If there are pressure fluctuations radially at 
level E, local pressures required to produce the computed rod surface 
temperatures for case 2 must be determined. Assuming Thom's correlation 
is applicable and using rod surface heat fluxes (at 0 s), local pres
sures shown In Fig. 7 would be required. From Fig. 7, it should be 
readily apparent that the existence of such radial pressure differences 
at one axial level in the core is physically impossible. Thus, conclu
sions are that case 1 describes the surface conditions at level E best. 

Fig, 7. Distribution of steady-state pressure predicted using 
case 2 (superimposed on cross section of Bundle 1 core, level E, test 
105) (ORNL-DWG 78-18441). 
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and case 2 (with the zero gap assumption) grossly miscalculates the 
surface temperatures. 

Case 3 was an attempt to determine only the effect on inverse cal
culations of using literature data for insulator thermal conductivities; 
thus, both cases 1 and 3 use the ORTCAL dynamic gap model and gap re
gressions. The only differences between cases 1 and 3 are the regres
sion fits for kgjg and a}4g0' Fits to the literature data yield higher 
thermal conductivity values for both BN and MgO than those predicted by 
the ORTCAL regressions. The ORINC results at thermocouple position 
TE-318BG for THTF test 105 will be reviewed for cases 1 and 3. 

A case result will be defined as correct if the calculated FRS in
ternal thermal response from ORINC matches or closely approximates the 
actual internal response from an FRS centerline thermocouple. The cen
terline thermocouple provides the means for independent verification of 
model results. 

The ORINC-calculated surface heat fluxes for cases 1 and 3 (case 4 
is also Included) are overlaid in Fig. 8 for the first 18 s of the tran
sient; corresponding surface temperatures are presented in Fig. 9, 
There appear to be minimal differences between cases 1 and 3; however, 
there is a very deceiving compression effect from the ordinate scale 
factor (this will be reviewed later). Figure 10 is an overlay of ORINC-
calculated FRS centerline temperature response for cases 1 and 3 (case 4 
is also included) with the response from thermocouple TE-318MG (the cen
terline thermocouple relative to TE-318BG). Note that case 1 very 
closely approximates the response of TE-318MG; however, case 3 not only 
initializes incorrectly at steady state but responds too fast, peaks too 
high, and rolls off too fast. 

The incorrect setup in steady state for case 3 (the centerline tem
perature is ~18 K low) is caused solely by the BN thermal conductivity. 
As stated earlier, a fit to literature data for the thermal conductivity 
of BN yields higher values than those predicted by the ORTCAL regres
sions; therefore, for the same power-generation rate, less thermal gra
dient is required in case 3 to move heat through the BN, and thus the 
centerline temperature is lower. As a result of the lower temperature 
profile, the total heat content of the FRS is less at steady state, A 
comparison of the overall heat balance for cases 1 and 3 shows that the 
total heat removed per unit length of FRS, Q', can be defined by 

Q' = 2w3urf /o^'' 'l>surf dt , (10) 

where 

<i>surf ~ surface heat flux, 
^surf ~ outside FRS radius, 
ênd ~ total transient duration, 
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and is 1.8% less for case 3 [43.843 (W,h)/m for case 1], The total en
ergy supplied to the FRS is the same for both cases [39,944 (Wh)/m], 
but the change in internal energy for case 3 is ~20,3% less than that 
for case 1 [3,957 (W'h)/m for case 1], Because the final temperature 
profile for cases 1 and 3 is essentially the same (i.e., final heat con
tent of the FRS would be the same), the error is in the steady-state 
initialization. 

The 1.8% difference between Q^ and Q3 is not distributed evenly 
over the time interval 0 to t̂ ^̂ .̂ As noted earlier, Fig. 8 is mis
leading because of ordinate scaling. 

The time range, 0 to 18 s, can be broken down into time Intervals 
over which the value of the surface heat flux does not vary orders of 
magnitude. Calculated surface heat flux and surface temperature for 
cases 1 and 3 are basically the same over time intervals of 0 to 0.65 
and 3.3 to 18,0 s. The 3.3 to 18.0 s similarity is due to one of the 
primary forcing functions, the power-generation rate, ramping to ~1/10 
of its steady-state value by 3.3 s and further ramping to 0.0 by 6.0 s. 
The 0.0 to 0.65 s similarity is due to the FRS at this position (TE-
318BG) being in nucleate boiling in steady state and remaining so until 
CHF at ~0,5 s; thus, little change exists in the internal response until 
~0.6 s. Over the 0,65- to 3,0-s interval, the calculated heat flux for 
case 3 ranges from 0.0 to 40,0% lower than for case 1. Figure 11 gives 
a plot of the surface heat flux ratio (case 3/case 1) for the 0,50- to 
3,40-s time interval. The general conclusion is that the inverse com
puted surface heat flux can be off by as much as 40% in comparing cases 
3 and 1. 

The general observation that the FRS interior responds too fast in 
case 3 is obvious in Fig. 10. The FRS active component (Inconel-600) 
temperature (at r = 0.3 cm) Is higher in case 1, eventually peaking at 
2.15 s at 1061 K in case 1 and 1036 K in case 3; but the MgO tempera
tures (at r < 0.2764 cm), being ~18 K lower at 0.0 s in case 3, actually 
become higher in case 3 as the transient progresses. Because thermal 
dlffusivity of MgO is higher in case 3, thermal resistance is less; 
thus, more heat goes into the FRS core. Therefore, the centerline tem
perature in case 3 will respond faster and peak higher. The centerline 
temperature peaks at 1013 K at 3.20 s and at 996 K at 4,45 s for cases 3 
and 1, respectively. The primary reason that case 3 surface heat flux 
is less than that of case 1 in the 0.65- to 3,40-s time Interval is that 
more heat is being driven into the FRS interior than to the surface. 

Where neglect of the gap between the sheaths (as in case 2) affects 
the driving potential at the FRS surface, the use of literature data for 
kgN Slid OfMgO alters the spatial and temporal history of the heat flow 
within the FRS and, as a result, the computed surface heat flux. 

Case 4 will not be discussed to any extent other than to say that 
it represents the superposition of the errors in cases 2 and 3 and the 
state-of-the-art thermal analysis of FRSs prior to ORTCAL and ORINC, 
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Fig, 11, Ratio of surface heat fluxes for cases 1 and 3 from 0,5 
to 3.4 s (ORNL-DWG 78-18453). 

CONCLUSIONS 

An experimental thermocouple calibration procedure and four-part 
calibration program, ORTCAL, have been developed to supply FRS perfor
mance information to the inverse heat conduction model and ORINC pro
gram. 

Case studies have shown that failure to fully classify FRSs with 
regard to component physical properties gaps can result in severe errors 
during inverse calculations of the driving potential at the FRS surface 
(a AT of 5—70 K), the spatial and temporal history of heat flow within 
the FRS, and the FRS surface heat flux (up to 40%), 
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SEMISCALE HEATER ROD MATERIAL 
PROPERTY EVALUATION^ 

R. G. Hanson 
EG&G Idaho, Inc. 

Idaho National Engineering Laboratory 
Idaho Falls, Idaho 83415 

ABSTRACT 

The Semiscale Program, conducted by EG&G Idaho, Inc., 
under the sponsorship of the Department of Energy and the 
U.S. Nuclear Regulatory Commission, investigates thermal-
hydraulic phenomena in a pressurized water reactor result
ing from an hypothesized transient event. The facility 
uses electrical heater rods to simulate nuclear fuel rods. 
Prediction and interpretation of test data require accurate 
information regarding heater rod geometry and material pro
perties. An evaluation has been made to more precisely 
determine heater rod parameters that have had large uncer
tainties associated with them. The results were used to 
improve the capability for prediction and analysis of Semi-
scale experimental data, and to illustrate the relative 
importance of all the parameters involved in an experi
mental fuel rod simulation. 

a. Work supported by the U. S. Nuclear Regulatory Commission, Office 
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76IDO1570. 
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INTRODUCTION 

A considerable amount of the nuclear reactor system safety 
research is performed in small-scale nonnuclear facilities due to the 
cost and regulatory problems associated with testing in a larger 
nuclear facility. The Semiscale experimental program^ conducted by 
EG&G Idaho, Inc., is part of the overall U.S. Nuclear Regulatory 
Commission and Department of Energy sponsored research and development 
program to investigate the behavior of a pressurized water reactor sys
tem due to hypothesized transient events. The Semiscale program pro
vides transient thermal-hydraulic data that are used to evaluate the 
capability of analytical computer models to calculate the thermal-
hydraulic phenomena that occur during transient events. The present 
Semiscale system (Mod-3) is a small-scale, two-loop, nonnuclear facil
ity in which nuclear heating is simulated by an electrically heated 
core. 

The core in the Semiscale Mod-3 facility consists of a twenty-
five-rod array. Twenty-three of the rods are electrically heated, one 
is unpowered and one rod serves as a liquid level probe. The Semiscale 
Mod-3 heater rod,'̂  shown in Figure 1, consists of a dual composite 
sheath pressure boundary assembly, with the inner sheath creased con-
cavely (relative to the outside diameter) at six places equally spaced 
circumferentially around the sheath. The concave creases run the 
length of the rod sheath to accept six 0.064-cm-diameter stainless 
steel sheathed thermocouple assemblies. The outer heater rod sheath is 
assembled over the creased tube after installation of the thermocou
ples, and the subassembly is swaged to form the composite sheath. The 
heating element of the heater rod is a 55% copper and 45% nickel alloy 
wire (constantan) coiled with varying pitch and number of wires as 
required to develop the prescribed axial power profile shown in 
Figure 2. (The axial power profile of the Semiscale heater rods has a 
stepped cosine shape with a peaking factor of 1.55.) Compacted boron 
nitride insulates the heater element and lead-in conductor from the 
composite sheath. Figure 3 presents a typical cross-sectional view of 
both the Semiscale Mod-1 and Mod-3 heater rods, which differ only in 
length (1.68 and 3.66 m long respectively) and the number of thermocou
ples per rod. The figure indicates nominal design dimensions for the 
cross sections and shows the rod components mentioned previously. 

The purpose of this paper is to present the results of a study 
performed to precisely determine heater rod parameters that had suffi
cient uncertainty associated with them so as to affect the calculation 
of the surface heat flux. Also presented are material properties that 
were determined for the boron nitride filler material and the con
stantan heater element. 

The transient surface heat flux from the Semiscale heater rods is 
determined by means of an inverse radial heat conduction calculation^ 

a. A computer code called INVERT is used to perform the inverse heat 
conduction calculation. The code is stored under Idaho National 
Engineering Laboratory code configuration control number H00086IB. 
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Figure 1. Semiscale Mod-3 electrical heater rod. 
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Figure 2. Mod-3 heater rod axial power d i s t r ibu t ion . 
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Figure 3 , Gross s e c t i o n s of Semiscale Mod-1 and Mod-3 hea t e r rods, 
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using measured rod cladding temperature and rod power data from an 
experiment as input data. The actual heater rod cross section is simu
lated by the model shown in Figure 4. The one-dimensional inversion 
solution determines, analytically, the surface heat flux for a compos
ite solid, which gives the best agreement between the calculated and 
measured temperatures at an interior location (thermocouple location). 
The rod geometry, component material properties, heat generation rate, 
and one boundary condition of the solid are specified. Once the sur
face heat flux is determined for the solid, the radial temperature gra
dient can be obtained. Inconsistencies in the radial conduction heat 
transfer path from the heater element to the surface can affect the 
surface heat flux and the radial temperature profile. Parametric 
studies have therefore been performed with the inversion calculation to 
determine the influence of variation in cross-sectional geometry as 
well as thermal and electrical material properties on calculated sur
face heat flux. Results of the parametric studies indicate that the 
parameters that most profoundly influence the results of the calcula
tion are the variation in actual heater rod cross-sectional geometry 
(actual distances between heater rod components), thermal properties of 
the boron nitride filler material, and absolute rod power variations. 

HEATER ROD GEOMETRY EVALUATION 

Accurate modeling of the thermocouple location is essential to the 
inversion calculation, since it serves as the point for temperature data 

INEL-J-1193 

Figure 4. Inversion model for the Semiscale heater rods. 
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data input that is used to calculate the surface heat flux and rod tem
perature profile. The results of inversion calculations in which the 
thermocouple location was varied by +7.5%, with all other parameters 
remaining constant, is shown in Figure 5. The input temperature and 
rod power data were from a Semiscale blowdown heat transfer experi
ment.^ The figure shows that during the rapid blowdown transient, 
prior to 2.5 s, a +7.5% variation of the thermocouple radial location 
produced about 2.5 orders of magnitude variation in calculated surface 
heat flux. A thermocouple location closer to the surface resulted in a 
higher calculated surface heat flux than did a location closer to the 
center of the rod. As the transient became relatively stable (after 
8 s ) , the three calculations yielded similar results. Variation of the 
thermocouple location, therefore, is of prime importance during rapid 
power or boundary condition transients. The geometry of the thermocou
ple region in the heater rods and the interface between the inner and 
outer cladding sheaths are also of importance from a modeling stand
point. The presence of unknown gaps in these regions that were not 
modeled could result in calculation of erroneous surface heat fluxes 
and temperature gradients. In addition, variation of the contact 
resistance between components could introduce error into the calcula
tion. Another parameter requiring proper modeling is the variation in 
the distance between the heater element and the cladding. 
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Figure 5. Comparison of the surface heat flux from an inversion 
calculation in which the input temperature was varied 
0.033 cm about the mean. 
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To address heater rod geometric uncertainties, samples of Semi-
scale Mod-1 and Mod-3 heater rods were obtained from low and high power 
regions (the low power zones have a double helical heater coil and the 
high power zones have a single helical heater coil), and precision 
measurements were made. A total of three samples were actually 
measured to determine similarities among different rod samples. The 
items of prime concern were the consistency of the distance between the 
heater element and the thermocouple, the distance between the heater 
element and the cladding, and the geometry immediately surrounding the 
thermocouples and between the cladding sheaths. Comparison of measure
ments made on Mod-1 and Mod-3 heater rod samples indicated the mean 
distance between the heater element and the cladding was 0.1399 cm, 
with a maximum difference in measurements of 0.005 cm. The mean dis
tance between the heater element and the thermocouple locations in the 
Mod-3 samples was 0.0914 cm, with a maximum difference in measurements 
of about 0.003 cm. Comparison of this measurement in the Mod-1 and 
Mod-3 rods was not made because smaller thermocouples were used in the 
Mod-3 rods. Examination of the cross sections of the Mod-1 and Mod-3 
heater rods indicated that thermocouples were sandwiched tightly 
between the inner and outer sheaths and no gaps were apparent. Also, 
the interface between the inner and outer sheaths (between thermocouple 
locations) were tight, with no visible gaps. A typical thermocouple 
and cladding sheath interface is shown in Figure 6. The figure shows 

inner 
cladding 
sheath— 

^ Boron nitride filler -Thermocouple 
housing 

' . • . • • ; . - ; . , • ' • . ' • ' . • • • - - • • • • . : . . - - . 
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Outer cladding sheath 

Figure 6. Magnification of the thermocouple region in a Semiscale 
heater rod. 
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intimate contact between the inner and outer sheaths as well as between 
the sheaths and the thermocouple housing. The figure also indicates 
that no gap exists between the boron nitride and the cladding (at 
ambient conditions), reflecting a low contact resistance that may 
become lower as the rod temperature increases due to a higher coeffi
cient of thermal expansion for boron nitride than for the stainless 
steel cladding. 

Results from the first phase of investigation into the Semiscale 
heater rod geometric and material properties indicated distances 
between the rod components (heater element, cladding, and thermo
couples) were essentially uniform for samples from similar power 
regions. The next phase of the investigation involved determining the 
physical and thermal properties of the boron nitride filler material 
(compaction density, thermal conductivity, and specific heat capacity) 
and the electrical resistivity of the constantan heater element, 

MATERIAL PROPERTY EVALUATION 

The experimental method for determining the material properties of 
the boron nitride and the constantan are presented in this section. 

Boron Nitride 

Accurate determination of the thermophysical properties of the 
boron nitride in the Semiscale heater rods required that samples be 
fabricated in a way that would reproduce the conditions to which the 
material is subjected in the actual heater rod fabrication. The first 
important consideration was to accurately verify the compaction density 
of the boron nitride in the heater rods as quoted by the manufacturer. 
Duplication of the compaction density in material property samples is 
critical because thermal conductivity and volumetric heat capacity of 
the compacted material would be expected to vary with density. The 
compaction density of several Semiscale heater rods was determined 
using the following technique. Several short samples were precisely 
weighed, and the total volume of the samples was determined using a gas 
pycnometer.* Boron nitride was then removed and the heater element 
and cladding were ultrasonically cleaned and reweighed. Finally, the 
volume of the cladding and heater element was determined and the boron 
nitride density was derived from 

W - W W 
Tot C&H BN f . s 

'-"'-^^ V "' 
where W-JQ̂ . is the total weight, WQ^JJ is the weight of the cladding 
and heater element, Wgĵ  is the weight of the boron nitride, and Vgĵ  

a. A gas pycnometer determines a sample volume by measuring a displaced 
volume of a known gas. 
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is the volume the boron nitride occupied (V-[ni|;£al ~ '̂ final̂ ' Ten 
Semiscale Mod-1 and ten Mod-3 samples were measured and the boron 
nitride compaction density in the heater rods was determined to be 
2.100 + 0.003 g/cm3, which is 93.3% of the theoretical grain 
density^ of boron nitride. The heater rod manufacturer estimated the 
density to be 95% of theoretical density^ based on knowledge of the 
boron nitride mass in the rod and the length and diameter of the heater 
rod following the swaging operation. 

The boron nitride used in Semiscale heater rods has isotropic 
thermal characteristics^ that alleviate orientation considerations in 
the test sample fabrication process. However, the samples were fabri
cated so that the thermal conductivity was determined in the same 
direction as that in which compression occurred, similar to the radial 
direction in a swaged heater rod. Heater rod test samples (for thermal 
conductivity and specific heat capacity) were fabricated as close to 
the predetermined heater rod boron nitride density as possible (93% of 
theoretical density). Two lower density samples of 88 and 84% of theo
retical density were also prepared in order to determine the effect of 
density on the thermal conductivity and specific heat capacity. 

The thermal conductivity of the boron nitride samples was deter
mined by a comparative method in which a known heat flux was directed 
through the test sample. The test sample was sandwiched between two 
identical reference samples of known material properties and geometry 
and was placed in a furnace with insulation and guard heaters (to elim
inate radial heat flux). For a variety of sample temperatures, an 
axial heat flux was applied through the bottom reference material, the 
boron nitride sample, and through the top reference sample. At each 
sample temperature, the thermal conductivity of the boron nitride was 
determined from 

2 ̂ AT^ 
sample 

(kM) + (k^) 
top bottom 
reference reference 
sample sample 

(2) 

in which AX for the boron nitride sample is the axial distance between 
thermocouples placed in the sample and AT for the sample is the temper
ature differential measured by the thermocouples. The distance between 
samples was specified by the experimental procedure to be accurate to 

a. Theoretical grain density refers to the density of the original 
platelet material. 

b. Boron nitride is inherently nonisotropic due to a platelet geo
metry. Manufacturing homogeneous composition material (HCM) type boron 
nitride consists of compressing the platelets, allowing preferental 
orientation, and thus producing volumes of compressed, nonisotropic 
grains. The compressed boron nitride is then crushed into random 
shaped grains. When recompressed, the crushed (HGM-type) boron nitride 
takes on an isotropic characteristic becaue preferential orientation no 
longer occurs. 
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within 0.5%. The value k AT/AX for the two reference materials are 
known quantities. The thermal conductivity measurements were performed 
for seven different temperatures between 310 and 1340 K. 

The thermal heat capacity of the boron nitride samples was deter
mined using a technique that makes use of the first law of thermody
namics. The sample was uniformly heated to a predetermined temperature 
and dropped into a low temperature copper receiver. The change in 
enthalpy of the sample is, by definition, equal and opposite to the 
enthalpy change of the receiver in an adiabatic system. Drops were 
made for several furnace temperatures and the enthalpy was plotted as a 
function of temperature. At constant pressure, the heat capacity of 
the sample is defined by 

%=s 
which is the slope of the enthalpy versus temperature curve. There
fore, the slope of the enthalpy-temperature curve is determined for 
several temperatures over the range of interest, thereby yielding the 
heat capacity. 

Constantan Heater Element 

The electrical resistivity of the constantan heater element was 
determined by the expression 

Y = | ^ (4) 
Ix 

where V is the measured electrical potential, A is the cross-sectional 
area of the sample, 1 is the current flow through the sample, and x is 
the distance between the potential measurement locations on the sample 
(knife edges). The entire assembly of sample and required leads was 
placed in a furnace and the electrical resistivity was determined at 
various temperatures over the prescribed range. 

