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INTRODUCTION 

1 

EVALUATION OF THE FFTF REACTOR ASSEMBLY 
DEVELOPMENT AND TESTING PROGRAM 

BNWL-6l4 

Evaluations of varIOUS concepts for the Fast Flux Test 

Facility have led to decisions that the initial core will be of 

a dispersed split core configuration. The mechanical design of 

the core involves many considerations such as: vibration, 

fretting, erosion, corrosion,cavitation, structural integrity, 

mechanical and thermal stresses, dimensional tolerances, control 

rod mechanisms, reactor cover penetrations and seals, in-core 

instrumentation, closed test loops, and proper coolant distri

bution among and heat removal from the various fuel subassemblies 

and other core components. 

An updated evaluation has been made to identify the overall 

program of experimentation needed to resolve FFTF reactor assembly 

design problems. Although based to the maximum extent possible 

on state of the art, the intricacies and difficult require-

ments of the design are such that proof testing of the reactor 

assembly components and systems are absolutely required to 

support and confirm design, and to provide a high level of 

assurance that the reactor will function satisfactorily at the 

design operating conditions. 

The objective of this report IS to present an overall 

reactor assembly engineering development and testing program 

required to support the FFTF design and construction. This 

program includes: 

1) Identification of the reactor design problems where 

required design data must be obtained by experimentation. 

2) Descriptions and technical justifications of proposed 

tests. 
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3) An overall test schedule commensurate with the FFTF 

schedule. 

4) Identification of testing facilities to be used. 

The bounds of the study (as shown in Figures I and II) 

include the reactor vessel, cover, vessel internals, control 

rods, driver fuel, core, core support, and closed loops. The 

report is limited to the evaluation of engineering develop

ment requirements exclusive of those areas primarily concerned 

with materials, chemical behavior, or nuclear physics. Follow

ing the Summary and Conclusions, the report is subdivided into 

the following major categories: 

1) Fuel subassembly thermal-hydraulics 

2) Fuel subassembly-hydraulics, sodium and mechanical 

3) Core and vessel hydraulics 

4) Hydromechanical (vibration) 

5) Thermal-mechanics 

6) Mechanical fit testing 

7) Control mechanisms 

8) Closed loops 

9) Instrument development 

10) Facilities. 
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FIGURE 1. Typica l FFTF Split Core Annular Inlet Arrangement 
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FIGURE 2. Typical FFTF Spl i t Core Piped Inlet Arrangement 
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SUMMARY A~D CONCLUSIONS 

Most of the important reactor assembly design problems 

which require development or testing programs to support the 

FFTF design are believed to have been identified. They are 

summarized below along with the experimental actions needed 

to solve the problems, and facilities needed for the work. 

Problems and Solutions 

A. Thermal Hydraulics 

Heat transfer measurements In sodium are needed for 

prototypical and nonstandard electrically-heated simulated 

FTR fuel pin subassemblies, to verify suitable dimensions and 

design features of the fuel subassemblies, and specify coolant 

flow conditions required to prevent failure. Of particular 

interest are local clad hot-spot conditions, local boiling and 

voiding, hydraulic instability, and the maximum safe heat flux. 

Flow studies using water and prototypical fuel subassemblies 

are planned to measure pressure drop and cross channel mixing. 

B. Fuel Subassembly Flow and ~echanical Testing 

Long-term flow tests in hot sodium are needed to demonstrate 

adequate fuel subassembly designs to resist corrosion, erosion, 

and adverse dimensional changes due to thermal cycling. Vibra

tion tests in air, and in flowing water and sodium, are needed 

to design for positive damping. 

C. Core and Vessel Hydraulics 

A substantial program of flow testing with water is 

required to determine the flow distributions, thermal gradients, 

cavitation, gas entrainment and solid deposition within the core. 

The effects of loss-of-coolant accidents as provided by plplng 

or vessel failures and gas or stearn closed loop ruptures also 

require water flow testing. Initial studies will be performed 

with feature models of selected potential problem areas. These 
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will be followed by tests conducted in a half-scale model and 

a full-size 1/4 sector hydraulic core mockup. 

Some problem areas will require further testing In a sodium 

environment to supplement data obtained during water testing. 

Large scale core testing in sodium was originally planned. 

However, PNL has accepted the RDT decision that funds cannot 

be provided for the Sodium Core Mockup. The first chance to 

test the integral system in sodium and the final verification 

testing will necessarily include use of the reactor itself dur

ing an initial non-nuclear startup period. Based on time 

periods for non-nuclear shakedown testing in other fast reactors, 

a schedule slippage of the order of one year may be required to 

carry out the testing program. 