DISCUSSION OF RESULTS 

This section presents the results of material property determina
tion testing of the boron nitride filler material as well as the elec
trical resistivity of the constantan heater element material, and 
illustrates the effect of differences between the acquired data and the 
previously specified data^ on calculations of heater rod performance. 

a. The previously specified data were those used prior to the material 
properties testing program. The data were collected from published 
sources where possible and from undocumented experiments at the Idaho 
National Engineering Laboratory. 
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The thermal conductivity values derived from testing for the three 
samples of boron nitride (different compaction densities) are shown in 
Figure 7. The figure shows about a 14% variation in thermal conductiv
ity as a function of boron nitride density at ambient conditions, 
decreasing to about 9% variation at 1340 K. It is expected that if the 
boron nitride density were reduced further, the thermal conductivity 
would begin to decrease rapidly due to voids in the compacted boron 
nitride microstructure. Figure 8 compares the previously used thermal 
conductivity values and the measured values for the highest density 
sample. The figure indicates the new values are about 50% lower than 
the previously used values. The large difference in conductivity 
values prompted a study to evaluate the effect of the lower thermal 
conductivity values on calculated heater rod performance. 

The INVERT computer code was used to perform calculations to 
determine the effect of the lower thermal conductivity data relative to 
previously used values. The code uses a measured cladding temperature 
(thermocouple located within the cladding) and measured power to 
iteratively calculate the radial temperature gradient and the surface 
heat flux for the heater rod. Calculations were performed in which the 
only parameter varied was the boron nitride thermal conductivity versus 
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Figure 7. Thermal conductivity of compacted boron nitride powder at 
three densities. (Measurements were made in the direction 
of compaction). 
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temperature curve. The input thermocouple temperature data were from a 
Semiscale blowdown experiment. The results of the calculation indicate 
that at steady state prerupture conditions with identical boundary con
ditions, use of the lower thermal conductivity curve resulted in a 
155 K higher heater rod centerline temperature, as shown in Figure 9. 
As a result of the higher temperatures, the initial stored energy in 
the rod was higher, since a larger thermal resistance between the 
heater element and the cladding surface (due to a lower boron nitride 
thermal conductivity) required a larger temperature gradient in order 
to achieve steady state conditions. The figure shows that after the 
heater rod experienced departure from nucleate boiling in the calcula
tions, the temperatures began to converge, and at 3.4 s when core power 
decay began, the temperatures converged more rapidly. The results pre
sented in Figure 9 suggest the accurate definition of the boron nitride 
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Figure 9. Calculated centerline temperatures for Semiscale Test S-07-1. 

thermal conductivity is most important when the heater rod is operating 
at high power and during periods of rapid cladding temperature change, 
since the conductivity will partially dictate steady state temperature 
profiles (i.e., centerline temperatures) and the thermal response to a 
rapid boundary condition transient. Rapid transient behavior of the 
boundary conditions in a rod will therefore result in delayed response 
at the centerline when the thermal conductivity is lower. 
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The measured specific heat capacity for the boron nitride samples 
is presented as a function of the material temperature in Figure 10. 
The reported values were in agreement with the previously used data and 
therefore can be combined with the verified compaction density to 
accurately calculate the volumetric heat capacity. 

The electrical resistivity of the constantan heater element was 
determined for a temperature range from about 340 to about 1375 K. 
Resistivity data used prior to this study were derived from two 
sources. The first portion of the curve (340 to 573 K) was derived 
from Reference 1, and the data from 573 through 1375 K were derived 
from an unreported experiment performed at the Idaho National 
Engineering Laboratory. A set of electrical resistivity data over the 
temperature range from 345 to 1375 K was derived from a single set of 
experiments and is compared with the previous data set in Figure 11. 
The two data sets are shown to be in good agreement at temperatures 
below about 925 K. However, at 925 K the two curves begin to diverge. 
The old data continued in a linear fashion, whereas the new data 
exhibited an exponential increase in the percent change of the 

2400 
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Figure 10. Specific heat of compacted boron nitride powder (specific 
heat is independent of compaction density). 

electrical resistivity as a function of temperature. The impact of 
these results is most dramatically noted during a large break loss-of-
coolant simulation in which core voiding and heater rod dryout occurs 
early in the transient. In such cases, the heater rod temperature may 
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approach or exceed 1075 K (temperature at which Figure 11 indicates 5% 
resistivity change). However, since the accuracy of the power measure
ment is on the order of 5%, it is not expected that the new resistivity 
data would greatly alter the results of calculations performed using 
the power data. Much of the testing foreseen in the future of the 
Semiscale Program involves core conditions in which heater rods will be 
cooled throughout the transient, with a short period of core uncovery 
at some time during the transient. However, during those occasions the 
experiment will either be near completion or entering a phase in which 
a system recovery procedure will be implemented that will return the 
heater rods to a more desirable cooling medium, 

Constantan was selected as the heating element for the Semiscale 
heater rods on the basis of the old resistivity data shown in 
Figure 11, which indicate a linear temperature dependency with respect 
to temperature. New data (as previously mentioned) exhibit a nonlinear 
dependency with respect to temperatures above about 925 K and, as shown 
in Figure 11, additional data for temperatures up to 811 K 
(Reference 5) tend to verify the new data credibility. However, as 
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Figure 11. Percent resistance change as a function of temperature. 
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previously mentioned, the heater rods are predominantly operated below 
925 K and results from parametric studies have shown a variation of the 
input power to the inversion conduction calculation results in a 
similar order of magnitude variation in the calculated surface heat 
flux. 

CONCLUSIONS 

Results of the heater rod cross-sectional evaluation indicate that 
the distances between heater rod components were consistent from loca
tion to location and from one heater rod sample to the next. The rods 
also exhibited no gaps between the boron nitride and the heater ele
ments and cladding. As a result, the contact resistance will be low, 
since the coefficient of thermal expansion of the boron nitride is 
higher than that of the stainless steel cladding. The investigation 
suggests the heater rod fabrication technique is good and rod-to-rod 
consistency can be expected. 

Compaction density of the boron nitride filler material in the 
Semiscale heater rods was determined to be 93% of the theoretical 
density of boron nitride. The measured value was in good agreement 
with the density value quoted by the heater rod manufacturers. The 
experimentally determined values for boron nitride thermal conductivity 
as a function of the sample temperature were about two to four times 
lower than the previously used values. The impact of the difference 
was shown to be significant during rapid transients. Also, lower ther
mal conductivity results in higher calculated initial heater rod 
centerline temperature which produces a higher initial stored energy 
value. The value of the boron nitride specific heat was determined to 
be in agreement with the previously used values. The electrical resis
tivity of the constantan heater element was in good agreement with the 
old value over the range of operating temperatures| however, at higher 
temperatures (925 K) the two curves diverged. The heater rods, how
ever, are predominantly operated below 925 K and the impact of the new 
data will therefore be minimal, except during large loss-of-coolant 
accident experiments in which heater temperatures may rise to 1100 K or 
more. If future Semicale experiments include heater rod operation at 
or above 925 K, the variability of the heater element resistivity may 
need to be seriously considered. 

The analysis indicated the importance of accurately determining 
all the parameters involved in modeling electric heater rods used to 
simulate nuclear fuel in scaled test facilities. Variations of speci
fied input parameters are reflected in variations of radial temperature 
profiles and, most importantly, in a substantial variation of the cal
culated heat flux during rapid excursions of the input cladding temper
ature data. These results suggest that since the previously used 
thermal conductivity value is twice as high as the measured values, the 
measured values should be used, especially in calculations of phenomena 
resulting from a rapid boundary condition transient. 
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ABSTRACT 

Special electrical heater elements, simulating nuclear 
fuel used in the Loss-of-Fluid Test (LOFT) Facility, have 
been developed for reflood experiments to be conducted in 
the Swiss NEPTUN Facility. This report presents the results 
of analytical studies to compare thermal behaviors of NEPTUN 
heater elements and LOFT nuclear fuel rods and investigate 
axial heat conduction effects and heater element nonsymetry 
effects on the NEPTUN heater rod response. 

INTRODUCTION 

An experimental facility called NEPTUN has been designed and is 
under construction at the Swiss Federal Institute for Reactor Research 
(EIR) for reflooding experiments.^ The NEPTUN heater bundle with 
33 electrical heater elements and 4 guide tubes simulates a section of 
the LOFT nuclear core. The electrical heaters are designed to have the 
same cosine axial power distribution as the LOFT nuclear fuel elements 
(Figure 2). Some analytical studies have been conducted to compare the 
thermal capacitance and temperature response of the NEPTUN heater rod 
and LOFT fuel rod for adiabatic heatup conditions. Due to design 
characteristics of the NEPTUN heater elements, additional investiga
tions on several thermal and geometric aspects of the heater elements 
have also been carried out. These investigations are; 
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1. Effect of axial heat conduction on the axial temperature dis
tribution, due to the high thermal conductivity of copper 
electrical leads. 

2. Effect of probable gap formation between composite layers on 
the cladding heatup rate and temperature distribution. 

3. Effect of radial eccentricity in the heat producing kanthal 
centre line, on the temperature response and distribution. 

4. Effect of the boron nitride density on the temperature 
distribution and response. 

The calculations have been carried out with a computer code, called 
SPAGETI.-' This code is a modified and improved version of the 
two-dimensional thermal conduction code presented in Reference 2. 

CALCULATIONAL METHOD AND MODELLING 

The SPAGETI code solves the transient heat conduction equation for 
a rod. The rod can be subdivided into zones of radial and axial direc
tions with different physical properties. Area variations in axial 
direction are also possible to model. Some other features of the code 
ares 

1. Selection of a conduction equation solution in two-dimensional 
form or one-dimensional form (only in radial direction) in any 
concentric layer 

2. Application of eccentricity of the centre line of any 
concentric layer. 

The geometric details for the NEPTUN heater element and the LOFT-
type nuclear fuel are shown in Figure la and lb, respectively. In 
order to have direct comparisons of the calculational results, the same 
nodalization scheme was used for the heater and the nuclear fuel. The 
detailed nodalization schemes are shown in Figure 3a and 3b. The 
heater nodalization shown in Figure 3a is used for all the other 
separate effect calculations. 

The axial cosine power distributions for both the NEPTUN heater and 
LOFT fuel element are shown in Figure 2. The axial peaking factor is 
1.58 and the average linear heat rating is 13.5 W/cm (for details, see 
Reference 1). 

Physical properties of the materials were taken from Reference 4. 
The thermal conductivity of boron nitride varies strongly with 
density.^ Ninety-three percent theoretical density boron nitride 
(BN) was assumed for all the calculations except those to investigate 
effect of change in BN density. 

The calculations were performed with no heat transfer to the sur
roundings and 2.14 kW/m (peak) decay power (constant), thus simulating 
the heat-up phase of a loss-of-coolant accident. 
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COMPARISON OF LOFT AND NEPTUN THERMAL RESPONSE 

Comparative Investigations for NEPTUN Heater and LOFT Fuel Element 

The following comparative investigations were carried out for the 
assumed heat-up phase of the NEPTUN heater and the LOFT fuels 

1. Comparisons of thermal capacities at common surface temperatures 

2. Comparisons of temperature development at a common node 

3. Comparisons of axial and radial temperature distributions. 

The calculations indicate a higher thermal capacity for the NEPTUN 
heater than for the LOFT fuel, as shown in Figure 4. The thermal capa
city ratio factor varies between 1.38 and 1.51, depending on tempera
ture. The NEPTUN heater, due to its higher heat capacity, results in a 
lower heat-up rate than the nuclear rod, as shown in Figure 5. The 
slightly higher initial heat-up in the center (kanthal) temperature of 
the NEPTUN heater is due to the higher volumetric heat generation com
pared to that in the corresponding node in the LOFT fuel. The radial 
temperature distributions for both rods are shown in Figure 6 at about 
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Figure 4. Comparison of thermal capacity of NEPTUN heater with LOFT 
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900°C maximum surface temperature and show 13°C and 29°C tempera
ture differences between centre and surface temperatures for the LOFT 
fuel and NEPTUN heater, respectively. 

The axial temperature distributions for both rods are compared in 
Figure 7 at about 900°C maximum surface temperature. The axial tem
perature distributions are different at the lower and upper most ends 
due to the axial power distribution and also at the peak heat flux 
location due to the higher volumetric heat generation in kanthal 
compared to that in the corresponding node in the LOFT fuel. 

Two-Dimensional Thermal Response of the NEPTUN Heater 

Investigation of Axial Conduction Effect of Copper in NEPTUN Heater 

The axial temperature distribution obtained at the end of the 
heat-up phase (Figure 7) indicates that there is a considerable 
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Figure 7. Comparison of axial temperature profiles of LOFT nuclear 
fuel and NEPTUN heater. 
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temperature difference between maximum centre or surface temperature 
and the temperature of lower or upper end of the heater. 

Because of the large axial temperature distribution and the high 
thermal conductivity of the copper electrical leads, the effects of 
axial heat conduction was evaluated by assuming? 

Axial conductance in all layers (that is, 
two-dimensional conduction equation in all layers) 

solution of 

Axial conductance only in copper layer (that is_ 
two-dimensional conduction equation only in copper, 
solution of one-dimensional conduction equation - only 
radial direction - in the other layers) 

solution of 
and 
in 

3. No axial conduction in any of the layers (heat conduction only 
in the radial direction). 

The results of the two-dimensional (2-D) (R,Z) calculations are 
shown in Figure 8 and indicate a small 2-D perturbation at both ends of 
the heater after about 90s of transient time calculations. However, 
the distortions due to axial conduction at both ends of the heater are 
negligable. 
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Figure 8. Overall length effect of axial conduction. 
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Effect of Eccentricity of Kanthal Centre Line 

It has been estimated that some eccentricity in kanthal centre line 
may occur during manufacturing of the heater elements.^ Due to this 
eccentricity, some deviations in the temperature profiles are sus
pected. Analysis of eccentricity requires temperature calculations in 
(RjSjZ) directions which were not possible with the SPAGETI code. In 
order to get some idea on the eccentricity effect, a rough, hand calcu
lation has been performed using different extreme eccentricity values 
under steady state conditions. 

The results of the calculation are presented in Figure 9. Since 
conduction in the 6 direction is not considered in the hand calcula
tions, the calculated temperature difference between the surfaces of 
two halves of the heater is more than the actual value. As seen from 
Figure 3, the temperature deviation between the surfaces, even with 
high eccentricity values (0.3 mm), is only 0.7°C. This temperature 
deviation will be very small for the estimated eccentricity of less 
than 0.1 mm. Therefore, the eccentricity has no practical effect on 
the thermal behavior of the heater within the expected eccentricity 
range. 

Investigations on Thermal Aspects of NEPTUN Heater 

Effect of Gap Conductance 

Due to the manufacturing process of heater elements, possibility of 
gap formation between the layers is very low.^ Therefore, the effect 
of gap conductance was investigated by assuming a pessimistic air gap 
thickness of 30 micron with a 0.20 w/cm2-°C heat transfer coeffi
cient between the outer two inconel layers. A heat-up calculation with 
the assumptions given in the Calculational Method and Modelling Section 
was performed. The radial temperature distribution obtained when the 
peak surface temperature is at 900°C is shown in Figure 10, together 
with the radial temperature profile obtained for no gap (previous 
heat-up calculation) case. The comparison of two profiles indicates 
about 5.3°C temperature rise for all the nodes from gap position to 
centre. This temperature rise is unimportant compared to the assumed 
gap conductance value. 

Effect of the Boron Nitride Density 

Thermal conductivity and volumetric heat capacity (pCp) of boron 
nitride is strongly dependent on the density.^ Since the boron nit
ride density that can be practically reached by packing the powder in 
NEPTUN heater elements is dependent on the manufacturing process, there 
is some degree of uncertainty in the temperature distribution calcula
tions. Therefore, previous neat-up calculations which are performed by 
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Figure 9. Comparison of radial temperature distributions for the 
case with no gap and the case with gap conductance 
(0.2 w/cm'̂  - °C) between two inconel layers. 
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Calculations based on: 
Tc = 930 °C 
T2 at (r| +e) side = 900 °C 

0.1 0.2 0.3 

(mm) 

0.4 0.6 e 

Figure 10. Effect of eccentricity on the temperature difference 
between surfaces at both sides of the heater. 

using a 93% boron nitride theoretical density and a thermal conducti
vity factor of 1.0 have been repeated under the same conditions but by 
using an 85% boron nitride theoretical density and a thermal conducti
vity factor of 0.3. Comparison of these two cases indicates thati 

1. Reduction of boron nitride density from 93 to 85% causes 
approximately 1% reduction in the overall NEPTUN heater ther
mal capacity (Figure 4), hence leading to a slightly higher 
temperature increase during the heat-up phase (Figure 5) 

2. Centre (kanthal) temperature is increased by about 25^0 due 
to the lower thermal conductivity of boron nitride (Figure 6). 

CONCLUSIONS 

The theoretical investigations were carried out toj 

1. Compare the thermal behavior of a NEPTUN heater with that of a 
LOFT-type nuclear fuel rod 
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2. Evaluate potential two-dimensional heat conduction effects in 
the NEPTUN heater rod. 

The cosine axial power distribution is almost the same for both 
cases during the heat-up phase under the assumed adiabatic conditions. 
There are some differences with respect to thermal capacities and 
radial temperature profiles. The effects of radial gaps between mater
ials and uncertainty in the BN density do not significantly affect rod 
heat-up rates or radial temperature distribution. The second investi
gation indicates that there are negligible or minor effects of axial 
conduction and/or eccentricity in the center kanthal heating element. 
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NOMENCLATURE 

p 
Cp 
V 
ri 
e 

e 
R 
7. 

= 
:= 
= 
= 
= 
= 

= 
= 

density (g/cm^) 
specific heat (J/g - °G) 
volume (cm^) 
radial position of node i (cm) 
eccentricity of kanthal center line (mm) 
azimuthal direction 
radial direction 
axial direction. 
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PERFORMAr,'CE OF DIRECTLY HEATED RODS AS 

NUCLEAR ROD SIMULATORS IN THE LOBI FACILITY 

H. Stadtke, L. Piplies 

EURATOM - J.R.C. Ispra, Italy 

ABSTRACT 

To simulate the release of both the decay heat and the 
stored energy within the nuclear fuel rods, an appro
priate power versus time curve has to be applied to the 
LOBI directly heated rod bundle. To obtain this power 
curve, a blowdown calculation for the LOBI test facility 
was performed with the RELAP4/M0D6 code, using a nuclear 
fuel rod model with the same axial power profile as the 
electrically heated bundle. The resulting surface heat 
fluxes and surface temperatures are then used as boun
dary conditions for the thermal analysis of the electri
cally heated rods. This leads to the required power ver
sus time curves for the different axial sections of the 
test bundle. Since the heater rod bundle can be con
trolled only as a whole, a power fraction weighted ave
rage is determined from the calculated power curves for 
the different axial sections of the bundle. A stepwise 
approximation of this curve has been applied as the fi
nal power versus time curve for the LOBI heater rod 
bundle. This power curve has been used also in a second 
blowdown calculation for the LOBI test facility with 
an electrically heated rod bundle model. The calculated 
surface heat fluxes and surface temperatures are compa
red with the results from the first calculation with 
the nuclear fuel rod model and with the measured data. 
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1. INTRODUCTION 

The LOBI test facility C'^t'2-J was designed to simulate the thermal-
hydraulic behaviour of the primary coolant system of a PWR during 
the blowdown and refill period of a loss-of-coolant accident (LOCA). 
The test facility was built and is operated in the Joint Research 
Centre Ispra in the framework of a contract between the Bundesmi-
nister fur Forschung und Technologie, Federal Republic of Germany 
and the Commission of the European Communities. The general object 
of the test programme is to provide experimental data for assess
ment of blowdown computer codes. 

The LOBI test facility has a two-loop configuration, where an "in
tact loop" represents three unbroken loops of a PWR. Within the 
"broken loop", tube ruptures of different sizes can be simulated 
at different locations. 

Both •* jps contain steam generators and circulating pumps. The vo
lumes of the components, the mass flows in the system and the power 
input have been scaled from a 1300 MWe commercial PWR by a reduction 
of 712:1. An exception in the present design is the annular shaped 
downcomer, which has an increased gap width of 50 mm for a better 
simulation of phase separation and countercurrent flow expected 
during the refill period. All components of the test facility 
have the full heights and are arranged at their original elevation. 
The test facility is shown in Fig. 1. So far, six blowdown tests 
have been performed simulating large breaks in the cold leg between 
pump and reactor pressure vessel model with different heating power 
input and different modes of ECC injection. 

*) 
Exceptions are the steam domes of the steam generators 
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(System Configuration for Test A1~0/>R) 
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2. THERMAL FEATURE OF THE LOBI DIRECTLY HEATED ROD BUNDLE 

The nuclear fuel rods are simulated by an electrically heated 64 
rod bundle with a full length of 3.9 m for the "heated section". 
The heater rods, which have the same outer diameter as the nuclear 
fuel rods of the reference plant are directly heated hollow tubes. 
A chopped cosine power profile in axial direction is achieved by 
five regions of different tube wall thicknesses. All rods are 
heated homogeneously. For the nominal power input of 5.3 MW, the 
maximum linear heat generation of a rod in the high powered middle 
section will be 21.3 kW/m. The nominal core mass flow is 28.1 kg/s. 
The arrangement of the heater rods in the reactor vessel model is 
given in Fig. 2. The geometry of the heater rods and the axial 
power profile are shown in Fig. 3. Fig. 4 compares the cross sec
tions of a nuclear fuel rod with the LOBI heater rod. 

Due to the geometrical configuration and due to the material proper 
ties involved, the electrically heated rod will differ considerably 
in its thermal behaviour from the nuclear fuel rod. 

In the nuclear fuel rod, the heat is generated in fuel pellets, 
which are isolated from the cladding material by a gap of about 
0,1 mm. The high thermal resistance of this gap together with the 
relatively low conductivity of the UO fuel result in a high tempe
rature level within the fuel. The centre temperature reaches values 

o 
between 1000 and 2000 C. In the directly heated rod, however, the 
heat is generated very close to the outer cooling surface. Due to 
the small wall thickness, between 1.2 and 2.15 mm, the temperatures 
of the hollow heater tubes will exceed the surface temperature by 

o 
only up to 30 C. The steady state radial temperature profiles for 
the nuclear and the electrically heated rods with the same power 
input of 82.8 kW/per rod are shown in Fig. 5. In this comparison 
it is assumed that the nuclear fuel rod has the same stepped axial 
power profile as the electrically heated rod, given in Fig. 3. 
Furthermore, a constant gap conductivity of 0.31 W/m K is applied. 
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Fig. 4; Cross section of nuclear fuel and LOB! heater rod 
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For a reference temperature of 0.0 C, the stored energy in a fuel 
rod corresponds to 4.5 s full power in the high powered middle sec
tion and to 0.75 s full power in the lower and upper sections of 
the rod. The total value of the stored energy is equivalent to 
9.0 s full power. For the directly heated rod, the total stored 
energy is equivalent to only 1,5 s full power. This lack of the 
stored energy within the directly heated rods has to be compensated 
by an appropriate power input versus time curve. 

A further difference between the nuclear and the electrically heated 
rods exists in regard to the time behaviour during the blowdown 
transient. In the case of the nuclear fuel rod, the high thermal 
resistance of the gap acts as a damping mechanism for the release 
of the energy generated in the fuel under the varying heat transfer 
conditions at the outer rod surface. For the directly heated rod, 
however, any change in the heat generation rate leads to an instan
taneous response in the surface temperature and cooling conditions. 

3. ELECTRICAL POWER CURVE FOR THE SIMULATION OF 
NUCLEAR FUEL RODS DURING BLOWDOWN TRANSIENT 

The simulation of nuclear fuel rods by electrically heated rods in 
a blowdown test facility can be summarized by the question: "What 
kind of power versus time curve has to be applied for the electri
cally heated rod in order to get, as closely as possible, the same 
interaction with the coolant as would be the case for the nuclear 
fuel rod?" 

To answer this question, as a first step a RELAP4/M0D6 blowdown cal
culation has been performed for the LOBI test facility using a 
nuclear fuel rod model instead of the electrically heated rod model. 
The RELAP4/M0D6 code has been found to be an adequate tool to 
describe the thermal-hydraulic behaviour of the LOBI facility during 
a large break blowdown transient. The nodalization scheme used is 
given in Fig. 6. For the nuclear fuel rod model which is shown in 
Fig. 7, the same stepped axial power distribution was used as that 
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of the directly heated rods in the "heated region", given in 
Fig. 3. As power input for the nuclear fuel rod bundle the ANS decay 
standard curve plus 20 % was used. This power curve was initiated 
0.5 s after the pressure in the pressurizer has fallen below 
125 bar. For the gap between fuel and cladding a constant thermal 
conductivity of 0.31 W/m K is applied. The predicted surface tempe
rature and surface heat fluxes are shown in Fig. 8 and Fig. 9 for 
the five sections of the bundle. 

These surface temperatures and surface heat fluxes were used in a 
second step as boundary values for the directly heated rod to pre
dict the electrical power curves which would give the same surface 
temperature and heat flux response as that predicted for the nuclear 
fuel rods. The volumetric heat generation rate for the directly 
heated rods can be calculated from an energy balance as 

(1) 

Due to the relatively small wall thickness between 1.2 and 2.15 mm, 
the radial average temperature of the heater rods will not differ 
very much from the surface temperature. Therefore, in a first 
approximation the unknown average temperature T can be replaced 

m 
by the surface temperature T : 
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ê  = -2 ĉ , + q̂  ~ 5 — (2) 

An improvement on this equation, taking into account the temperature 
profile in the hollow tubes by a third order Taylor series expansion 
leads to: 
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(3) 
3 R - R. 

o 1 

The derivation of this equation is given in Appendix A. 

The normalized power versus time curves calculated from equation 
(3) are shown in Fig. 10 for three different axial sections. Two 
characteristic features of these curves should be notified: 

1. After the DNB, predicted to occur over the whole length of the 
bundle at about 1 s, the temperature of the cladding rises very 
rapidly due to the "breakdown" of the cooling conditions and due 
to the still existing high temperature difference between the 
fuel and the cladding. To simulate this behaviour with the direct
ly heated rod, the power input would have to be increased up to 
180 % of nominal power. 

2. After initiation of the evaporation within the cold legs and the 
downcomer at about 3 s, the cooling conditions in the core im
prove considerably. Since the heat transfer from the fuel to the 
cladding is small during this time period, the cladding tempera
tures drop very rapidly and a rewetting of the rods occurs be
tween 4 and 8 s . To simulate this sharp temperature drop of 
the cladding, the heat input to the LOBI heater rods would have 
to be reduced to zero for the middle section and to negative 
values (cooling) for the upper and the lower sections of the hea
ter rod bundle. 

This behaviour had been identified as typical for the present 
configuration of the LOBI test facility with the not volume 
scaled cjowncomer of 50 mm gap width. 
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Both points show the limitations of the directly heated fuel rod 
simulators. A considerable increase of the power to more than 
100 % of the nominal value is not possible due to limitations of 
the power supply system. Also a cooling of the heater rods has to 
be excluded. 

Since the LOBI heater rod bundle can be controlled only as a whole, 
a power fraction weighted power versus time curve has been calcula
ted, which is shown in Fig. 11 together with the ANS standard curve 
for the decay heat. Two different approximations of this theoretical 
curve are shown in Fig. 12: a detailed version, where only the nega
tive values between 4 and 5 s are omitted and a very rough approxi
mation within five power-time steps as it was used in the blowdown 
test. Both electrical power curves were used in a third step as 
power input for two RELAP 4 blowdown calculations for the LOBI faci
lity with a directly heated rod bundle model. The predicted heater 
rod surface temperatures for the detailed approximation of the theo
retical power curve are given in Fig. 13. These temperatures show 
the same qualitative behaviour as calculated for the nuclear fuel 
rods with the same cooling conditions (Fig. 8). In Fig. 14 to 16 
the calculated heater rod surface temperatures from both RELAP runs 
are compared with the corresponding values for the nuclear fuel rods 
at three different axial sections. 

At all different axial sections of the bundle the surface tempera
tures predicted for the directly heated LOBI heater rods and for 
the nuclear fuel rods are in a good qualitative agreement. Smaller 
differences especially in the middle and upper section of the bundle 
result from the averaging procedure for the power-time curve of the 
LOBI heater rod bundle, which leads to the same power control for 
all axial sections. The predicted fluid temperatures, which are 
shown together with the surface temperatures in Fig. 14 to 16 are 
almost identical for the nuclear fuel rod and the LOBI heater rod 
bundle. The same holds for other fluid parameters like density, 
vapor quality and mass flows. It can be concluded therefore, that 
for the large break LOCA investigated here, the influence of the 
nuclear fuel rod bundle on the thermal hydraulic behaviour of the 
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system can be simulated by directly heated rods, if an appropriate 
power-time curve is applied for the electrically heated rod bundle. 

This electrical power curve can be obtained only by a blowdown calcu
lation using a fuel rod model. The effectiveness of the nuclear rod 
simulation will depend on the accuracy of this blowdown calculation, 
which has to be performed prior to the experiment. 

4. EXPERIMENTAL VERIFICATION 

For the experimental verification test A1-04R has been selected. 
Test A1-04R was a repeat of test Al-04 (PREX Test) /"3, 4, ^J with 
a different power-time curve which gave an improved simulation of 
the nuclear fuel rod behaviour during the large break LOCA tran
sient. As electrical power input the rough approximation of the theo
retical power curve within five power-time steps was applied, as 
given in Fig. 12. The actual (measured) power versus time curve for 
this test differs somewhat from the specified values as shown in 
Fig, 17. In the following Fig. 18 to 21 the measured heater rod tem
peratures are compared with the predicted surface temperatures from 
the pre-test prediction where the specified power-time curve was 
used. For the data comparison the following points should be kept 
in mind: 

1. The actual power curve represents only a very rough approximation 
to the theoretical curve. Therefore, the measured heater rod tem
peratures will deviate from the surface temperatures calculated 
for the nuclear fuel rod bundle under LOBI blowdown conditions. 

2. The temperature measurements are taken 0.4 mm beneath to rod sur
face. Due to the temperature profile within the tube walls, the 
surface temperature can deviate from the measured valued by up 
to 15°C. 

3. The temperature measurements are taken at twelve different ele
vations within the heated length of the rod bundle. In the 
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RELAP 4 core model, the total heater rod bundle is represented 
by only five core heat slabs. Each of the predicted surface tem
peratures has to be considered as a mean value over the corres
ponding axial section of the bundle. In the data comparisons, 
the predicted temperatures are shown together with the average 
temperature from each of the measurement elevations which are 
covered by the heat slab. 

4. The actual power curve deviates somewhat from the specified 

values which were used in the test prediction. This might result 
in deviations of the pre-test prediction from the measured data. 

Taking these limitations into consideration, the data comparison 
can be interpreted as follows: 

For all axial sections a good quantitative agreement exist between 
predicted and measured heater rod temperatures within the first 
15 s of the blowdown. This holds for the time when DNB occurs, for 
the maximum cladding temperatures at about 3 s and for the rewetting 
process initiated between 5 and 10 s. In the middle section of the 
bundle (heat slab 05), where 45 % of the total heat is generated, 
the calculated surface temperature gives a good representation of 
the measured average behaviour for the whole blowdown transient. 
This is shown in Fig. 19, where the calculated surface temperature 
for the middle section is compared with an average value obtained 
from four different measurement elevations in this region. 

Larger differences between predicted and measured heater rod tempera 
tures exist in the extreme lower and upper section of the bundle. 
A dry-out was predicted to occur at 23.0 s at the lower section, 
which is not shown by the experimental data. In the upper section 
of the bundle, dryout was measured at 10 s as calculated, however, 
the prediction gives not the relatively high temperature level after 
15 s. In this context, it should be mentioned that due to the ther
mal characteristics of the directly heated rods as described above, 
the heater rod temperatures will be very sensitive in respect to 
the varying cooling conditions at the outer rod surface. Therefore, 
small uncertainties in the prediction of the heat transfer rate to 
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the coolant can result in higher deviations of the calculated heater 
rod temperatures from the measured values. 

5. CONCLUSION 

It has been shown, that for a large break loss-of-coolant experiment 
at the LOBI blowdown facility, the nuclear fuel rods can be adequa
tely simulated by directly heated rods, if an appropriate power-time 
curve is applied to the heater rod bundle. The efficiency of this 
simulation depends first on the accuracy of the blowdown code, which 
is used to determine the electrical power input curve. A second limi
tation exists due to the fact, that the power input for the electri
cally heated bundle can be controlled only for whole the bundle. 
This means, that only the average behaviour in regard to the release 
of the decay heat and the stored energy within the nuclear fuel rods 
can be simulated by the directly heated bundle. This point becomes 
more serious in the case of a small leak LOCA, when a mixture level 
occurs in the core region and the cooling conditions are varying 
very drasticly in axial direction. 
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NOMENCLATURE 

c volumetric heat capacity 
V 

e volumetric heat generation rate 

q heat flux 

r radial coordinate 

R inner tube radius 
i 

R outer tube radius 
o 

t time 

T temperature 

> heat conductivity 

INDICES 

s cooling surface 
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APPEIDIX A 

Thermal Analysis of Directly Heated Rods of Hollow Tube Type. 

The heat conduction within the homogeneous heater tubes is described by 
the Fourier-equation in cylindrical coordinates: 

-^T "̂ T̂ 1 -JT e 
. _ ^ ( _ _ ™ _ 4 - ) * (Al) 

Qt c "̂ r r "^T c 
V V 

The boundary conditions for the outer surface (cooled surface), 
r = R„, are o' 

( T )ĵ  = T^ (A2) 
o 

>.(J^), =-4, (A3) 
# r o 

3T -JT _ -^T 1 PT 

( — )=_^ = _A-(( ) ^ — (zrh^ 
I t R '̂ t c ^ / \ R ^r ô o v o 

•f — ikk) 
c 
V 

and for the inner surface (without heat transfer), r = R.,-, are 

( - ^ )ĵ  = o (A5) 
^ r i 



605 

If the radial temperature profile is developed as a Taylor series, the 
third order approximation is 

Q T "^ ̂ T (r ~ R^)^ 

T = ( T ) ^ M — ), ( r - R ^ ) M ~ - ^ ) ^ „ _ ^ _ _ (A6) 
o « ' r o ^ r o 2 

7)^T (r - R)^ 

+ ( r-^ ), 
& r o 6 

all constants are determined by the boundary conditions to (A2) to (A5) 

( T ) ^ = ^3 
O 

^ r ""o ^ (A7) 

^^^ ^'^s % ^s ^ 

Sr^ \ % t > \ > > 
o 

'̂ T̂ 2 4 
( ) = ( „_£ 4- (R - R ) 
"^r^ R̂  (R ~ R.) X ° ^ 

o ' o i' 

-̂  T c q e 
Ĵ* s V ^s 

'^t X R p, X 
o 

) ) 



606 

Differentia,ting equation (Al) with respect to r, an additional condi
tion is obtaines: 

^ Q 'i' -^^T 1 -^^T 1 -̂  T 

^ t '̂  r c '̂  r r '^ r*" r" "̂  r (AB) 

v 

which yields for the outer rod surface: 

( ) _ „ ( ( ) . _ ^ ( ), ( ) ) (AO) 

^ t ^ r o c ^ r R ^ r" P, ^ r o 
V 'o *'o 

If the temperature gradents with respect to r from (A7) are intro
duced, equation (A9) can be written as: 

c Q a 3 R"" - R R. -I- RT 
V -S -S 0 0 1 1 

X t '̂  (R - R. )"" R 2 
O 1" o 

^T 3 R - R. 3 R - R. 
^ S O 1 O 1 

+ c ( ) - e ( ) (AID) 
^ "? t (R - R.) R (R - R.) R 

O 1 o O 1 o 

From equation (AlO), the volumetric heat generation rate can be cal
culated if the surface temnerature T and the surface heat flux 5 

s s 
and the corresponding time derivatives are known: 
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. ^ T 2 R (3 R^ - 3 R R. •*• R?) (R + R.) 
< ? S O O O l l O l 

e = c — + q 
"" ^ t ^ R2 - R^ (3 R - R.) R^ 

0 1 O 1 O 

c ^'q (R - R.) 
V ''' S O 1 

( A l l ) 
X ? t 3 R - R. 

o 1 

For a thin wall thickness with (R /R.) -* 1 equation (All) can be 
o 1 

simplified to: 

2T 2 R c I q (R - R.) R 
^ s o v ® ^ s o i o 

e = c + q -^ _ . + -____ (A12) 
^ 3 t ^ R - RT ^ dt 3 R - R. 

o 1 o 1 

This relation, which is also consistant with the stationary solution 
was used to predict the equivalent electrical power curve for the 
directly heated LOBI heater rod bundle. 
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MULTIDIMENSIONAL EFFECTS IN THE THERMAL 
RESPONSE OF FUEL ROD SIMULATORS* 

R. D. Dabbs L. J. Ott 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Determination of the transient surface temperature and 
surface heat fliix of fuel rod simulators (FRS) from internal 
thermocouple signals requires the solution of the inverse 
heat conduction problem. Assumptions that allow the govern
ing differential equation to be reduced to one dimension can 
introduce significant errors in the computed surface heat 
flux and surface temperature. The degree to which these 
computed variables are perturbed is addressed and quanti
fied. 

INTRODUCTION 

The Oak Ridge National Laboratory (ORNL) Pressurized-Water Reactor 
Blowdown Heat Transfer (PWR-BDHT) Program^ is an experimental separate-
effects study of the principal phenomena that are important to loss-of-
coolant accident (LOCA) analysis. Primary test results are obtained 
from the Thermal-Hydraulics Test Facility (THTF) — a large nonnuclear 
experimental loop with a test section that contains an array of indi
rect electrically heated fuel rod simulators (FRSs) with a 365,76-cm 
(12-ft) heated length. 

Research sponsored by Division of Reactor Safety Research, U.S. 
Nuclear Regulatory Commission under Interagency Agreements DOE 40-551-75 
and 40-552-75 with the U.S. Department of Energy under contact W-7405-
eng-26 with the Union Carbide Corporation, 

609 
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The FRSs In the first rod bundle (Bundle 1) used in the THTF have a 
dual-sheath design (see rod cross section in Fig. 1). The outer sheath 
is 0.0254-cm-thick (0,010-in.) stainless steel; the inner sheath is 
0,0762-cm-thick (0,030~in.) stainless steel and is grooved to accept 
0.0508-cm (0.020-in.) Chrome1-Alumel thermocouples. The next inner 
layer is boron nitride (BN), which electrically insulates the heating 
element from the stainless steel sheaths. The heater element consists 
of series of oversleeves swaged over a central base tube to provide the 
heat generation zones. The core of the heater element is filled with 
magnesium oxide (MgO), which is both a filler and an insulator between 
the heating element and the central rod thermocouple sheaths, 

A Bundle 1 prototypical heater was cross-sectioned and microphoto-
graphed. A typical cross section (Fig, 2) shows the location of sheath 
thermocouples and heater components. Enlarged views of the inner groove 
area revealed that the groove had been milled to a depth of 0.0394 cm 
(0,0155 in,), which sras less than the original 0,0508-cm (0,020~in.) OD 
of the thermocouple. As a result, during swaging operations, the thermo
couple was crushed to a slightly elliptical shape, and the edge of the 
milled groove was pulled away from the outer sheath. A review of all 
photographs of cross sections at thermocouple bead junctions in the 
heater resulted in the composite drawing shown in Fig, 3, 

The heater rod is reduced to its final diameter by swaging, often 
creating an imperfect fit between inner and outer sheaths at the ther
mocouple locations and resulting in a gap between thermocouple junction 
and the outer sheath. 

One of the primary objectives of the ORNL PWR-BDHT Separate-Effects 
Program is determination of transient surface temperature and surface 
heat flux of FRSs from internal thermocouple signals obtained during a 
loss-of-coolant experiment (LOCK) in the THTF. This analysis requires 
the solution of the classical inverse heat conduction problem.^ The 
state-of-the-art solution of the inverse heat conduction problem is one-
dimensional in scope; that is, for an FRS cylindrical geometry, the nor
mal assumption is that azimuthal and axial heat conduction are negligi
ble, thereby allowing the governing differential equation to be reduced 
to one dimension in terms of radius only. Analysis showed that these 
assumptions can introduce significant errors in the computed surface 
heat flux and surface temperature. Primary causes of these errors are 
the presence of the embedded thermocouple and heater element eccen
tricity. The degree to which these factors perturb the surface heat 
flux and surface temperature is addressed and quantified. 

The general investigative appproach involved two-dimensional model
ing of BDHT Bundle 1 FRSs using the HEATING5 computer code^— a gener
alized heat conduction code developed at ORNL. Results of the HEATING5 
simulations are presented graphically, with the principal variables of 
interest (surface heat flux, surface temperature, and a ratio of local 
flux to mean flux) plotted as functions of FRS surface arc length. 



611 

SS OUTER SHEATH (0 010 in) 

SS INNER SHEATH 
(0 030 in) 

INCONEL 600 
HEATING ELEMENT 

INCONEL PLUS 
+ CUPRONICKEL 
HEATING ELEMENT-

MgO 

0 020 - i n TC-

Fig. 1. Heater rod cross section (1 in. = 2,54 cm) (ORNL-DWG 75-12882R) 

HEATER ELEMENT-} 

MgO "\ 

ORNL PHOTO 3284 77 

•BN 

'••/' 

INNER SS SHEATH 

-OUTER SS SHEATH 

-SHEATH 
THERMOCOUPLES 

ENTRAL 
THERMOCOUPLES 

Fig. 2. Cross section of BDHT heater 150-5 (ORNL Photo 3284-77). 
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Fig. 3. Segment of heater rod showing mean dimensions in the ther
mocouple area (ORNL-DWG 77-5724AR). 