D. lIydromechanical (Vibration) 

Vibration of fuel subassembly flO\'/ ducts, control rods, 

baffles, shielding, reflectors and duct supports will cause 

mechanical fatigue, galling and fretting which foreshortens 

the useful lives of the structural elements. Dynamic testing 

in both water and sodium will be performed to determine poten

tial vibration problems; the results will be used to indicate 

required design changes or to verify the adequacy of mechanical 

hydraulic design characteristics. 

E. Thermal :!echanics 

Experimentation using photoelastic models to measure and 

supply inputs to develop and verify analytical models of the 

plenum tube sheet(s), reactor cover, driver fuel, driver fuel 

topface hardware and vessel will be used to formulate the 

analysis of the more complex reactor systems. The integral 

core analysis requires a test model of the core structure to 

obtain the coupling between structural components and to verify 

the applicability of the analytical models. This testing will 

be conducted in the hydraulic core mockup facilities. 
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F. Mechanical Fit 

The assembly and disassembly of the reactor internal and 

external components require testing to insure the adequacy of 

mechanical fitup. Problems which result from the compactness 

of the core and the close tolerance requirements, as well as 

the auxiliary effects of chemical, metallurgical and hydraulic 

behavior of the components can result in self welding, galling 

and shroud flutter. 

The reactor cover mockup will be required to evaluate the 

arrangement for assembly fit, interferences, special tools, 

fuel handling clearance and assembly sequence. The full-size 

hydraulic core mockup (1/4 sector) and the seven-duct sodium 

environment and mechanism mockup will be used to determine the 

prototypic FFTF fuel duct mechanical insertion and removal 

problems. 

G. Control Mechanisms 

The control rod drive, seals, accelerator, decelerator 

and scram release will initially be tested as separate compo

nents in air, water and sodium environments to provide data 

necessary for the timely completion of preliminary design. 

The assembled prototype control mechanism will be tested in 

water and stagnant and flowing sodium to determine the working 

interrelationship of the individual components. Compatibility 

of the control mechanism with the driver assembly and driver 

closures will be verified in the seven-duct environment and 

mechanism mockup. Final testing will be performed in the 

reactor to determine the relationship of the control mechanism 

with other reactor components such as reactor vessel and cover, 

closed loops, gamma shields, electrical and instrumentation 

leads and fuel handling machine. 
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H. Closed Loops 

The uniqueness and complexity of the closed loops coupled 

with the interaction of other reactor components and systems 

require an extensive prototype testing program to assure 

successful operation. Topface hardware sealing techniques, 

in-reactor hardware and tubes, interconnecting piping and dis

connects, and external components including pumps, heat 

exchangers, valves, etc., will be tested in water and sodium 

environments as individual components during development and 

for design verification. A complete closed loop prototype must 

be tested to demonstrate compatibility and operability of indi

vidual components when integrated into a complete system. This 

closed loop mockup ivill duplicate maximum temperatures, pressures, 

flows, purity levels and spatial layouts anticipated for closed 

loops in reactor. 

I. Instrument Development 

Instrument development and testing programs are required to 

demonstrate, and in some cases to improve, the life and reliabil

ity of sensors for temperature, flow,pressure, liquid level, 

in-core neutron flux, delayed neutron fuel failure, vibration 

and stress, and for signal cables and connectors in the unprece

dented environment and confined space of the FFTF. Hot gas, 

static and flowing sodium, and in-reactor testing at EBR-II are 

planned to provide initial acceptable reactor instrumentation. 

Final verification testing will be performed as part of the total 

system in the FFTF. This is the only location where the full 

flux environment is available. 

The significant problem areas of the reactor as identified 

above in A through I are summarized in Table I, Problem Identifi

cation. The Summary of Overall FFTF Reactor Assembly Testing 

Schedule IS presented in Figure 3. Each of the major development 

problems is identified and the milestones are denoted in this 
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figure. The Summary of Key Existing Facility Utilization for 

implementing the FFTF development program in a timely manner 

is given in Figure 4. The available PNL water and sodium 

facilities and their schedule of use are part of Figure 4. 

Offsite existing facilities at the LMEC and ANL will be 

used for a major portion of the sodium testing as depicted 

in Figure 4. 