HEATINGS STUDIES 

Two-Dimenslonal (R~e) Studies with 
Heater Eccentricity = 0 

The axes of symmetry for a typical pie segment of the cross section 
in Fig. 2 would be a radial line between a pair of thermocouples (0°) 
and a radial line halfway between two grooves. Rather than model a full 
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360° of the cross section, the segment shown in Fig, 3 was modeled. 
This allowed finer nodalization in the thermocouple area and kept com
puter core requirements and running time to a minimum without sacrific
ing modeling accuracy. 

The HEATINGS model needed the following physical properties for 
each component in the heater rod: density (p), thermal conductivity 
(k), and specific heat (Cp). All three properties were required for 
transient cases; only thermal conductivity was needed for steady-state 
runs. Except for the thermal conductivity of MgO and BN, the optimum 
polynomial fits (to literature data) were determined for each compo
nent's heat capacity and thermal conductivity in terms of temperature; 
this work is documented in both the Oak Ridge Inverse Code (ORINC)^ and 
the Oak Ridge Thermocouple Calibration Code (ORTCAL) manuals.'̂  The 
ORTCAL code performed regressions on data from steady-state and con
trolled transient tests to provide the BN and MgO thermal conductivi
ties. 

The internal radial dimensions of Bundle 1 heaters were measured 
from cross sections of the prototypical BDHT FRS, 

Because HEATINGS solves the forward conduction problem, it was 
necessary to supply the code with both the FRS surface boundary condi
tions (i.e., heat transfer coefficient and fluid sink temperature) and 
the power generation rate in the Inconel heating element. For the 
steady-state studies, these boundary conditions were determined from 
THTF steady-state calibration runs. For the transient study, boundary 
conditions were taken from the predicted response of the THTF core by a 
thermal-hydraulic computer program. 

Steady-State Studies 

Boundary conditions for the steady-state cases, along with the gap 
between the stainless steel sheaths, are given in Table 1. Results of 
the HEATINGS simulations are presented graphically, with the principal 
variables of Interest (surface heat flux, surface temperature, and a 
ratio of local flux to mean flux) plotted as function of surface arc 
length. For comparison, the mean surface conditions [flux, temperature, 
and driving potential (i.e., Tgurface — Tglnk)] foî  these cases are 
given in Table 2. These mean conditions represent averages of the sur
face area. 

Figure 4 is an overlay of the local surface heat flux for test 
cases 1 through 4, Figures 5 and, 6 contain the corresponding local sur
face temperatures, and Fig. 7 is a plot of the flux ratio for all four 
cases. Note that the thermocouple groove in the R-0 model extends from 
0.0 to 0.062 cm. 

In a forced-convection heat transfer mode [Fig. 7 (cases I through 
3)], the local surface heat flux is ~1 to 11% less than the mean flux 
In the vicinity of the sheath thermocouple (0.0 to 0,062 cm) and ~4% 



Table 1. Case information and boundary conditions for steady-state R-9 runs (e = 0) for bundle 1 FPS simulations 

Test 
case 
No. 

1 

2 

3 

4 

Nominal rod 
power 
(kW) 

81.9 

91.6 

102.3 

124.6 

Local volume power 
generation rate 

[W/cm^ (Btu/hr-in.3)] 

Gap 
[cm (mils)] 

Local sink 
temperature 
[K (°F)] 

Local heat transfer 
coefficient 

[W/m^-K (Btu/hr-°F-ft2)] 
Local heat transfer mode 

6.079 X 103 (3.40 x 10^) 1.041 x lO""* (0.041) 

6.79 X 103 (3.80 X 105) 1.016 x lO"'* (0.040) 

7.581 X 10^ (4.24 X 10^) 9.398 x IQ-S (0.037) 

577.1 (579.2) 

501.1 (442.3) 

580.9 (585.9) 

9.244 X io3 (5.17 X 10^) 9.652 x IQ-^ (0.038) 619.3 (655.1) 

3.5159 X 10"* (6,193) 

3.7467 X 10'' (6,600) 

3.5527 X lo"* (6,258) 

3.5431 X IQS (62,412) 

Forced convection 

Forced convection 

Forced convection 

Subcooled nucleate boiling 

Table 2. Average surface conditions for steady-state 
R-e runs (E = 0) for bundle 1 FPS simulations 

Test case 
No. 

Mean surface flux 
[W/m2 (Btu/hr-ft2)] 

Mean surface 
temperature 
[K (°F)] 

Mean driving 
potential 
[K ("¥)] 

1.109 X 106 (3.518 X IQS) 

1.24 X 106 (3.932 X 105) 

1.384 X io6 (4.387 x 10^) 

1.687 X lo6 (5.349 x io5) 

608.70 (636.00) 

534.19 (501.87) 

619.82 (656.00) 

624.08 (663.67) 

31.56 (56.80) 

33.09 (59.57) 

38.94 (70.10) 

4.76 (8.57) 
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greater than the mean flux away from the thermocouple and groove. How
ever, if the pin surface is In nucleate boiling (case 4), variation in 
the surface flux is greater, that is, ~7 to 23% less than the mean 
around the thermocouple and ~5 to 7% greater than the mean away from 
the groove. 

In forced-convection cases (1 through 3), the surface temperature 
variation is ~4.8 to 6,0 K (8.6 to 10.8°F) over the 32° arc of the 
model, which is ~15.4% of the mean driving potential [i.e., AT^ariatlon^ 
(̂ surface ~ Tgi^k-)]' However, for the nucleate boiling case (4), the 
surface temperature variation of 1.5 K (2.7°F) is ~31.5% of the mean 
driving potential; thus, the surface flux for case 4 is more perturbed 
(as is evident in Figs. 4 and 7). 

The primary sources of these perturbations are (1) air pockets 
formed by the groove, thermocouple, and outer sheath, and (2) low ther
mal conductivity of the insulating material (MgO) in the thermocouple. 
The air pockets and MgO-filled thermocouple offer paths of greater re
sistance for heat flow (as compared with the stainless steel sheath); 
thus, the flux through the groove area is depressed, while the flux is 
higher further away from the groove where the thermal resistance is 
less. 

For the inverse calculations made by ORINC (one-dimensional In 
terms of R), two forcing functions are required — the local power gen
eration rate and the sheath thermocouple response. Errors in determina
tion of the local power generation rate are primarily (1) instrument 
measurement errors (i.e., measurement of the rod shunt amperage and gen
erator voltage), and (2) errors in determination of the local power 
peaking factor.'* However, in addition to its measurement error, the 
thermocouple responds to the temperature at the bead, where heat flux 
was depressed relative to mean surface flux. Thus, a one-dimensional 
inverse computation of a mean flux for each time increment from the 
thermcouple response (and q'' ') would be ~7 to 8% less than the actual 
mean surface flux and ~11 to 15% less than the maximum surface flux. 

As noted above, the low thermal conductivity of the MgO insulator 
in the sheath thermocouple is a contributing factor to the perturbation 
of surface heat flux. However, if a more preferable thermocouple insu
lator such as BN were used, similar perturbations in surface heat flux 
would be produced because of air pockets surrounding the sheath thermo
couples. 

Transient Study 

Boundary conditions (t < 0.5 s) for the transient study (case 9) 
are presented in Table 3. 

The surface heat flux, surface temperature, and ratio of local 
flux to mean flux of the HEATINGS transient simulation are presented in 
Figs. 8 through 10, respectively. Each figure is an overlay of the 



618 

Table 3. Boundary conditions for transient R-6 run 
( e = 0 and gap = 1 .4 x 10"'* cm) 

Time 
(sec) 

0.0 

0.050 

O.JOO 

0.150 

0.200 

0.250 

0.300 

0.350 

0.400 

0.450 

0.500 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

Local volume power 
generation rate 

[W/cm3 (Btu/hr-in.3)] 

222 X 103 (5.1577 x 10=) 

2174 X io3 (5.1552 x I Q S ) 

23 X io3 (5.1622 X lo5) 

223 X 103 (5.1584 X 10=) 

223 X lo3 (5.1584 x 10=) 

23 X 103 (5.1622 X lo5) 

2174 X io3 (5.1552 x 10=) 

23 X 103 (5.1622 X 105) 

223 X 10^ (5.1584 x 10=) 

223 X io3 (5.1584 x I Q S ) 

223 X lo3 (5.1584 x I Q S ) 

Local heat transfer 
coefficient 

(W/m2-K (Btu/hr-°F-ft2)] 

3.651 

4.903 

2.1 hit 

2.664 

2.678 

2.729 

7.181 

1.679 

6.513 

7.489 

7.871 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10 = 

10-* 

105 

105 

105 

105 

10'* 

10" 

103 

10 3 

103 

(64,313.2) 

(8,637.5) 

(48,336.3) 

(46,930.9) 

(47,180.7) 

(48,066.2) 

(12,650.3) 

(2,957.2) 

(1,147.2) 

(1,319.2) 

(1,386.5) 

Local sink 
temperature 
[K (°F)] 

621.0 

605.2 

605.2 

604.8 

605.3 

605.8 

604.7 

604.5 

604.1 

603.8 

603.7 

(658.2) 

(629.7) 

(629.7) 

(628.9) 

(629.8) 

(630.8) 

(628.8) 

(628.4) 

(627.7) 

(627.2) 

(627.0) 
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F i g . 8. R-e model — surface hea t flux p e r t u r b a t i o n (case 9) 
(ORNL-DWG 79-4714 ETD). 
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results at three time periods (0.2, 0.3, and 0.4 s). Boundary condi
tions in Table 3 indicate that the pin is in subcooled nucleate boiling 
at 0.2 s, departs from nucleate boiling at ~0.3 s, and is high on the 
temperature ramp after critical heat flux (CHF) at 0.4 s. 

At 0.2 and 0.3 s (Fig. 10), the local heat flux is ~9 to 23% less 
than the mean flux around the thermocouple and ~5 to 7% greater than the 
mean flux away from the groove, which is similar to steady-state results 
for the nucleate boiling mode (case 4). Also, the relative variation at 
0.4 s is approximately the same as in cases 1 through 3 in the previous 
section (the local flux is ~7 to 9% less than the mean in the vicinity 
of the thermocouple and groove). 

Generally, severe perturbations noted in steady-state studies also 
exist in transient simulation and are of approximately the same relative 
magnitude. There is relatively no dampening or smoothing of the surface 
conditions (i.e., temperature and flux) during a transient. 

Two-Dlmensional (R-e) Steady-State Studies 
with Heater Eccentricity f 0 

Eccentricity, as used here, is defined as the offset between the 
center of the heating element and the center of the stainless steel 
sheaths, A line through the two centers defines a line of symmetry; 
therefore, only 180° of the cross section needs to be modeled. Eccen
tricity was not varied in these studies, and the maximum allowable eccen
tricity (as set forth in the construction specifications for the FRS) of 
0.038 cm (0,015 in.) was used. 

Boundary conditions for steady-state eccentric studies are pre
sented in Table 4, Overlays of simulation results for cases 6 and 7 are 
presented in Figs, 11 (surface heat flux), 12 (surface temperature), and 
13 (flux ratio). 

As shown in Fig. 13, the local heat flux varies from ~11 to 12.5% 
higher than the mean flux at 0,0 (position at which heater is in closest 
proximity to sheath) to ~10,5 to 12.0% lower than the mean flux at 6 = 
165° (arc = 0,62 in,) 

The local heat transfer mode (case 6) is subcooled forced convec
tion, and the azimuthal surface temperature variation (Fig, 12) is ~7.8 
K (14°F). For case 7, which is in subcooled nucleate boiling, variation 
in the surface temperature is only ~1,2 K (2.2°F). Given the standard 
deviation of a Bundle 1 temperature measurement of 2.4 K (4.3°F) and the 
FRS surface in the nucleate boiling regime, determining if the heating 
element is eccentric in relation to the sheaths is not possible. For 
proof of eccentricity (just from thermometry measurements), having 
multiple thermocouples per level per rod (preferably three, spaced at 
120°) will be necessary, and the rods will have to be maintained in the 
forced-convection heat transfer regime during steady-state testing. 



Table 4. Case information and boundary conditions for eccentric R-8 studies 

Test 
case 
No. 

Nominal 
rod 

power 
(kW) 

Local volume power 
generation rate 

[W/cm3 (Btu/hr-in.3)] 

Gap 

[cm (mils)] 

Local sink 
temperature 
[K C^F)1 

Local heat transfer 
coefficient 

[W/m2-K (Btu/hr-^F-ft^)] 

Local heat 
transfer mode 

Eccentricity 
[cm (m.)] 

ON 
to 

6 102,3 7.58 X 103 (4.24 x 10^) 9.652 x 10"^ (0,038) 580.9 (585,9) 3.5527 x lO"* (6,258) 

7 124.6 9.244 >= 10^ (5.17 x 10^) 9.652 x 10"^ (o.038) 619.3 (655.1) 3.5431 x 10^ (62,413) 

Forced convection 0.038 (0,015) 

Subcooled nucleate boiling 0.038 (0.015) 
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CONCLUSIONS 

In FRSs of THTF Bundle 1 design in which the heating element is 
perfectly centered (i.e.j eccentricity = 0)^ the steady-state surface 
heat flux and surface driving potential are severely perturbed azimuth-
ally. The degree of perturbation is partially dependent on the heat 
transfer mechanism at the surface. However, the primary sources of the 
perturbations are (1) air pockets formed by the groove^ thermocouple, 
and outer sheath, and (2) low thermal conductivity of the insulating 
material (MgO) in the thermocouples. 

The impact of this azimuthal perturbation in heat flux is evident 
in the analysis of sheath thermocouple response. The thermocouple re
sponds to the temperature at the bead, and the heat flow through the 
bead is depressed relative to the mean surface flux. Thus, a one-
dimensional inverse computation of a mean flux for each time increment 
from the thermocouple response (and q''') would be ~7 to 8% less than 
the mean surface flux and ~11 to 15% less than the maximum. If BN had 
been used as thermocouple Insulation, the flux through the thermocouple 
would have been improved only 1 to 2% less than the mean surface flux. 
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These severe perturbations are evident in both steady-state and 
transient simulations and are of approximately the same relative magni
tude. There is relatively no dampening or smoothing of the perturbation 
of surface conditions (i.e., temperature and flux) during a transient. 

If the additional problem of heater element eccentricity is consid
ered, the surface flux variation can be as much as ±12% of the mean 
fltix. Furthermore, if the heater surface Is in the subcooled nucleate 
boiling heat transfer regime, variation in the surface temperature is 
less than the standard deviation of a Bundle 1 temperature measurement 
(standard deviation of a Bundle 1 thermocouple is 2.4 K), Determining 
whether the heating element is eccentric in relation to the sheaths is 
not possible if the heater is in the nucleate boiling regime. To estab
lish proof of eccentricity (just from thermometry measurements), having 
multiple thermocouples per level per rod will be necessary (preferably 
three, spaced at 120°), and the rod surface must be maintained in the 
forced-convection heat transfer regime. 
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LIMITS ON THE EXPERIMENTAL SIMULATION 
OF NUCLEAR FUEL ROD RESPONSE* 

R. C. Hagar 
Engineering Technology Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

The steady-state and transient effects of intrinsic 
geometric and material property differences between typical 
nuclear fuel pins and electric fuel pin simulators (FPSs) 
are Identified, The effectiveness of varying the transient 
power supplied to the FPS in reducing the differences be
tween the transient responses of nuclear fuel pins and FPSs 
is investigated. This effectiveness is shown to be limited 
by the heat capacity of the FPS, the allowed range of the 
power program, and different FPS power requirements at dif
ferent positions on a full-length FPS, 

1. INTRODUCTION 

An understanding of the nature and severity of the thermal-hydrau
lic phenomena associated with hypothetical pressurized-water reactor 
(PWR) accidents such as a loss-of-coolant accident (LOCA) is essential 
for an assessment of reactor safety. Experimental investigations of 
these phenomena often require the use of electrically heated fuel pin 

^Research sponsored by the Office of Research and Technology, U.S. 
Department of Energy under contract W-7405-eng-26 with the Union (Car
bide Corporation. 
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simulators (FPSs) to simtilate nuclear fuel pins during the accident se
quences. However, because nuclear fuel pins and typical FPSs have dif
ferent radial geometries and are constructed of somewhat dissimilar ma
terials, they have different steady-state distributions of temperature 
and stored energy, and they respond differently to simulated accident 
environments. The relevance to PWR reactor safety of results obtained 
in FPS experiments can be greatly enhanced if the differences between 
the transient responses of nuclear fuel pins and FPSs are identified and 
minimized. 

Appropriate variations in the electric power supplied to an FPS 
during an experiment (an FPS "power program") can be used to partially 
compensate for nuclear fuel pin/FPS differences and can reduce differ
ences in their transient responses. This paper investigates the effect
iveness of FPS power programming! it shows how this effectiveness is 
limited by the heat capacity of the FPS, the allowed range of the power 
program, and the need for different power programs at different axial 
positions on a full-length FPS, 

Plots discussed in this paper present the results of computer-code 
calculations to Illustrate differences between nuclear fuel pins and 
typical FPSs. These calculations, including power programming calcula
tions, vere all performed using the PINSIM^ computer code, which is a 
code developed at Oak Ridge National Laboratory (ORNL) expressly for use 
in planning and analyzing FPS tests. 

2. INTRINSIC DIFFERENCES BETWEEN NUCLEAR FUEL PINS 
AND TYPICAL FPSs 

Nuclear fuel pins and typical FPSs have different radial geometries 
and are fabricated using different materials. Figure 1 illustrates 
these differences. (The FPS shown in Fig, 1 is representative of the 
type of FPS designed and fabricated at ORNL for use in Thermal-Hydraulic 
Test Facility Bundle 3 of the ORNL PWR Slowdown Heat Transfer Program,)2 
These differences result in differences in thermal properties [Fig. 
2(a)]. Differences in thermal conductivity cause differences in steady-
state radial temperature distributions [Fig. 2(b)] which, with differ
ences in density and heat capacity, cause differences in radial distri
butions of stored energy [Fig, 2(c)], Because of these differences in 
thermal properties and steady-state distributions, when both nuclear 
fuel pins and electric FPSs generate the same power and are exposed to 
the same coolant conditions, their transient responses will be differ
ent, as shown in Fig, 3, Plots in Fig, 3 show the calculated surface 
responses of a nuclear fuel pin and a typical FPS to boundary conditions 
(surface heat transfer coefficient and bulk coolant temperature) that 
were predicted by RELAP4/MOD5 (Ref. 3) to exist in a PWR core during the 
first few seconds of an LOCA; calculated surface heat fluxes are shown 
in Fig, 3(a), and calculated surface temperatures are plotted in Fig, 
3(b), The nuclear fuel pin produces a higher surface heat flux than 
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NUCLEAR FUEL PIN 

URANIUM DIOXIDE FUEL 

GAS GAP 

ZIRCALOY CLADDING 

FUEL PIN SIMULATOR 

BORON 
NITRIDE' 

316 STAINLESS 
STEEL SHEATH 
INCONEL 600 
HEATING ELEMENT 

05 cm THERMOCOUPLE 

Fig. 1, Schematic cross sections of a typical nuclear fuel pin and 
a typical FPS (ORNL-DWG 80-5714 ETD). 

does the FPS because i t had more stored energy at steady s t a t e [Fig, 
2 ( c ) ] , and the nuclear fuel pin responds with a higher surface tempera
ture because i t had a higher s teady-s ta te temperature d is t r ibut ion [Fig. 
2 (b) ] . 
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Fig. 3. Transient responses of a nuclear fuel pin and an FPS when 
both experience the same power generation rate (ORNL-DWG 80-5716 ETD). 

3. POWER PROGRAMMING EFFECTIVENESS 

Differences between the transient responses of nuclear fuel pins 
and FPSs to LOCA-like boundary conditions can be partially minimized by 
using appropriate FPS power programs during FPS tests; that is, approp
riately varying the power supplied to an FPS during a test can partially 
compensate for its lower (than a nuclear fuel pin) steady-state stored 
energy and temperature. Power programming, however, cannot be complete
ly effective. Factors that limit the effectiveness of FPS power pro
gramming include limited power program ranges, relatively high FPS heat 
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capacities, and different FPS power program requirements at different 
axial locations. Each of these factors is discussed below in turn. 

Limitations Imposed by the Range of the Power Program 

An FPS power program required to force a typical FPS to experience 
the nuclear fuel pin's surface response (Fig. 3) when it is exposed to 
the same coolant conditions is shown in Fig. 4. From a steady-state 
power generation rate of 9.0 kW/ft (29,5 kW/m), this power program os
cillates between negative power generation rates of up to -500 kW/ft 
(-1640 kW/m) and positive generation rates of up to 700 kW/ft (2296 
kW/m)! Because such a power program is clearly not realizable, perfect 
FPS simulation of nuclear fuel pin transients is not realizable, A 
limited-range [0 to 12 kW/ft (0 to 39.37 kW/m)] realizable power program 
similar to the one shown in Fig. 5(a) can Improve the simulation only to 
the extent shown in Fig, 5(b and c). 

Fig. 4, An FPS power program required to force a perfect match be
tween nuclear fuel pin and FPS thermal responses (ORNL-DWG 80-5719 ETD). 

Limitations Imposed by the Heat Capacity of the FPS 

If FPS power programs are restricted to a realizable range, then 
only by redesigning the FPS can its response be improved. For example, 
fabricating the FPS using materials with lower heat capacities would 
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Fig, 5, The r e s u l t s of l imi t ed - range FPS power programming. 
(ORNL-DWG 80-5717 ETD). 
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allow the FPS to respond more quickly to changes in power generation 
rates and/or coolant conditions. The effect of an FPS's heat capacity 
on its transient response was investigated by performing several power-
programming calculations using FPS models that were Identical except for 
their heat capacities. In each calculation, a limited-range (0—9 
kW/ft; 0—29,5 kW/m) power program was determined to force each FPS to 
match as closely as possible the nuclear pin surface conditions plotted 
in Fig, 3, Results of those calculations are plotted in Fig, 6(a) (cal
culated surface heat fluxes) and Fig, 6(b) (calculated surface tempera
tures). 

Four calculations were performed. In one calculation, the heat ca
pacities of all the materials in the FPS were at their nominal values 
(these results are Indicated in Fig. 6 by the messages which Include 
"C = CO"). In the other calculations, the heat capacities were at half 

(a) SURFACE 
HEAT FLUX 

(b) SURFACE 
TEMPERATURE 

Fig . 6, Thermal responses of FPSs with lower hea t c a p a c i t i e s 
(ORNL-DWG 81-7775 ETD), 
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their nominal values ("C = CO/2"), twice their nominal values ("C = 
C0*2"), and zero ("C = 0"). As indicated in Fig, 6, only the FPS with 
no heat capacity can be forced by a limited-range power program to match 
the nuclear pin's response, and the ability of the FPS to match the nu
clear pin's response decreases as the FPS heat capacity increases. 

Limitations Imposed by Axial Variations in 
Power Programming Requirements 

The preceding discussions have concerned FPS simulation of nuclear 
fuel pin response at a selected axial position. The response of a full-
length nuclear fuel pin, however, is not axially uniform; the response 
in the upper part of a reactor core will differ from the response in the 
lower part of the core. Typical axial differences in nuclear fuel pin 
responses are evident in Fig. 7, which plots surface heat fluxes and 
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Fig , 7, Nuclear fuel pin thermal responses a t d i f f e r e n t a x i a l 
l o c a t i o n s (ORNL-DWG 80-5721 ETD). 
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surface temperatures calculated by RELAP4/MOD5 to occur in a PWR core at 
locations in the lower, middle, and upper part of the core. The results 
of limited-range power programming calculations, which used the surface 
conditions plotted in Fig, 7 as boundary conditions, are plotted in 
Figs, 8 and 9. Power programs plotted in Fig. 8 are those required to 
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Fig, 8, FPS power programs for different axial locations 

(ORNL-DWG 80-5722 ETD). 
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Fig. 9. Power-programmed FPS thermal responses at different axial 
locations (ORNL-DWG 80-5723 ETD). 

force an FPS to approximate the nuclear pin's response at the three dif
ferent axial locations. The plots in Fig, 9 illustrate the differences 
between the desired (nuclear pin) and realizable (limited-range FPS) 
surface conditions. 

Power programs plotted in Fig. 8 are similar, but that similarity 
is misleading because it does not indicate that all three axial levels 
have the same power programming needs. For example, the similarity be
tween about 1,0 and 7.0 s arises because the power programs during this 
period are range limited. The FPS surface conditions between about 1.0 
and 5.0 s (while the power program indicates maximum power) are well be
low the desired conditions; between about 5.0 and 7.0 s (while the power 
progran indicates zero power), the FPS conditions are too high. If the 
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realizable conditions had matched the desired conditions better (as they 
did later in the transient), the power programs would have indicated 
more dissimilarity. So some of the similarity noted between the power 
programs required at different axial locations arises because simulation 
quality at all three locations is relatively poor. 

4, CONaUSIONS 

Because nuclear fuel pins and typical electric FPSs have different 
radial geometries and are fabricated using different materials, they 
have different thermal properties and different steady-state distribu
tions of temperature and stored energy, even when both are experiencing 
the same power generation rate and coolant conditions. These differ
ences in thermal properties and steady-state distributions cause them to 
respond differently to changes in their coolant conditions. 

The thermal response of an FPS can be altered to more closely simti
late a nuclear pin's response if appropriate adjustments are made in the 
power. 

Conceptually, the match between nuclear fuel pin and FPS responses 
can be improved with broader-range power programs. Realistically, how
ever, this is probably not true, because the broad-range power programs 
required to improve the simulation included unrealizable periods of neg
ative power generation. Realizable broad-range power programs, with a 
minimum power generation rate of zero, would not Improve simulation as 
well. 

FPS responses can be Improved by reducing the heat capacities of 
the materials used in the FPS, However, a limited-range power program 
can force a very good match between an FPS's response and a nuclear fuel 
pin's response only if the FPS's heat capacity is at or near zero. 

Because the response of a nuclear fuel pin Is different at differ
ent axial locations, FPS power programming requirements are different at 
different axial locations. Thus, a power program that produces a rea
sonably good match between nuclear fuel pin and FPS responses at one ax
ial location will probably produce a mismatch at others. 
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THERMOCOUPLE SIGNAL SENSITIVITY TO THE SHEATH THICKNESS OF 
THERMAL-HYDRAULIC TEST FACILITY INDIRECTLY HEATED 

ELECTRIC FUEL PIN SIMULATORS* 

R. D. Dabbs L. J. Ott 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Within an indirectly heated electric fuel pin simulator 
(EFPS), the influence of the radial position of a thermo
couple bead on its ability to resolve rapid oscillatory 
surface temperatures and on the first-order time response of 
its signal is investigated numerically through solutions of 
the transient forward heat conduction problem. Higher-order 
time response theory is incorporated to examine analytically 
(1) the time responses of thermocouple beads located near the 
centerline of the EFPS and (2) the overall EFPS time response 
resulting from certain classes of surface phenomena. 

INTRODUCTION 

The Oak Ridge National Laboratory (ORNL) Pressurized-Water Reactor 
Slowdown Heat Transfer Separate-Effects Program^ comprises two major 
areas of investigation; (1) an experimental separate-effects study of 

Research sponsored by Division of Reactor Safety Research, U.S. 
Nuclear Regulatory Commission under Interagency Agreements DOE 40-551-75 
and 40-552-75 with the U.S. Department of Energy under contract W-7405-
eng-26 with the Union Carbide Corporation. 
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the relations among the principal variables that can alter the rate at 
which dryout progresses and similar time- and space-related functions 
that are important to loss-of-coolant-accident analysis and (2) the de
velopment of a steady-state and transient heat transfer—local fluid con
dition data base applicable to bundle geometries. Data pertinent to 
these areas of investigation are obtained from the Thermal-Hydraulic 
Test Facility (THTF), a large nonnuclear experimental loop with a test 
section that employs a square array of indirectly heated electric fuel 
pin simulators (EFPSs). 

The current THTF EFPSs (bundle 3) have a single-sheath design, 
which is cross sectioned in Fig. 1. The EFPS sheath is stainless steel, 
and its inner radius is the outer bound for the sheath of the 0,508-mm-
OD Chromel-Alumel sheath thermocouples, A sheath thermocouple bead 
(0.076 mm diam) is nominally centered 0,254 mm deeper than the inner 
radius of the EFPS sheathi therefore, that point (0.734 mm from the EFPS 
surface) is the radial position at which the EFPS temperature history is 
measured. A boron nitride (BN) annulus Inside the EFPS sheath electri
cally insulates the heating element from this sheath and the sheath 
thermocouples. The heating element, an annulus located concentrically 
within the BN annulus, consists (within the axial domain of the heated 
length) of a constant cross-section Inconel 600 tube, thus creating a 
uniform axial power profile. The EFPS core, which electrically insu
lates the 0.508-mm-OD Chromel-Alumel center thermocouples from the 
heating element, is again BN. 

Earlier-generation THTF EFPSs (bundles 1 and 2) had a similar con
struction, with the major differences being (1) two outer sheaths with 

STAINLESS 
STEEL SHEATH 

INCONEL 600 
HEATING ELEMENT 

BORON , , - < / / / / / / / / / / / / / / / / ^ \ „ . „ „ 

^^^^^^^ - - < ^ i i i ^ 2 2 2 i i ^ CHROMEL-ALUMEL 

THERMOCOUPLES 

Fig. 1. Indirectly heated bundle 3 EFPS cross section 
(ORNL-DWG 79-4737R ETD). 
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the sheath thermocouples residing between them, (2) a stepped-chopped-
cosine axial power profile, and (3) a magnesium oxide (MGO) core. This 
study was performed using the geometries of these earlier EFPSs; how
ever, because the thermocouple is not actually modeled, the results can 
be visualized by referring to the bundle 3 geometry. A comparison 
of bundle 1, bundle 2, and bundle 3 radial dimensions is available in 
Table 1. (A bundle 1 thermocouple bead resided 0.48 mm from the EFPS 
surface, and a bundle 2 thermocouple bead resided 0.63 mm from the EFPS 
surface.) 

Table 1. Radial dimensions of bundle 1, 
bundle 2, and bundle 3 EFPSs 

Radial position 

Radial dimension 
(mm) 

Bundle 1 Bundle 2 Bundle 3 

EFPS outer radius 5.38 5.38 4.75 
BN annulus outer radius 4.37 4.24 4.27 
Heating element outer radius 3,10 3,10 3.12 
BN/MGO core outer radius 2,76 2.76 2.77 

OBJECTIVES 

This investigation determined (1) the ability of thermocouples em
bedded at varying depths from the EFPS surface to accurately represent 
various frequency boundary conditions and (2) the time response asso
ciated with different thermocouple bead radial positions, A relation
ship thus was established between the sheath thickness of the EFPS 
(because the thermocouple is adjacent to the inner surface of this 
sheath) and the frequency range of surface phenomena that can be deter
mined numerically with the internally measured temperature history as a 
boundary condition. 

The procedure used to establish this relationship was basically 
numeric, A one-dimensional model of a bundle 2 EFPS was supplied to a 
forward-implicit version of ORINC, which was capable of using supplied 
steady-state and transient power generation rates and heat transfer co
efficient—sink temperature combinations as boundary conditions. More 
specifically, square-wave heat transfer coefficients of varying periods, 
constant power generation rates, and constant sink temperatures were 
used in the frequency response evaluation, whereas step increases for 
the heat transfer coefficients, step decreases to zero for the power 
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generation rates, and constant sink temperatures were used in the time-
response study. 

The forward-implicit ORINC was used to determine the internal tran
sient temperature distribution resulting from these imposed boundary 
conditions. The calculated transient temperature at a given radial po
sition was then considered to be the signal of a thermocouple located at 
that radial position and experiencing the given boundary conditions. 

THERMOCOUPLE FREQUENCY STUDY (TFS) 

To answer the question of the resolving capability of the thermo
couple and to influence the design of future EFPSs, a series of tran
sient calculations was performed with a forward-implicit version of 
ORINC. 

Seven transient cases were completed, each using identical steady-
state boundary conditions derived from typical full-power THTF condi
tions. These boundary conditions are listed in Table 2, 

Table 2, Steady-state boundary 
conditions for all TFS cases 

Boundary condition 

Heat transfer coefficient, kW/(m2«K) 69.105 

Sink temperature, K 620.348 

Local linear power generation rate, kW/m 58.251 

^Total EFPS power of ~126 kW and axial peaking 
factor of 1.688. 

The power generation rates and the sink temperatures were held con
stant at their steady-state values for the duration of the transient. 
Thus, the only difference from one case to another involved the tran
sient heat transfer coefficient, which was prescribed to be a square 
wave having a variable period and oscillating for ten cycles about the 
steady-state heat transfer coefficient from a minimum of 0.5 of the 
steady-state value to a maximum of 1.5 of the steady-state value. The 
seven cases, TFSl through TFS7, were then defined by choosing seven 
periods for the square waves 1000, 200, 100, 50, 25, 10, and 5 ms re
spectively. The transient tlmestep size was defined to produce 20 cal
culations per square-wave period. 

The ORINC EFPS model (Fig, 2) divides the EFPS into nodes numbered 
sequentially from the center of the EFPS and associates the internal 
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STAINLESS STEEL 

STAIMLESS STEEL 

J ; 

BORON NITRIDE 

CUPRONICKEL 

INCONEL 600 

MAGNESIUM OXIDE 

<t 

= MATERIAL/NODE INFERFACE RADII 

= NODAL CENTERS-OF-MASS 

= ONE-DIMENSIONAL ASPECT OF MODEL 

Fig. 2, ORINC model (one-dimensional along chain-dashed line) for 
a bundle 2 EFPS (ORNL-DWG 80-4474 ETD). 

temperatures with the calculated nodal centers of mass (COMs). The 
nodes for a bundle 2 model — along with their inner and outer radii, COM 
radii, COM distances from the EFPS surface, regional materials, and re
gional thicknesses — are given in Table 3, The ORINC code is capable of 
modeling a gap (bundle 1 and bundle 2 design) between the inner and 
outer stainless steel sheaths; however, for this study it is set equal 
to zero, essentially creating one outer sheath (bundle 3 design). Be
cause a bundle 3 thermocouple bead is 0.734 mm from the EFPS surface, 
node 11 of Table 3 can be seen to best represent the bead. 

The EFPS internal temperature histories, as calculated in each of 
the seven cases by the forward-implicit ORINC using these boundary con
ditions, can now be used to relate the depth of the thermocouple bead to 
its highest interpretable frequency and also to determine the maximum 
depth at which the thermocouple bead can be located and still resolve a 
particular surface condition frequency. The method of determining these 
relationships is first to associate the thermocouple bead with a nodal 
COM and then to combine the temperature history for this nodal COM with 
the standard deviation of the thermocouple signal. This method yields 
an indication of the ability of the thermocouple to record the nodal COM 
temperature for a given frequency of surface phenomena; that is, the 
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Table 3. Radial dimension information for ORINC model of bundle 2 EFPS 

Nodal 
identifier 

t 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Surface 

Nodal inner 
radius 
(mm) 

0.0 
0.0 
1,38 
1.95 
2.39 
2.76 
2.94 
3.10 
3.52 
3.90 
4.24 
4.51 
4.76 
5.00 
5,20 
5.38 

Nodal COM 
radius 
(mm) 

0.0 
0.98 
1.69 
2.18 
2.59 
2,85 
3.02 
3.32 
3.71 
4.07 
4.38 
4.64 
4.89 
5.10 
5.29 
5.38 

Nodal outer 
radius 
(mm) 

0.0 
1.38 
1.95 
2.39 
2,76 
2.94 
3,10 
3.52 
3.90 
4.24 
4.51 
4.76 
5.00 
5.20 
5.38 
5.38 

Nodal COM 
distance from 

surface 
(mm) 

5.38 
4.40 
3.69 
3.20 
2.79 
2,53 
2.36 
2.06 
1.67 
1.31 
1,00 
0.74 
0.49 
0.28 
0.09 
0.0 

Nodal 
material 
composition 

MGO 
MGO 
MGO 
MGO 
MGO 
Inconel 
Inconel 
BN 
BN 
BN 
Stainless 
Stainless 
Stainless 
Stainless 
Stainless 
Stainless 

steel 
steel 
steel 
steel 
steel 
steel 

Material 
outer 
radius 
(mm) 

2.76 
2.76 
2.76 
2,76 
2,76 
3.10 
3.10 
4.24 
4,24 
4,24 
5.00 
5,00 
5,00 
5.38 
5.38 
5,38 

Material 
thickness 
(mm) 

2,76 
2.76 
2.76 
2,76 
2.76 
0.34 
0.34 
1.14 
1.14 
1,14 
0.76 
0.76 
0.76 
0.38 
0.38 
0,38 
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thermocouple may be able to record the nodal temperature history trace 
perfectly, but if the temperature oscillates (randomly or systemati
cally) about a mean and if those oscillations are within ±a (o being the 
thermocouple signal standard deviation) of the mean, then those oscilla
tions cannot be distinguished from the thermocouple signal uncertainty. 

In applying this thermocouple frequency resolution analysis 
(Fig. 3), the mean oscillation amplitudes, a, are determined by locating 
a curve through the minimum and maximum cyclic temperatures occurring 
for the ten cycles. The nodal COM trend temperature (represented by the 
chain-dashed line In Fig. 3) is then found for a particular time by tak
ing the average of the upper and lower mean oscillation amplitudes at 
that time. 

Adding and subtracting the thermocouple signal standard deviation 
from the trend temperature curve results in the trend standard deviation 
curves, which are represented as the dashed lines in Fig. 3. 

If the mean oscillation amplitude band 2a is greater than the trend 
standard deviation band 2o, a thermocouple located at this nodal COM is 
considered capable of resolving the given frequency. Otherwise, the 
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Fig. 3. Representation of thermocouple frequency resolution analy
sis incorporating the nodal COM trend temperature, the mean oscillation 
amplitude, and the trend standard deviation bands (ORNL-DWG 80-4479). 
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signal recorded by the thermocouple cannot adequately represent the 
nodal COM temperature, and as a result, the inverse-implicit ORINC will 
be unable to calculate the surface phenomena that actually occurred. 

TFS RESULTS 

The standard deviation of the thermocouples used in the THTF EFPSs, 
as given by the manufacturer, is 2,389 K, a value consisting of both a 
systematic and a random component. In applying the thermocouple signal 
uncertainty to an oscillatory phenomenon, the random contribution to 
this uncertainty effectively represents the total uncertainty, because 
the systematic term produces only a relative shift in the thermocouple 
signal. For this study, a more appropriate estimate of the thermocouple 
signal standard deviation therefore can be obtained by determining the 
magnitude of the random uncertainty through examination of actual 
steady-state thermocouple signals. The maximum standard deviation of 
the steady-state thermocouple signal was found to be roughly 0.233 K 
through inspection of steady-state signals. As a conservative figure, a 
standard deviation of 0.556 K is used for the thermocouple signal. This 
value, combined with the results obtained in the TFS case studies, was 
interpreted by using the previously discussed method to yield Table 4, 

For example, the node 10 through 13 COM temperatures for case TFSl 
(1000 ms square-wave period) can accurately represent a surface phenome
non having a period of 1000 ms. Also, a/a decreases as the radial posi
tion approaches the center of the EFPS, The radial position where a/a = 
1.0 would be the maximum depth at which a thermocouple bead could be lo
cated and still resolve the surface phenomenon occurring at the given 
period. 

Table 4. Thermocouple frequency 
resolution analysis results 

Nodal COM 
Case q_ Surface 

10 11 12 13 

TFSl a a a a a 
TFS2 a a a a a 
TFS3 a a a a 
TFS4 a a a 
TFS5 a a 
TFS6 a 
TFS7 a 

T'hemocouple bead located at 
this radial position can resolve tem
perature oscillations at the given 
frequency. 
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Figure 4 represents the calculated EFPS centerllne temperature for 
case TFSl. The quantity a/a < 1.0; thus, the centerllne cannot distin
guish surface phenomena having a period of 1000 ms. Because a/a < 1.0 
at this point, the maximum thermocouple bead depth at which the surface 
phenomenon can be resolved occurs between the radial position of the 
node 10 COM and the EFPS centerllne. The TFSl calculated surface tem
perature is presented in Fig. 5 and can be seen to be capable of resolv
ing the surface phenomenon as a/a > 1,0. 

The period-depth results summarized in Table 4 indicate dual areas 
in the two-dimensional space defined by the thermocouple bead distance 
from the EFPS surface and by the period of the phenomena occurring on 
the EFPS surface. The first area represents the combinations of ther
mocouple bead depths and surface phenomena periods that yield thermo
couple signals which, when supplied to the inverse-implicit ORINC, can 
accurately reproduce the EFPS surface conditions. The remaining area in 
this two-dimensional space represents the thermocouple bead depths that 
provide thermocouple signals incapable of resolving the given frequency 
of surface oscillation. 

This area is shown in Fig, 6, with the crosshatched portion repre
senting the desirable combinations. The transition area is less defined 
than implied by the dashed line since it is a function of the model 
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noding. The ordinate value of interest for bundle 3 is 0.734/4.75 = 
0.15, indicating that a surface phenomenon period of 100 ms can be suc
cessfully resolved when the transition area and doubling of the signal 
standard deviation are considered, 

THERMOCOUPLE RESPONSE STUDY (TRS) 

In addition to the damping of the node COM termperatures near the 
center of the EFPS, a companion physical situation affects the ability 
of the thermocouple to record surface phenomena accurately. This situa
tion, which can be associated with various radial positions, is the time 
response; it is often described in terms of a time constant, is charac
terized by the capacity of the system to store energy, and is measured 
by the time necessary for a system or one of its components to adjust to 
an external input. 