Some of the FFTF development testing program requires 

water and sodium facilities and prototypes which do not now exist 

due to size or specific requirements unique to the FFTF configura

tion. The hydraulic core mockups and sodium facilities and 

prototypes required at PNL to meet these needs are listed below 

and in Figure 5, Summary of New Facilities Utilization. 

Hydraulic Core i\lockup 

Partial feature assemblies 

l/2-scale vessel 

Full-scale vessel, 1/4 sector 

Subassembly Flow ~ockup 

Large Heat Transfer Loop 

Closed Loop Prototype 

Reactor Cover ~ockup 

Seven-Duct Sodium [nvironment and Mechanism Mockup 

Control Rod ,\lechanism Test Stand 

Closed Loop Static "lockup 

FFTF Sodium Facilities Building 

A tabulation of tests, test objectives, test description, major 

variables, information to be gained, facilities required and 

schedules is provided in Tables II through IX. 

The tables and text which follow in the remainder of the 

report provide additional detail in discussing the design 

problems, the proposed tests for their solution, and the 

information to be gained from the tests. 
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TABLE I. Problem Identification 

A. Thermal Hydraulic Development 

1. Fuel clad temperature limit 

2. Local coolant voiding and propagation 

3. Loss of coolant and power excursion accident 

4. Pressure drop and cross channel mixing 

5. Critical heat flux test verification 

B. Fuel Subassembly Flow and Mechanical Testing 

1. Cladding erosion due to flow 

2. Cladding corrOSIon due to purity and temperature 

3. Fretting corrosion 

4. Vibration/wear 

5. Thermal shock 

C. Core and Vessel Hydraulics 

1. Flow split between reactor ducts 

2. By pass flow around core 

3. Fluid thermal gradients in reactor outlet region 

4. Loss of region coolant accidents 

5. Cavi tation 

6. Gas entrainment 

7. Solids deposition 

8. Gas or steam closed test loop rupture 

Il. Core Vibration 

E. Thermal Mechanics 

1. Lower tube sheet assembly 

2. Reactor cover 

3. Flow ducts 

4. Integral structure analysis 

5. Core accident mechanics 

6. Vessel 

7. Driver fuel top face hardware 
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TABLE I (contdJ 

F. Mechanical Fit Testing 

1. Reactor cover component arrangement 

2. Configuration of reactor internal components 

3 . Self welding 

4. Galling 

5 . Shroud flutter during insertion 

G. Control Mechanism Development 

1. Reactor control drive 

2. Scram control drive 

3. Seals 

4. Accelerator 

S. Poison section vibration 

6. Deceleration 

7. Prototype test 

8. Production test 

9. Mechanical configuration and environmental test 

10. Preoperational proof testing 

H. Closed Loop Prototype 

1. Top-face hardware 

2. In-reactor hardware 

3. Interconnecting piping and disconnects 

4. Components external to reactor vessel 

5. Complete closed loop 

I. Instrument Development 

1. In-reactor coolant temperature sensors 

2. Pressure transducers 

3. In-core sodium flowmeter 

4. Gas disengagement for failed fuel monitor 

5. Dclaycd neutron fuel failure monitor 

6. Instrumentation assembly 
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TABLE I (contd) 

7 . Vibration and stress measurements 

8. Signal connector 

9 . Signal cables 

10. Sodium flowmeter in large pipes 

ll. In-core neutron flux monitoring 



Type of 
Problem 

Thermal Hydraulics, 
Hydraulics, Vibration 

Mechanics, Mechanical 

Fit 

Component 
I .. 

Fuel Subassembly 

Core, Vessel 

Vessel Internals 

Cover 

Vessel • 
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CY-7l 

.I~ 
CY-72 

.1 
,. CY-68 ·1111( CY-69 .,. CY-70 .,~ 

.I~ .I~ .1. FY-6 R FY - 69 FY -70 FY-7l 

0*~ CD CD ------------e----e---------e A-l,2 A-3 A-5 
e-e e e-e-e e 

A-4 * B-4 A-4 B-l,2 A-2 

B-l,2,3 

CD @ 
A-I B-3,4 

@ @CD e-e e e-e e -------e------------e C-l C-2 C-l,2,3,4,5 D-l C-4 C-6 C-7 C-8 
D-l 

----------e-------e------e--e~--------------e--e CD 
E-3 E-3 F-2,3,4 E-4 F-2,3,4 

E-l,4 E-3 
F-5 CD --------------------ee---------------------e E-2 F-l 

F-l 

CD@ ----------e--------e--------------------e 
E-5 E-5,6 E-7 

Mechanical Function Nuclear Control 
@ 

----------------e---------------e----------e----------~·e-----------
@ 

------~--------~-e-----e--------------------e G-6 G-l,2 G-3,4,5 G-7 G-8,9 G-8 G-IO 

@ @ 
Closed Loop ----------------------------------.. e----------e_--------- ----~--~----------e H-2,3,4 

Instruments 
@ 

-----------------------e __ --------------~ea~~--e-------------1-8 1-5,7 I-I 

* See Table I for Problem Identification 

Problems identified at times data are available 

Where problem is identified more than once on schedule, first date is preliminary 
data. 