To determine how an indirectly heated EFPS responds to a sudden 
change in surface conditions, a series of transient calculations was 
performed using the forward-implicit version of ORINC. Twenty-two cases 
were completed, each using identical steady-state boundary conditions. 
These boundary conditions are listed in Table 5. 

Table 5. Steady-state (t = 0) boundary 
conditions for all TRS cases 

Boundary condition 

Heat transfer coefficient, kM/(m^'K) 0,1703 

Sink temperature, K 299,66 

Local linear power generation rate, kW/m 1,31 

'̂ Total EFPS power of ~12 kW and axial peaking 
factor of 0.399, 

The EFPS is subjected to a sufficient steady-state power generation 
rate to necessitate an initial temperature profile to be considerably 
higher than the sink temperature. At the initiation of the transient, 
the power generation rate is reduced to zero; the EFPS then cools until 
it attains equilibrium with the sink temperature, which is held constant 
at its steady-state value over the duration of the transient. The heat 
transfer coefficient is stepped at the time of the drop in the power 
generation rate, with the size of the step increase defining the differ
ent surface conditions to which the EFPS can respond. The transient 
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boundary conditions, calculational tlmestep size, and ratio of transient 
to steady-state heat transfer coefficients are listed in Table 6, These 
correspond respectively to the 22 TRS cases known as TRSOl through 
TRS22, 

A bundle 2 ORINC EFPS model (Fig. 2) identical to that used in the 
thermocouple position frequency sensitivity study was supplied; because 
the EFPS models are identical, the geometry specified in Table 3 remains 

Table 6, Transient (0 < t < t̂ ^̂ )̂ boundary 
conditions, steady-state to transient 
heat transfer coefficient ratio, and 

calculational tlmestep size 
for all TRS cases 

TRS 
case 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Calculational 
tlmestep 
(ms) 

10.0 
10,0 
10,0 
10.0 
10,0 
10.8 
10.0 
10.0 
10,0 
10,0 
10.0 
10.0 
10,0 
0,10 
0.10 
0,10 
0.10 
0,10 
0,10 
0,10 
0,10 
0,10 

Heat transfer 
coefficient 
[kW/(m2'K)] 

0.5677 
1.1354 
1,7030 
2,8384 
3.9738 
5,6768 
8,5152 
11.3536 
17,0304 
22,7072 
28,3840 
34,0608 
170.3040 
17.0304 
22,7072 
28,3840 
34.0608 
39.7376 
56.7680 
113.5360 
170,3040 
227,0720 

Heat transfer 
coefficient 

ratio 
h(t > 0)/h(t = 0) 

3.33 
6.67 
10.00 
16.67 
23.33 
33,33 
50.00 
66,67 
100,00 
133,34 
166.67 
200.00 
1000,00 
100.00 
133,34 
166.67 
200.00 
233,34 
333.34 
666.68 
1000,00 
1333,06 

A zero local linear power generation rate and a 
fluid sink temperature of 299.66 K were used for all 
cases. 
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valid. A gap of ~0.0254 mm is included between the Inner and outer 
stainless steel sheaths in this study. It is incorporated in the ORINC 
formulation as a heat transfer resistance term and therefore does not 
change the geometry of the EFPS model. The gap is important in the TRS 
because the behavior of bundle 1 and bundle 2 EFPSs is being examined, 
whereas in the TFS, the gap was omitted because the primary purpose was 
support for the design of bundle 3 EFPSs, The omission of the gap thus 
allowed effective transformation of the ORINC EFPS from a bundle 2 de
sign into a bundle 3 design. 

The EFPS internal temperature histories as calculated by the 
forward-implicit ORINC using the tabulated boundary conditions can now 
be used to relate the depth of the thermocouple bead to a time constant 
associated with the radial location of the thermocouple. If the thermo
couple is assumed to reside at a given nodal COM, then that nodal COM 
transient temperature is used to yield a radially dependent time con
stant directly related to the phenomena on the surface. 

TRS RESULTS 

A widely accepted model for system dynamic response^ is the ordi
nary differential equation with constant coefficients; 

d"xout ^ ^n-lxout _, ^ dXout ^ 

" dt" " 1 dt^-l ^ dt " °"^ 

d'̂ xin d«>-lxin dxin 

V " z ^ ^ ^m-1 ~ir;;;3r~ + ••» + ^i -—- + ^o^in ? ( D dt" ^ dt™""l ^ dt 

where 

a^ = constants, i = 0,1, ,.,, n; 
b4 = constants, j = 0,1, ..., m| 
t = time; 

^out ~ system response quantity; 
^in ~ system input quality. 

If the EFPS is assumed to be a first-order system, a complete solu
tion to Eq. (1) (relative to the initial system temperatures and forced 
by a step in the input system temperature occurring at t = 0) of the 
following form can be obtained: 

T(r,t) = T(r,0) + [T(r,-) - T(r,0)] [l.O- e"̂ /''̂ ''̂ ] , (2) 
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where 

T(r,t) = temperature at radial position r and time t = t, 
T(r,0) = temperature at radial position r and time t = 0, 
T(r,") = temperature at radial position r and time t = °°, 
T(r) = EFPS time constant at radial position r. 

Substituting t = T(r) into Eq. (2) results In 

T[r,T(r)] = T(r,0) + [T(r,~) - T(r,0)l [l.O - e™̂ °°l (3a) 

or 

T[r,T(r)] = T(r,0) + [T(r,oo) - T(r ,0) ] [0,63212] . (3b) 

Because the nodal COMs, EFPS centerllne, and EFPS surface transient 
temperature histories have been generated for each TRS case by the 
forward-implicit ORINC, the temperature T[ro,T(ro)] for a particular 
radial position ro, corresponding to the time t = T(ro)s can be calcu
lated from Eq. (3b) using the steady-state temperature T(ro,0) and the 
final equilibrium temperature T(rQ,»). The value of the radially depen
dent time constant T(ro) is determined by using this known temperature 
T[ro»T(ro)] and the ORINC-calculated temperature-time table. Thus, the 
ORINC-calculated transient temperature profiles are scanned at the ra
dial position TQ until T[rosT(ro)] lies between two successive tlmestep 
temperatures. The time of the first of these two temperature profiles 
is assumed to be T(ro); therefore, the error in T(ro) is less than the 
calculational tlmestep size for that particular case because T[ro,T(ro)] 
is guaranteed to occur before the time of the second temperature 
profile. 

Table 7 contains the radially dependent first-order time constants 
(as determined by the previously mentioned method) for the EFPS center-
line and the EFPS surface in all TRS cases. Also included in Table 7 
are the uncertainties (derived from the calculational tlmestep size) for 
each time constant and the transient value of the heat transfer coeffi
cient for each TRS case. 

Additionally, the fifth through the second outermost nodal COM tem
peratures were analyzed for cases TRS03, TRS09, TRS13, and TRS21, with 
their associated radially dependent first-order time constants presented 
in Table 8. These time constants have the same uncertainties as listed 
in Table 7 for the corresponding TRS case. 

The radial time constant results summarized in Tables 7 and 8 indi
cate a relationship between the magnitude of the EFPS surface conditions 
and the magnitude of these radial time constants. Figure 7 portrays 
this relationship for cases TRSOl through TRS22 as an association be
tween the transient heat transfer coefficient and the time constants for 
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Table 1, EFPS centerllne and EFPS surface first-order time 
constants with associated uncertainty for all TRS cases 

TRS 
case 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

EFPS 
centerllne 

time 
constant 

(s) 

17.87 
9.77 
7.07 
4.92 
4.01 
3.33 
2.80 
2.54 
2,28 
2.15 
2.08 
2.03 
1.82 

T(0) 
uncertainty 

(s) 

-W.Ol 
+0.01 
+0.01 
+0.01 
+0.01 
+0.01 
+0,01 
+0.01 
+0.01 
+0.01 
•K),01 
+0.01 
-HD.Ol 

EFPS 
surface 
time 
constant 

(s) 

16.60 
8.27 
5.48 
3.20 
2.20 
1.42 
0.81 
0.50 

0.2287 
0.1279 
0.0835 
0.0601 
0.0460 
0.0253 
0.0074 
0.0031 
0.0013 

^(^surf) 
uncertainty 

(s) 

-hO.Ol 
+0.01 
+0.01 
+0.01 
+0.01 
+0.01 
+0.01 
+0.01 

+0.0001 
+0.0001 
+0.0001 
+O.0001 
+0.0001 
+0.0001 
+0.0001 
-HO.0001 
+0.0001 

Heat transfer 
coefficient 
ratio^ 

h(t > 0)/h(t = 0) 

3.33 
6.67 
10.00 
16.67 
23.33 
33.33 
50.00 
66.67 
100.00 
133.34 
166.67 
200.00 
1000.00 
100.00 
133.34 
166.67 
200.00 
233.34 
333.34 
666.68 
1000.00 
1333.06 

Presented for reference purposes. 

Table 8. Radially dependent 
first-order time constants 
(seconds) for selected 

TRS cases 

Radial 
position 

<t 
10 
11 
12 
13 
14 
15 
Surface 

3 

7.07 

6.15 
6.04 
5.92 
5.65 
5.48 

TRS case 

9 

2.28 

1.18 
1.02 
0.85 
0.46 
0.23 

No. 

13 and 21 

1.82 

0.69 
0.52 
0.35 
0.0538 
0.0031 
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Fig. 7, Relationship between surface or centerllne first-order 
time constants and transient heat transfer coefficients for cases TRSOl 
through TRS22 (ORNL-DWG 80-4491). 

the EFPS centerllne and surface. Figure 7 has the following character
istics. 

There are two ranges of the heat transfer coefficient over which 
the log of the surface time constant is linear with respect to the log 
of the heat transfer coefficients: (1) for those values of the heat 
transfer coefficient greater than -11.4 kW/(m̂ ''K) and (2) for those 
values of the heat transfer coefficient less than ~4 kW/(m 'K), The 
time constant for the centerllne of the EFPS is nowhere linear with re
spect to the heat transfer coefficient, although it does appear to ap
proach ~1,8 s asymptotically as the heat transfer coefficient becomes 
large. Because Fig, 7 represents the centerllne and surface time con
stants, the time constants associated with any other radial position 
should lie within the envelope created by the surface and centerllne 
time constants. Broadening of the envelope with increased heat transfer 
coefficient should be expected since (1) small heat transfer coeffi
cients define a slow transient in which the centerllne can respond 
equally with the surface and (2) large heat transfer coefficients define 
fast transients in which the energy transport capability of the EFPS 
dominates, thus forcing the centerllne to respond much more slowly than 
the surface. The envelope defined by the EFPS surface and centerllne 
time constants appears to widen continually with increasing heat trans
fer coefficients; however, the difference in the surface and centerllne 
time constants varies from ~1.3 s at low heat transfer coefficients to 
'-2.0 s at intermediate heat transfer coefficients to ~1.8 s at high heat 
transfer coefficients. 
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The assumption has been made that the EFPS is a first-order dynamic 
system. If this were the case, the relationship of Fig, 7 would be lin
ear for both the surface and the centerllne. Because the time constant-
heat transfer relationships of Fig. 7 clearly are not linear, additional 
explanation of the observed behavior of the EFPS is necessary. 

The EFPS is, in fact, a complex interacting thermal system having a 
response function structure that must be obtained from mathematical mod
eling of the actual EFPS response characteristics. Because the radially 
dependent EFPS temperature is the response variable of interest, the 
response function structure of the EFPS is determined by making one-
dimensional time-dependent energy balances on the concentric layers (one 
layer for each material) of a bundle 1 or bundle 2 EFPS.** This analysis 
produces expressions for the temperature perturbations of each concen
tric layer caused by a perturbation of the coolant bulk temperature. 

The response of the temperature associated with the COM of the 
outer stainless steel sheath to a perturbation in the coolant tempera
ture can be described by 

where 

Tg = bulk coolant temperature, 
Tjg = inner sheath temperature, 
TQg = outer sheath temperature, 
'?'os = capacitance of the outer sheath for thermal energy, 

^i/i ~ thermal resistance between i and j, 
A = differential operator. 

Consider Eq. (4) with the assumption that Ros/film '̂̂  %S/OS* Thus, 
^OS/films which includes the heat transfer coefficient, is the domi
nant resistance to heat transfer associated with the EFFS, For this 
condition, the internal heat transfer resistances are not restrictive, 
and the EFPS interior can supply heat to the surface as quickly as the 
surface can dissipate it. Because 

Ros/film ~ « ^^^ 
{[ln[rNOD6/rNOD6)]/%OD6} + [l/(hrN0D6)] 

where 

^ = axial length of EFPS, 
rjjoD6 ~ outer radius of EFPS, 
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^N0D6 ~ ^^^ radius of outermost node in EFPS model, 
%0D6 ~ thermal conductivity of outermost node in EFPS model, 

h = heat transfer coefficient, 

and because, for the current assumption [ln(rjgoD6/̂ NOD6) ̂ /%0D6 « 
l/(hrKfOD6̂ s Eq,(4) can be reduced to the following; 

TR = l + ( h 2 ¥ ^ i ^ ) ^ Tos . (6) 

Equation (6) is a response function of the form that describes a 
first-order dynamic system. The time constant for this first-order sys
tem is defined as 

YQS 

'OS = h2Tr̂ rNOD6 ' ^̂ ^ 

In the surface-resistance-dominated condition, the entire EFPS will re
spond essentially as defined by Eq, (6); therefore, Ygg can be re
placed by YEFPSS where Ygppg is the capacitance of the EFPS for 
thermal energy. Thus, expanding Ygppg into its components, Eq. (7) 
can be transformed into 

(8) 

n 

T = 

which 

(pCp 

(pCpV)EFPS 

V)EFPS = Tf̂  

n 

1=1 
PiCp. ( r2 outer^ ^ inner̂ -' > 

where i is over n concentric layers. Supplying numerical values for the 
physical property and geometry variables (bundle 1 or 2) yields an 
equation that is linear with respect to the ln(T) and the ln(h)i 

- i % ^ . (9) 

where x is in seconds and h is in kW/(m2«K). The prediction of Eq. (9) 
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is overlaid on the results of Fig. 7 in Fig, 8, Equation (9) agrees 
very well in both slope and absolute value with the portion of the sur
face time constant curve associated with heat transfer coefficient val
ues below ~4 kW/(m -K). 

As the EFPS heat transfer condition is transformed from being domi
nated by the heat transfer coefficient resistance to being dominated by 
an internally located thermal resistance, the surface should begin to 
respond much faster than predicted by Eq. (9). Therefore, in Fig. 8, 
the prediction of Eq, (9) should rotate counterclockwise as the heat 
transfer coefficient becomes large. This rotation will essentially 
pivot about the point on Fig, 7 defined by the time constant predicted 
by Eq, (9) corresponding to the heat transfer coefficient that is the 
upper bound for the surface-dominated heat transfer resistance condi
tion, ~4 kW/(m2«K). Above heat transfer coefficients of ~11.4 kW/ 
(m2«K), the slope of the prediction of Eq, (9) should tend to become 
less steep, thus approaching the slope of the upper linear portion of 
the observed surface time constant curve. Indeed, the conditions in 
which the heat transfer coefficient thermal resistance and the inter
nally located thermal resistances are about equal define the transition 
area on Fig. 7 where the observed surface time constant curve is con-
tinously changing slope [i.e., ~4 kW/(m2.K) < h < ~11.4 kW/(m2.K)]. 

The response of the centerllne of the EFPS to a perturbation in the 
coolant temperature can be described by the following; 

Tg = [SgAS + CĴ A'* + 53A3 + ?2^^ + l̂-̂  + 5o]%GO . (10 ) 

r-

L 
D ^ 

r 

r 

h 

j 

h 

- ' ' v \ ^ ' ' I I I I I I 1 •^ 

\ \ ^ v 1 
^\ \X 1 

" "^^v i \ "^ \ i T 
^X,,^ N,̂  "^.^X 1 

^X>^^x\\ 1 
^"°^DC ^ xSi ft 

^ \ \ \ \ . ^ 
^""^^XxV % 

^\x"\ \ X 
^^^^\ \ 

D EFPS SURFACE ^ % i \ 
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0 h VERSUS T RELATIONSHIP X \ 

FROM'ANALYTICAL RESULTS ^ ^ 
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Fig. 8. Relationship between surface or centerllne first-order 
time constants and transient heat transfer coefficients with prediction 
from Eq, (9) for cases TRSOl through TRS22 (ORNL-DWG 80-4492 ETD). 
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where 

A = differential operator, 
Tg = bulk coolant temperature, 

%G0 ~ EFPS core temperature, 
5i = higher-order response theory constants. 

Equation (10) is a fifth-order response function for the centerllne tem
perature of the EFPS; therefore, no linear portions of the centerllne 
time constant curve should appear in Fig. 7. 

For the EFPS heat transfer condition in which the restrictive ther
mal resistance is located within the MGO core (this case occurs as the 
heat transfer coefficient becomes large), the centerllne time constant 
will be totally independent of the surface conditions. Thus, the time 
constant for the centerllne will asymptotically approach a minimum value 
as the heat transfer coefficient increases. The value of the centerllne 
time constant asymptote is defined by Eq. (10) to be 

%G0 PMG0SMro"'^' 'MG0) 
^ ^ " (11a ) 

^ASY ^(|_/MGO 2Tr£(2K^QQr|QQ)/rj^gQ 

which can be r e d u c e d t o 

T = -r- , ( l i b ) 
^ASY ^^MGO 

where 

"̂ MfO ~ csp̂ '̂ itance of the MGO core for thermal energy, 

'^Q/MGO" thermal resistance between ̂  and MGO outer radius, 

£ = axial length of EFPS, 

PMGO ~ density of MGO core, 

Cp = specific heat of MGO core, 

rjiQo ~ outer radius of MGO core, 

Kĵ QO ~ thermal conductivity of MGO core. 

Substitution of the appropriate physical properties and geometric con
stants into Eq. (lib) yields 

Tg - 1.82 s . (12) 
^ASY 

This result compares extremely well with the centerllne time constant 
asymptote of Fig. 7. 
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Higher-order response theory has been applied to the EFPS to verify 
that the relationships of Fig. 7, which were obtained from first-order 
response theory, effectively explain the time-response characteristics 
of an EFPS, Comparisons of the first-order results of Fig, 7 with cal
culated predictions of Eqs, (9) and (12) in general trends, slopes of 
linear sections, and time constants approached as the heat transfer co
efficient becomes large or small indicate that first-order theory is 
sufficient to determine radially dependent time constants associated 
with certain heat transfer coefficient ranges. 

The observation was made concerning Fig, 7 that the time constants 
for radial positions between the centerllne and the surface of the EFPS 
should lie within the envelope of Fig. 7, However, the EFPS can expe
rience a heat transfer condition for which this is not the case. If the 
dominant restriction to heat transfer in the EFPS is a heat transfer re
sistance associated with a radial position within the outer region of 
the heating element (large heat transfer coefficients), a situation 
arises where, to meet the boundary conditions on the surface, energy is 
removed from the mid-radius nodes (via conduction through the outer-
radius nodes) faster than energy is supplied to the mid-radius nodes 
from the core region. The time constants at the mid-radius nodes are 
therefore less than the time constant of the surface. This relation 
indicates that, for any given time, the internal radial positions are 
not lower in temperature than the surface; rather, in relation to their 
steady-state temperature, their time constant temperatures {T[r,T(r)]} 
are attained before the surface reaches its time constant temperature. 

The condition for which the Internal time constants are smaller 
than the surface time constant occurs in certain limiting cases where 
there is a large surface heat flux, which can be because of a large dif
ference in the sink and surface temperatures and/or a large heat trans
fer coefficient. This surface heat flux creates a large driving poten
tial near the surface of the EFPS, thereby forcing a significant amount 
of energy out of the surface. The MGO core region of the EFPS has a low 
thermal conductivity and thus cannot supply energy (the power generation 
rate is zero for t > 0 s) to the mid-radius nodes as quickly as energy 
is being drawn from them by the large surface driving potential and high 
thermal conductivity of the stainless steel sheaths. Therefore, the 
temperatures corresponding to the mld-radlus nodal COMs are depressed 
and reach their time constant temperatures prematurely, with the result 
of smaller values for the internal radial time constants. (This effect 
will be less severe in bundle 3 because BN thermal conductivity is five 
times higher than that of MGO.) Surface heat fluxes of such magnitude 
are not unusual and may occur frequently in loss-of-coolant experiments. 

CONCLUSIONS AND RECOMMENDATIONS 

The transient calculations presented in the 7 TFS cases and the 22 
TRS cases reveal a dramatic effect on the ability of the thermocouple to 
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resolve rapidly changing surface phenomena and a lesser effect on the 
time response of the thermocouple attributable to the variation of the 
radial location of the thermocouple bead in the EFPS (within 1 mm of the 
surface). Four factors dominate the temperature resolution capability 
of the thermocouple response; (1) the distance from the surface of the 
EFPS to the radial position of the thermocouple bead, (2) device uncer
tainty in the thermocouple itself, (3) the magnitude of the power gen
eration rate of the EFPS, and (4) the magnitude of the change in surface 
conditions. Two factors dominate the time response of an internally 
located thermocouple bead; (1) the distance from the surface of the 
EFPS to the radial position of the thermocouple bead and (2) the magni
tude of the surface heat flux of the EFPS, 

The inability of the thermocouple bead to resolve high-frequency 
surface conditions when it is displaced from the surface is illustrated 
in Fig. 6, which shows that a surface condition occurring at a period of 
100 ms is decipherable only by a thermocouple bead located within (0.15) 
(4.75) = 0.713 mm of the surface. These results are made conservative 
by the introduction of the thermocouple standard deviation and by the 
relatively small amplitude of the heat transfer coefficient—step-wave 
boundary condition. Because of the Instrument uncertainty of the ther
mocouple response, the nodal COM temperature associated with the ther
mocouple bead must have a total cycle magnitude of at least 1,111 K to 
be resolvable. This magnitude is a result of the extent to which the 
heat transfer coefficient is changing; for this study, this change is 
small compared with those experienced in actual THTF tests. Therefore, 
the depth at which a thermocouple can resolve a given surface frequency 
(for this is a function of the total cycle magnitude), as well as the 
highest frequency that can be interpreted at a given radial position, is 
very much dependent on the thermocouple uncertainty. 

The test cases presented for a thermocouple bead located 0,734 mm 
below the surface of the EFPS (bundle 3 design) show that surface condi
tions having a period of >100 ms can be reproduced effectively by sup
plying the recorded thermocouple signal to the inverse-implicit ORINC, 
Because the THTF data acquisition system records the thermocouple signal 
at 50-ms intervals, it is capable of resolving an oscillatory condition 
having a period of about 100 ms. Thus, the EFPSs as designed in bundle 
3 have a resolution capability consistent with the THTF data acquisition 
system. 

The time responses of thermocouple beads located near the surface 
of an EFPS, which is subjected to a steady-state linear power generation 
rate of ~1,31 kW/m (stepped to zero at transient initialization), a 
constant sink temperature of ~300 K, and steady-state heat transfer 
coefficient of ~0,17 kW/(m2«K) [stepped to the range of <4 or >11 
kW/(m2''K) at transient initialization], are accurately predicted by 
first-order time-response theory. Development of higher-order EFPS 
time-response theory yields the following results, 

1, Overall EFPS time response (in all heat transfer regimes) can
not be predicted by first-order time-response theory. 
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2. In cases dominated by surface heat transfer resistance [h < ~4 
kW/(m 'K)], the total EFPS time constant can be approximated by 

TEFPS = [(pCpV)EFPs]/(h2TT£rsurface) s 

where 

TEFPS ~ overall time constant of EFPS, 
(pCpV)EFPS ~ capacitance of EFPS for thermal energy, 

h = heat transfer coeffcient, 
£ = axial length of EFPS, 

^surface ~ outer radius of EFPS. 

3. Where an internal thermal resistance dominates [h > ~11 kW/ 
(m 'K)], the EFPS surface responds much faster than predicted by the 
previous equation, and the centerllne time response appears to be 
totally independent of the heat transfer coefficient. 

4. The centerllne time response is multiorder, but for high sur
face heat transfer coefficients, the centerllne time constant asymptoti
cally approaches 

•̂ Ct" ̂ MGO SMGO'^MGO^ ̂ ^%G0^ 

where 

^ = time constant of EFPS centerllne, 
PMGO ~ density of magnesium oxide core, 

^PMOO ~ specific heat of magnesium oxide core, 
^MGO ~ outer radius of magnesium oxide core, 
KMGO - thermal conductivity of magnesium oxide core. 

5, In situations defined by high surface heat fluxes, the first-
order response times of radial positions inside the EFPS are shorter 
than the EFPS surface response time (bundles 1 and 2). 

6. The EFPS time response Is highly dependent on initial condi
tions and on the combination of forcing functions at the surface (i.e., 
the heat transfer coefficient and sink temperature). 
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ABSTRACT 

An on-line control technique has been developed for 
use in controlling electrically heated rods in a manner 
that simulates the thermal behavior of nuclear rods. The 
computer program and associated hardware have been instal
led and tested in the Semiscale Mod-3 system. Data from a 
series of 200%, cold leg pipe break transient tests indi
cate that the technique is producing correct trends of core 
behavior and that it shows promise as a more correct and 
flexible control mechanism than preprogrammed power con
trol. The tests have also provided a data base necessary 
for analytical efforts to verify and further improve con
troller response. Test results and improvements in control 
philosophies based on posttest investigations are quanti
tatively addressed. 

a. Work supported by the U.S. Nuclear Regulatory Commission, Office 
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76ID01570. 
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INTRODUCTION 

Nuclear reactor safety research is predominantly performed in 
small-scale nonnuclear facilities due to the cost and regulatory 
problems associated with testing in a large nuclear facility. The 
Semiscale experimental program, conducted by EG&G Idaho, Inc., is part 
of the overall U.S. Nuclear Regulatory Commission and Department of 
Energy sponsored research and development program to investigate the 
behavior of a pressurized water reactor (PWR) system due to hypothe
sized transient events. The Semiscale program provides transient 
thermal-hydraulic data to evaluate the capability of analytical 
computer models to calculate the phenomena that occur during transient 
events. The present Semiscale system (Mod-3) is a small-scale, 
two-loop, non- nuclear facility in which nuclear heat generation is 
simulated by an electrically heated core. 

The design and material properties of the Semiscale Mod-3 heater 
rods are presented in a paper at this conference by R. G. Hanson.•'-
Figure 1 illustrates the construction of the rods and highlights rel
evant dimensions. The rods are of the indirectly heated type, using a 
helically wound constantan coil, embedded in boron nitride ceramic, as 
the heat source. By varying the axial density of the windings in 
twelve segments, power density is varied in a stepwise manner, approx
imating a chopped, axial cosine profile with 1.55 peak-to-average 
center peaking. The Mod-3 core consists of 23 powered and 2 unpowered 
rods arranged as in Figure 2, The nine center rods are on a separate 
power supply from the peripheral rods, thus providing the capability 
for radial peaking. 

In order for the Semicale system to properly simulate a transient 
in a nuclear plant, it is important that the electrically heated rods 
in the core simulate the thermal behavior of nuclear rods. To accom
plish this, four factors must be taken into account| geometry, material 
properties, power distribution, and transient power control. By match
ing the dimensions of a nuclear rod, electrical heater rods duplicate 
the first parameter. The use of a ceramic rod material with a metal 
cladding provides high thermal storage and surface conditions that 
offer some representation of those for a nuclear rod. A stepped, axial 
cosine power profile allows for distributing core heat generation in a 
fashion somewhat representative of that occuring in a pressurized water 
reactor, with higher power densities near the center regions. In add
ition to fulfilling the fourth requirement, proper transient power con
trol can assist in compensating for deficiencies in the other three 
parameters. This paper concerns progress made by the Semiscale program 
in developing an on-line, transient power control system that has shown 
promise as a viable control technique. 

PURPOSE 

Typically, in the Semiscale Mod-3 and earlier systems, preprogram
med core power curves have been used when conducting tests. The pro
cedure used to determine the appropriate power for an experiment is as 
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Figure 1. Semiscale Mod-3 electrical heater rod. 
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follows. The hydraulic conditions for a given transient are obtained 
from a thermal-hydraulic computer code prediction. These conditions 
provide a surface heat transfer coefficient and are used, in conjunc
tion with a specified nuclear decay heat curve, to determine the sur
face temperature response of a nuclear rod based on a fuel rod heat 
conduction model. Iterative calculations are then performed using the 
same hydraulic boundary conditions for an electric rod conduction model 
while varying the electrical power as necessary to match as closely as 
possible the surface temperature response calculated for the nuclear 
rod. Following the test, actual in-core hydraulic conditions and 
heater rod thermal response are examined. If the actual heat transfer 
coefficients closely match those used in the pretest calculations, it 
can be assumed that the specified power was approximately correct. 

This procedure has two distinct drawbacks. First, since system 
response is highly dependent on core heat input, it is conceivable that 
a transient may be driven along a preconceived event path that is mainly 
a function of the selected power input. Second, when attempting to 
simulate new or unfamiliar transients, one may be forced into an itera
tive procedure involving the conduct of several tests. These itera
tions continue until assumed and actual in-core conditions converge, 
and may require several tests, resulting in a costly and time-consuming 
process. 

To alleviate the problems discussed above, an on-line (i.e., oper
ates interactively with the system during real time) core power control 
program and associated hardware have been developed for use in the 
Semiscale system. This controller continuously performs rod model cal
culations and adjusts electrical power as required during a transient 
to provide a simulation of nuclear rod thermal behavior at a discrete 
axial location. The controller receives information during a test from 
an internal rod cladding thermocouple, a fluid thermocouple, and the 
core power supply. An inverse heat conduction solution is performed on 
an electric rod model and used in conjunction with the fluid tempera
ture to provide a heat transfer coefficient boundary condition for a 
nuclear rod model. Every 100 ms, the electrical power is adjusted as 
necessary to match the electric rod surface temperature to the cal
culated nuclear rod surface temperature as closely as possible. 
Although limited to providing core power control based on conditions at 
a single axial location in the core, use of the power controller offers 
promise as an accurate and flexible control technique for future 
Semiscale testing. 

CONTROL SYSTEM DESCRIPTION 

The on-line power control system hardware consists of a minicom
puter (Digital Equipment Corporation PDF 11/55) with peripherals, 
analog/digital interface, and input/output signal filtering devices. 
The computer has a 16-bit word length, two disk drives, console term
inal, and card reader. Control programs are written in FORTRAN, and 
are clocked for real time interaction with the experiment. 
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The computational logic of the core power control program is out
lined in Figure 3. The program receives as input, from analog-
todigital converters, the measured values of electric rod power, 
electric rod cladding temperature, and coolant temperature. The 
program calculates the surface heat transfer coefficient, surface heat 
flux, and radial temperature profile for the electric heater rod. The 
calculated heat transfer coefficient, in conjunction with a nuclear 
power decay curve 5̂  are then applied as boundary conditions to a 
nuclear rod model and the surface heat flux and radial temperature 
profile are calculated, A surface temperature error, determined by 
taking the difference between electric rod and nuclear rod surface 
temperatures, is used as input to a digital control algorithm. The 
output from this compensation algorithm is used to control the 
electrical core power. A program cycle time of 100 ms per update is 
currently used and has been found to allow adequate control. Checks on 
various parameters, such as maximum power or maximum temperature, may 
be programmed as operational constraints. 

Finite-element methods are used to model the thermal behavior of 
both the electric and nuclear rods.-̂  Care must be taken to ensure 
integration stability by choosing sufficiently small integration inter
vals. Presently, the electric rod is modeled with nine radial nodes 
and the nuclear rod with seven. Sensitivity studies have shown these 
nodal configurations to be sufficient for numerical stability. 

An explicit integration technique was chosen to calculate the tran
sient temperature profiles in the nuclear and electric heater rods. 
Using this technique, a nodal temperature is calculated from the heat 
balance for each node, using temperatures from the previous time step 
for the adjacent nodes. Figure 4 presents diagrams of the rod nodali-
zations selected for the calculations. Details of the equations and 
material properties are discussed in Appendix A. 

CONTROL PROGRAM DESCRIPTION 

Figure 5 is a block diagram of the closed-loop control program. 
Measured quantities, input to the program via analog-to-digital con
verters (ADCs), and control signals, output via digital-to-analog con
verters (DACs), are summarized in Table 1. 

The closed-loop control program has two basic modes of operation| 
automatic or manual. At startup in the automatic mode, the power 
demand signal (ADC 4) is input directly to the control algorithm 
modeled in the program. The output of the controller (VOUTH) is fed 
back as the comparison signal. Thus, the output power control signal 
will track the input demand signal. Core power is monitored (ADC 1) 
and used as input for both the electric and nuclear rod models. When 

a. The corresponding nuclear power curve for power controller testing 
was determined from the ANS+20 decay heat curves,^ although any 
suitable power may be used. 
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Figure 3, Semiscale computerized core power control scheme. 
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TABLE 1. SUMMARY OF PROGRAM VARIABLES 

INPUT VARIABLES 

ADC Channel 

1 

2 

3 

4 

5-9 

10 

Variable 

PMEASH 

CANTH 

TCOOLH 

VPOTH 

Description 

High power buss power. 

Cladding thermocouple temperature, 

Coolant temperature. 

High power buss demand signal. 

Not used for closed-loop control. 

Experiment sequencer signal. 

OUTPUT VARIABLES 

DAG Channel 

1 

2 

3 

Variable 

VOUTH 

VOUTL 

HCOEFF 

Description 

High power buss control signal. 

Low power buss control signal. 

Calculated surface heat transfer 
coefficient (for observation). 
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power reaches a specified value, input to the control algorithm 
switches to the surface temperature error between the nuclear rod and 
electric rod (TFl-THl), and the nuclear rod power input is switched to 
track VPOTH, As power demand is increased, the nuclear rod surface 
temperature increases, producing a temperature error. The controller 
outputs a signal, increasing the electric power to the heater rods. 
Thus, pretransient power may be established at any desired value. Upon 
initiation of a transient (signal from experiment sequencer), time 
begins to advance in the program, driving the nuclear power decay 
curve, which changes the nuclear rod temperature and provides an error 
for the controller. After a predetermined time, the controller error 
signal may be switched from temperature error to power error so the 
electric power tracks the nuclear power decay curve until the program 
is terminated. This provides a stable method of power control during 
the period of slow transient response when the heat generation rates 
should be approximately equal. In the manual control mode, controller 
input error may be switched to either surface temperature or power 
demand error as desired. 

The temperature CANTH represents a heater rod cladding interior 
temperature. At steady state, the temperature difference between the 
interior thermocouple and surface can be easily calculated or deter
mined by a method of calibration. In the transient case, in which the 
heat flux between the thermocouple and rod surface temperature is not 
known, it is necessary to calculate the temperature profile throughout 
the entire transient to determine the relationship between stored 
energy, instantaneous power, heat flux, and temperature. These compu
tations are referred to as inverse heat transfer calculations and are 
indicated in Figure 5 as the "h calculation," An algorithm developed 
by S, Malang^ has been implemented for this routine. The calculated 
heat transfer coefficient, measured coolant temperature, and decay heat 
power form the required boundary conditions for nuclear rod model 
temperature profile calculations. 

As the transient progresses, data (in scaled engineering units) 
are stored on disk every 100 ms. These data (a maximum of 
128 variables per time sample) may be printed or plotted as desired 
after the transient is complete, 

SIMULATION OF THE POWER CONTROL SYSTEM 

A simulation of the Semiscale power control system was developed 
on a hybrid computer to test various techniques for control and data 
acquisition. The analog portion of the hybrid computer was used to 
model the Semiscale facility (core, power control units, and converter 
system), and the digital portion was used to model the power controller 
digital computer. Since the digital portion is identical to the com
puter in the Semiscale facility, programs developed in the hybrid com
puter laboratory can be transferred to the facility for use without 
modification. The simulation was used to study, at some length, 
methods for calculating the surface heat transfer coefficient and for 
selection of controller parameters. 
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CONTROLLER ALGORITHM 

The control action that was implemented in the digital computer 
program was the standard PID (proportional plus integral plus deriva
tive) type controller. Other types of control action, such as logical 
decision trees, were considered, but not selected due to loss of gener
ality. The criterion for the controller algorithm was that it be 
general enough for all pre and posttransient conditions likely to be 
encountered in an experiment. 

The equation for the ideal PID controller is 

== Ke + (K/T )fedt + KT_, T T ( D 

where 

'̂ out ~ output control voltage 

K = proportional gain 

T^ = reset time 

e = error signal (temperature difference) 

T^ = rate time 

t - time. 

The error signal is defined as the difference between the temperatures 
of the surface node of the nuclear rod model and the electrical heater 
rod model. Additionally, integral (or reset) action is needed to elim-
ina,te temperature offset, and derivative (or rate) action is needed to 
decrease the response period and initial rod temperature overpeaking. 

Equation (1) was rewritten for implementation in the digital 
processor as 

PB r VOUT ^ ^;r- I E + D*DRVN •«• R*INT! 

where 

E - error (temperature difference) 

PB = proportional band in percent = 100/K 

DRVN - filtered (averaged) derivative of error 

D = derivative gain (multiplier) 

INT = integral of error 

R = integral gain (multiplier). 
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Transfer function analysis of the computer models indicated that 
considerable derivative action is required during the first several 
seconds of a LOCA transient, and that proportional plus integral action 
is required for power changes and steady state control. However, the 
derivative term also amplifies noise components in the error signal, 
tending to make the control voltage noisy. Averaging of the derivative 
signal over several time steps was employed to reduce this phenomenon, 
resulting in some loss of derivative response during the transient. 
Simulation studies with the hybrid computer were used to optimize con
troller parameters for a postulated transient. Actual experimental 
conditions were found to be such that less derivative control could be 
used than was required as per the ideal PID equation. The following 
sections review the performance of the power controller as it actually 
operated in the facility. 

DESCRIPTION OF TESTS 

A series of 200%, cold leg break blowdown tests was performed in 
the Semiscale Mod-3 system to evaluate power controller performance. 
The series consisted of three tests (designated 80-03, SO-04, and 
SO-05) that used on-line power control and one counterpart test (SO-09) 
that used preprogramed power control. Although several discrepancies 
were uncovered, the tests were useful in verifying the ability of the 
on-line controller to correctly establish trends of midcore rod thermal 
behavior. Several areas for improvement were identified from the 
results. Additionally, the tests provided the data base necessary for 
analytical efforts to verify and improve control philosophy by quanti
fying calculational stability, model accuracy, and input consistency. 

Prior to test initiation, the Mod-3 system is brought up to 
initial conditions representative of, or scaled from, a pressurized 
water reactor. For the tests discussed subsequently, typical con
ditions in the core are presented in Table 2. Total core power for 
these tests was nominally 1500 'MM, which provided a maximum linear heat 
generation rate of 27.62 kW/m at midcore. At t = 0, a test was initi
ated by rupturing disks in the broken loop, thus breaking the system 
pressure boundary. Flow in the core was observed to initially stagnate 
and reverse in the first second. It then dropped to very low values as 
the void fraction rapidly climbed to near 1,0. Departure from nucleate 
boiling occurred over a period of about 0,4 to 0,8 s throughout most of 
the midcore region, as indicated by heater rod thermocouple measure
ments. Cladding locations in the upper and lower core experienced a 
longer, dryout-related phenomenon, but were undergoing temperature 
excursions by about 1,8 s. Figure 6 shows selected heater rod temper
ature' measurements from the upper, mid, and lower core,^ Tempera
tures climbed to their peak values in about 4 to 5 s as a result of the 
reduction in neat transfer and high initial stored energy. At 
approximately 10 s, fluid from the upper head began to drain into the 

a. Note that a number of the curves in this and subsequent figures 
have been smoothed to provide clarity and do not represent the level of 
erratic response and noise encountered in an experimental facility. 
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TABLE 2, INITIAL CONDITIONS IN THE SEMISCALE MOD-3 GORE 
FOR POWER CONTROLLER TESTING^ 

Total core power (23 powered rods) 
Radial peaking (peak/average) 
Axial peaking (peak/average) 
Power per rod (average) 
Maximum linear heat generation rate 
System pressure 
Core inlet mass flux 
Core inlet fluid temperature 
Core AT 

1450 kW 
-0,031 
1,55 
61 kW 
40,14 kW/m 
15.6 MPa 

3400 kg/m2.s 
557 K 
28 K 

a. Values are from Test SO-05 and are representative of those for all 
other tests. 

core and progressively cooled and rewet rods from the upper elevations 
downward. By 25 to 30 s, this fluid had been evaporated and rod 
temperatures again increased until emergency core cooling fluid began 
reflooding the core, at which time the test was terminated. 

a. 
3 
I— 

(X. 

X 

a: 
O o 450 J L 

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

TIME (s) 
Figure 6. Selected heater rod temperatures from Test SO-05. 
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CONTROLLER INPUT 

The power controller requires three input parameters| an internal 
rod cladding temperature, fluid temperature, and rod power. For the 
tests conducted in the Semiscale system, the following measurements 
were chosen. Output from a single internal rod cladding thermocouple 
was used as input for electric rod inverse heat conduction 
calculations. For Test SO-03 this thermocouple was located on Rod C3 
at an elevation of 184 cm above the bottom of the heated length, and 
for Test SO-05 the thermocouple was located on Rod D2 at an elevation 
of 179 cm above the bottom of the heated length. Figure 2 presents a 
plan view of the Semiscale Mod-3 core indicating the relative positions 
of these thermocouples. For a fluid temperature measurement, an 
internal rod cladding thermocouple from an unpowered ("dead") rod was 
selected. This thermocouple was on Rod A3 at an elevation of 208 cm 
above the bottom of the heated length. Finally, the core power buss 
was monitored, and the measured power divided by the number of powered 
rods and multiplied by appropriate peaking factors to obtain the local 
heat generation rate for the calculations. 

ERRORS IDENTIFIED 

Review of the test data uncovered a number of discrepancies 
related to test operation and controller input, which served to com
promise these tests as a definitive evaluation of the capabilities of 
on-line power control. The items, which are summarized here, are seen 
to be of varying severity, and an attempt is made to evaluate the 
influence of each. 

Tests SO-03 and SO-04 were plagued by what was later found to be a 
loss of sequencer signal from about 8.5 to 12 s into the transient. 
Controller behavior was erratic during the peak temperature portion of 
the transient, thus precluding extensive use of the data. However, 
control was recovered and useful information obtained later in the 
transient. 

Two errors were uncovered concerning data input to the controller. 
The first resulted from an algorithm error In converting input 
thermocouple voltage into temperature. This produced an offset of 
approximately -20 K from actual temperatures. Since the same algorithm 
was used to convert both temperatures (coolant and cladding), the major 
errors were in establishing initial conditions and slight differences 
in temperature-dependent material properties, whereas the value of 
^surf "Tfluid w^^ '̂o*̂  affected. 

The second error was more severe and produced a distorted 
transient response. The input values for core power were found to be 
about 8% lower than actual. The effect of this was twofold, since an 
incorrect power was used for electric rod model calculations and the 
value at t = 0 was used as a multiplier for the normalized nuclear 
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power decay curve for nuclear rod model calculations. Figure 7 
presents a comparison of surface temperatures for the electric and 
nuclear rods made on-line by the controller and from posttest 
calculations using the actual powers. The on-line calculations exhibit 
combined influences of incorrect power and temperature inputs. Another 
error related to the power signal was a threshold-type signal 
suppression, which is noticeable at low powers. A possible explanation 
offered for this is the effect of filtering to reduce noise. This 
additional input error to the electric rod model may have contributed 
to power oscillation problems as the power controller commanded 
increases in power and could not feed it back to the model via the data 
input signal. 

Correction of the above problems is expected to have substantial 
impact on controller performance. However, in spite of these problems, 
it is possible to evaluate certain aspects of controller performance 
based on actual core behavior and through use of data from the power 
controller output data tapes, 

POSTTEST ANALYSIS 

An important feature of the controller program is the PID control 
logic described previously. This feature has indeed added to the 
stable response of the controller. However, actual operation of this 
function was not as expected during the tests. During the initial 
portion of a blowdown transient, the electric rod surface temperature 
increases more slowly than that calculated for the nuclear rod due to a 
lower initial stored energy. The corresponding response of the power 
controller is to apply full electric power to the core, which event
ually results in some temperature overshoot as the nuclear rod tempera
ture peaks out (see Figure 8). Ideally, one benefit of the PID control 
technique should be to reduce peak temperature overshoot by antici
pating the convergence of the nuclear and electric rod surface tempera
tures (which occurs at about 4 s ) , and beginning to ramp down the power 
through derivative control action as they converge. However, as seen 
in Figure 8, no reduction in power occurred until after the two had 
crossed, which indicated a weak derivative control. The PID control
ler, in fact, may have contributed to the overshoot, since once the 
power reduction began, the controlled ramping resulted in nearly one 
additional full-power-second of heat addition prior to the time at 
which power was reduced to zero (see Figure 8 from 4 to 6 s). Similar 
response was observed during excursions later in time. 

Since the tests, work has progressed to improve the PID control 
response through analytical calculations and testing on the hybrid com
puter. An improved method of calculating the derivative error has been 
installed, and a more optimized set of gains has been determined. To 
gauge the performance of the new features, the response of the old and 
new PID control routines to the initial 5 s of the transient from 
Test S0-O5 was compared. Since the electric rod has a low initial 
stored energy relative to a nuclear rod, the response of the controller 
to the initial temperature excursion is to merely apply full power 
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until the nuclear rod temperature begins to turn over and the two con
verge at about 4 s. The initial 4 or 5 s of a large cold leg break 
transient should therefore always be quite similar. The output 
response of the new and old versions of the PID controller are compared 
in Figure 9 along with the input temperature error signal. As seen, 
the new version demonstrates a marked increase in derivative action. 
Although on-line control behavior would, of course, change after 3,3 s 
under the influence of the new controller, the earlier power reduction 
and steeper ramping tend to produce a more accurate temperature. 

A comparison of on-line and posttest heat transfer coefficient 
calculations was also carried out using actual power controller input. 
An in-house version of an inverse heat conduction code, entitled 
INVERT,® was used for the posttest analysis.^ Calculations were 
performed with both the rod model used by the power controller program 
and a finer mesh, 20-node model. Little difference was noted between 
the two models. When comparing the power controller and INVERT 
results, it was found that, for a good portion of the time, trends of 
the values agreed quite well. However, during the rapid transient from 
approximately 1.8 to 5.2 s, the power controller calculated a heat 
transfer coefficient consistently lower than that calculated with 
INVERT. Discrepancies in the heat transfer coefficient calculations 
during this rapid transient most likely result from the different solu
tion techniques. Although it is desirable to alleviate this discre
pancy, it appears that adequate control may still be maintained in 
spite of this problem because of the generally low heat transfer 
occurring during this period. 

Two aspects of on-line control philosophy that may be addressed 
with these tests are the acceptability of control from a single rod 
thermocouple versus an average of several, and use of an unpowered rod 
cladding thermocouple for fluid temperature versus saturation tempera
ture, or a direct-measuring fluid thermocouple. Figures 10 and 11 
illustrate the temperature response of several cladding thermocouples 
at midcore for Tests SO-03 and SO-05 (152- to 213-cm elevation with 
1.55 axial power peaking). The control thermocouple for Test SO-03 
indicated a rewet at about 19 s, whereas the thermocouple used for 
Test SO-05 did not. Such behavior probably results from two-
dimensional hydraulic phenomena, strongly influenced by such factors as 
the location of dead rods in the core. Figure 12 presents a com
parison of core power from Test SO-03 (in which the control thermo
couple rewet) with Test 80-05 (in which it did not). Due to the lower 
initial nuclear rod model power used in Test 80-05, power remained off 

a. INVERT, Idaho National Engineering Laboratory Code Configuration 
Control Number H00086IB. 

b. The solution scheme used in the INVERT code differs from that used 
by the on-line controller. Convergence is based on minimizing the sum 
of the square of the differences in measured versus calculated 
temperature over a specified number of advance time steps. 
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until 27 s, whereas it came back on much earlier in Test SO-03. Power 
oscillations in both tests were due to problems discussed previously. 
Although the steeper peaking in Test SO-03 at 29 s may have been due to 
smaller rod-to-fluid temperature differences, it appears from Figure 11 
that there may not have been significant differences in integral power 
had the two tests been run with identical initial powers. This 
behavior indicates that proper control may be maintained over the wide 
range of hydraulic conditions that may occur, and need not be 
anticipated beforehand. It is noted, however, that in combination with 
the power oscillation problems, the increased over-response that 
occurred when control was from a rewetted thermocouple may have 
prevented other rewets, since an 8- to 10-s rewet envelope was observed 
during these tests and the power ramp took place inside this envelope. 
The influence of this factor cannot be satisfactorily isolated until 
the power oscillation problem is resolved. 

Figure 13 presents a comparison of heat transfer coefficients cal
culated from Test SO-05 for the control thermocouple with the average 
heat transfer coefficient for six midcore thermocouples, and the heat 
transfer coefficient calculated from the average temperature of the 
six thermocouples. The six temperatures and their resultant average 
are plotted in Figure 11, Significant differences are observed at 
various times among the three heat transfer coefficients, whereas 
during periods of slow transient response, all three agree quite well. 
The technique of averaging rod temperatures and calculating a resultant 
heat transfer coefficient demonstrated problems associated with aggre
gate inconsistencies in power, rod temperature, and fluid temperature. 
A nuclear rod calculation was not conducted because of the inability to 
establish steady state conditions. However, it is evident that since 
the calculated average heat transfer coefficient responds dramatically 
to each individual rewet (Figure 13, 18 to 32 s), complications would 
result with this control technique, A nuclear rod calculation was con
ducted with the average heat transfer coefficient from the six thermo
couples (Figure 13), The resultant surface temperature is plotted in 
Figure 14. Due to the decoupling of boundary conditions, the nuclear 
rod model response failed to satisfactorily mimic any of the other 
general responses shown, except for being dominated by the occurrence 
of the first rewet. During the occurrence of the rewets, this average 
heat transfer coefficient oscillated much more violently than with 
either of the other two techniques, and the calculation failed to 
converge at 28 s. This suggests additional problems for use as a 
control input. 

In view af the above complications and the previous observation 
that only slight control differences are expected between dramatically 
different rod behaviors, it appears that use of the single thermocouple 
may well be a suitable choice for control input. 

The options available in the Semiscale Mod-3 system for deter
mining in-core fluid temperature are| grid-mounted fluid thermocouples 
(TfXjj£(|), calculated saturation temperature based on pressure 
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(Tggi-), and internal cladding thermocouples in unpowered rods [T(dead 
rod)]. Figure 15 presents a comparison of three such measurements from 
Test SO-05. Figures 16 and 17 present comparisons of heat transfer 
coefficients calculated by using each of these three types of fluid 
temperature measurements as fluid temperature input to INVERT for both 
a heater rod thermocouple that rewet (Figure 16) and one that did not 
(Figure 17). The figures show that for substantially long portions of 
the test, there is relatively little difference among all three, 
whereas, as expected, during the occurrence of rewet or peak tempera
ture, substantial differences are evident. The corresponding nuclear 
rod model behavior for all three is compared in Figure 18 and, as seen, 
all three are very similar. The behaviors using either Tĝ t: or 
T(dead rod) input are virtually identical, with the exception of pre-
rupture problems in initializing the calculation using Tg^f The 
Tfluid î put produced temperatures consistently higher by less than 
10 K, which occurred due to divergences during periods of maximum 
apparent superheat. It would appear that any one of the three fluid 
temperature options will produce similar results. One notable excep
tion to this is the problem, with either a grid thermocouple or a dead 
rod thermocouple input, which occurs when the fluid temperature exceeds 
the rod surface temperature, as may occur immediately following rewet-
ting. This situation was observed during Test SO-09, and possibly 
occurred briefly during Test SO-03. A review of controller logic found 
possibilities of inconsistent response for this situation. For a case 
run on the hybrid computer with the fluid temperature forced above the 
rod temperature, the response was to drive the rod temperature sharply 
upward, A similar problem with the use of Tg^t is the inability to 
perform control during prerupture and under subcooled conditions. This 
problem becomes very serious for small break transients in which the 
core fluid may remain subcooled for relatively long periods of time. 
Therefore, although use of Tĝ j- appears to potentially offer the best 
control during rewetting or quenching, it appears that use of a dead 
rod thermocouple as a fluid temperature measurement offers the most 
universally consistent applicability throughout all phases of a 
blowdown transient. 

CONCLUSIONS 

In conclusion, further testing is required to provide data for a 
definitive evaluation of on-line power controller performance. A 
number of errors in operation or technique have been identified and 
will be corrected prior to future testing. Use of the PID controller 
proved to provide stable and generally correct response throughout all 
phases of the blowdown transients. Test results identified the need 
for greater derivative control action during the initial portion of the 
transient than had been incorporated. Posttest improvements that have 
been made from hybrid computer simulations show promising results in 
this aspect. 

Control from a single internal rod thermocouple and an unpowered 
rod internal thermocouple appears to be both stable and optimal, pro
ducing correct trends in core behavior. A review of program logic 
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various fluid temperature measurements. 
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regarding control during rewetting or quenching needs to be performed, 
especially with regard to control in the event the unpowered rod 
(fluid) temperature briefly exceeds the control rod temperature. 

Finally, since the controller has demonstrated the ability to con
trol the core within operational limits, future testing will be con
ducted at an initial power of 2000 kW to more closely simulate future 
operating conditions for the controller. This has the additional 
benefit of expanding the available data base for comparisons. 
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NOTICE 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, or any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or 
responsibility for any third party's use, or the results of such use, 
of any information, apparatus, product, or process disclosed in this 
report, or represents that its use by such third party would not 
infringe privately owned rights. The views expressed in this paper are 
not necessarily those of the U.S. Nuclear Regulatory Commission. 

REFERENCES 

1. R. G. Hanson, "Semiscale Heater Rod Material Property Evaluation," 
International Symposium on Fuel Rod Simulators, Gatlinburg, 
Tennessee, October 22-24, 1980. 

l- Proposed American Nuclear Society Standard, Decay Heat Energy 
Release Following Shutdown of Uranium Fueled Thermal Reactors, 
MS-51, October 1971. 

3. L. M, Zoss, Applied Instrumentation in the Process Industries, 
Houstons Gulf Publishing Co., 1979. 

4. S. Malang, HETRAPs A Heat Transfer Analysis Program, ORNL-TM-
4555, September 1974. 



689 

APPENDIX A 

MODELS AND EQUATIONS 

Thermodynamic models of the heater rods and nuclear rods were 
developed using thermal circuit techniques. Digital computer programs 
were developed based on methods proposed by S. Malang,^"^ The elec
tric heater rod and nuclear rod were divided into nodes (volumes) and 
finite element ̂ equations written for each node. The following equa
tions were developed to describe the temperature profile in the rods. 

(¥ C) 
T * - T 
n n 

ni t 

T , - T T ^, - T ,, , 

R , R ^, ^ n n,n-l n,n-fl 

where 

T T , T , = temperatures of adjacent nodes at time t 
n, n-1, n+1 ^ 

T^* = temperature for node at time t + At 

Cjj = volumetric heat capacity of the node 

q''' = heat generation per unit volume 
n 

Vji = volume of the node. 

The thermal resistance between nodes, R^ jj_j and R^ n-s-l̂  ^^ 
given by the formula 

In.r Jx . 
R = ( n-1 n) 
n,n-l 2lTk 

where k is the thermal conductivity as a function of temperature, and 
%-l» ^n ^̂ ® ^̂ ® respective node radii. Additional detail may be 
found in Reference A-1. The volumetric heat capacity for each node is 
calculated using the average temperature of the respective materials. 

Electrical power generation is assumed constant in nodes 6 and 7 
for the heater rod (see Figure 2 from main text), i.e., radii 6 and 7 
form a cylinder to represent the electric filament. Volumetric heating 
in the nuclear rod model is assumed constant throughout the UO2 
(nodes 4, 5, 6, and 7). The gap heat transfer coefficient was assumed 
constant in the program. 

REFERENCE 

A-1. S. Malang, HETRAP; A Heat Transfer Analysis Program, ORNL-TM-4555, 
September 1974. 





Summary and Perspective 





SUMMARY AND PERSPECTIVE 

R. E. MacPherson 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

The number of attendees still with us at this late hour may very well 
testify to reports I have heard, both first and second hand, that this 
has been a very useful and informative meeting, I've heard these posi
tive opinions from people other than Oak Ridgers who are at the present 
time enjoying a paid vacation in Gatlinburg at a time of the year when 
you couldn't possibly get a hotel reservation except as a Symposium par
ticipant. 

The comments I want to make will be very brief, I first want to state 
categorically that my observations are based on what I thought I heard 
you say, not necessarily what you said. Any necessary apologies are 
offered in advance. 

In starting out, I think it would be appropriate to present a few 
awards — not for the best papers because they were all good. However, 
I think we should give a "Watchmaker's Award" to G, von Holzen of the 
Swiss Federal Institute for his 6-mil thermocouples, which he apparently 
managed to get hooked up to his instrumentation. The runner-up award in 
this category goes to "Mick" Carpenter of Winfried for his 6-mil wall 
tubing which he used as a heating element. The "Around the Clock Pro
duction" award goes to Val Casal who made over 900 fuel rod simulators 
at Karlsruhe before he turned the fabrication job over to INTERATOM, 
Though he has already departed, the winner of the "Penny Pincher" award 
is Don Hanson of LASL for his $250 fuel rod simulator. His economic 
approach caused ORNL some problems that tempt me to withdraw the award; 
we were involved in the same program and were constantly asked why we 
had to spend ~$2000 each for our fuel rod simulators. Without ques
tion, the "Nothing's Too Tough" award goes to Mr. H, Will of KfK, as re
ported by Val Casal, for his thermite fuel rod simulator with a cosine 
heat flux distribution — unbelievable. I added two awards today. The 
"Frustration" award goes to Carl Van Conant of Eagle-Picher for his 
plodding through the automation of boron nitride preform production, and 
I'm sure we all agree the "Old Grad" award should go to Dave Clark, 
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There are a few apparent truisms that I have noted in listening to the 
proceedings. Ad Hoc specialists meetings of this type are, I think, 
extremely useful; everyone seems to get much more from them, concentrate 
their time a little better, and have a more specific interest in the 
subjects being discussed. Another thing that impresses me is that any 
time there is a need for a device of the sort we have been discussing 
this week, an appropriately dedicated group is able to produce a satis
factory end products However, there do tend to be Just about as many 
design approaches as there are experimenters, and there is always a 
learning curve, I think we all agree from some of the things we have 
heard this week that one seldom does it right the first time. Another 
fact is that sophisticated fuel rod simulators are usually expensive, I 
don't think there is any way that you build devices of this level of 
performance without having to spend a large amount of money; the more 
sophisticated the requirements are, the more you are going to have to 
pour into them. If you are going to get peak performance out of a fuel 
rod simulator, I think we have concluded you need carefully controlled 
fabrication processes and rigid in-process inspection in order to make 
sure that if things go wrong you become aware of it immediately and can 
do something about it. There seems to be general agreement that infra
red scanning is the best inspection technique and one that can be appro
priately applied in a wide range of cases. BN density should be as high 
as possible, certainly In the region of 90 to 93% to get good results. 

There also seem to be some contradictions in the material we have heard 
presented which probably could be explained if I were to talk to the 
right people. We find BN powder favored by some, cold-pressed preforms 
by some, and hot-pressed preforms by others. I think this is just a 
matter, again, of different people taking different approaches and find
ing a way to make them work. There has been some disagreement expressed 
this week as to **iether dual sheaths on fuel rod simulators will always 
relax, will never relax, or will occasionally relax and cause gaps which 
interfere with data interpretation, I don't know that we can resolve 
this problem because, apparently, people have had different experiences, 
I am becoming more and more convinced that we don't know enough about 
the thermal conductivity of BN as a function of density. Various mea
surements have been attempted, but I haven't seen any definitive results 
as yet. Another contradictory piece of information involves comments I 
heard earlier in the week that TIG welding (hand-held?) worked extremely 
well for welding fuel rod simulators into tube sheets, and yet today we 
saw a not atypical tube sheet configuration during Artie Moorhead's talk 
which necessitated development of an entirely new welding technique. 
Then the French showed us a picture of fuel rod simulators that had been 
appropriately bent before being installed in a bundle to open up the 
tube sheet configuration and provide greater access to individual rods. 
They were even able to put Gyroloc seals on the simulators, a very con
venient approach. We rejected bending the fuel rod simulators for Gas-
Cooled Fast Reactor tests at ORNL as too difficult; I am glad to see 
that someone has managed to accomplish it. Another thing I don't under
stand (and again I think someone could explain it to me very simply) is 
the technique of using longitudinally arranged, refractory metal wires 
as heating elements. It appears to me that at the temperatures they are 
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running they would be under high compressive stress because of differen
tial thermal expansion which, I would think, would cause some creep. 
Then when the unit was turned off, I would expect very high tensile 
forces, which could cause the wires to either break or neck down and 
develop hot spots during subsequent operation, 

I think there are a few things we need. Foremost in importance among 
these is continuing interaction between the analysts and the experi
menters so that each can appreciate more fully the work of the other. 
The more realistic the analyst is in modeling the actual hardware, the 
better the results, I have heard some evidence this week that the need 
for this interaction is generally appreciated. One specific point — I 
sometimes wonder just where the measuring junction is in a thermocouple 
bead. At 300 W/cm^ heat flux, there is a temperature drop of 3 to 
4°C/mil; in a 3- or 4-mil thermocouple bead, you are immediately faced 
with a significant temperature uncertainty, depending on where you as
sume the temperature is being measured in that bead. Another point of 
concern is our idealization of the nuclear fuel rod as a stack of ura
nium oxide—plutonium oxide pellets standing in an orderly stack and 
uniformly surrounded by an annular gas gap. Actually, it seems certain 
that these fuel pellets are randomly stacked, touching the clad at vari
ous points and after a few cycles beginning to crumble so the fuel ele
ment is changing in structure very drastically. All these effects are 
bound to Influence the actual results that one of these units will pro
duce compared with the theoretical results. We do need to do more work, 
as I mentioned earlier, on the physical and thermal properties of BN, 
We need to be as active as we can in transferring this technology that 
is being developed in the technical centers out into industrial produc
tion to people who know how to optimize cost and production, 

I think that is about all I wanted to say. In closing, I repeat that 
this has been a very useful meeting. We have enjoyed having you all 
here, and I'd like to express my thanks to all the people who had a hand 
in making this meeting such a success. 
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