* * FFTF Milestones - based on FFTF PERT Charts (Rev. 14) 

Fuel Subassembly 

(2)- Pin design complete 7/69 

0- Pin Procurement starts 1/70 

Ci)- Subassembly design 9/69 

CV - Subassembly procurement 3/70 

~- First Core 9/71 

Vessel 

0- Vendor design/fab. starts 7/69 

(2)- Installation starts 7/71 

Cover 

~- Design procurement starts 12/68 

~- Fabrication complete 3/71 

Nuclear Control 

@- Procurement starts 1/70 

@- Tests start 1/7 1 

@- Tests complete 7/71 

H-5 

@ 
----------------·e____e-e 

1-4 I-l,2,3,5,6,7 

Closed Loop 

@- Procurement starts 10/69 

~- Tests start 4/71 

~- Tests complete 8/71 

Instruments 

@ - Procurement starts 7/69 

GJ)- Tests start 1/71 

@- Tests complete 7/71 

Safeguards 

@ - Final DBA 8/69 

1-3 

@ - Start final Safeguards Analysis 8/70 

@- Complete final Safeguards Analysis 6/71 

FIGURE;) . Summary of Overall FFTF Reactor Assembly Testing Schedule 
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Water 

PNL 189 Hydraulic Loop 

PNL 314 Hydraulic Test Stand 

PNL EDEL-I Hydraulic Loop 

Static Water or Air 

Control Mechanism Stand 

Closed Loop 

Sodi urn 

PNL-Heat Transfer Loop 1 

I~ 

I~ 

FY-68 

C-l 

• 

CY-68 ·I~ 

·I~ FY-69 

A- 4 * • 

CY-69 ·I~ CY-70 

·I~ FY-7U ·1"'" 
A- 4 

F-5 B3,4 

• • 

G-6 G-5 H-2 ----------------.. -----------------------------.. '-----------------------. 
.,. 

G-l,2 

• 
E-7, H-l B-3 

-----------.---------------------------------. 

A-I 
• 

B-l,2,3 
PNL-Small Components Evaluation )$----------------------------. 

Loop 

PNL-Static Pots 

LMEC - Auxiliary Components Test 
Installation 

1-2 

------------------------------------------------------------. 

1-3 

A-2 
B-3 
• 

LMEC - Large Components Test Loop ------------------------------------'.---
G-7 

LMEC - Control Rod Test Tower -----------. 
B-l,2,3,4 

ANL - Core Components Test Loop ----------------------------------------------. 1-7 
E-6 

1-8 
ANL-Sodium Pots -----------------------. 
ANL-Small Flow Loop 

1-3,4 

---------------------------------------------------------------. 

~ See Table I for problem identification 

~I~ 

FY -71 

1-10 

• 
C-5,6 

FIGURE 4. Summary of Key Existing Facilities Utilization 
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CY-7l ·I~ CY -7 2 ·1 
·I~ FY-72 ·1 
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Water 

Hydraulic Core Mockup 

Sodium 

-Partial Assembly 

-1/2 Scale Hydraulic 

-Full Scale, 1/4 sector 
(water/gas) 

Subassembly Flow Mockup 
w/full size channel/duct 

Large Heat Transfer Loop 

Closed Loop Prototype 

Reactor Cover Mockup 

Seven Duct Sodium Environment 
and Mechan ism Mockup 

Control Mechanism Test Stand 

Closure Test Mockup 

FFTF Sodium Facilities Building 

I~ 
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FY -68 ---~ ... I .... ~ .. --- FY-6~ ~IIIII( FY-70 ·I~ FY-7l .,~ FY-72 ., 
C-l* C-l 2 C-2 ------.------.:-. 

C-l,2,3 C-l,2,3,5 

D-l D-l C-4 C-6 C-7 C-8 -------------------------,--------.------.. ---------.------.-----.----------. 
F-2 E-4 D-l 1-8 1-7 1-11 -----------:.----------------------------.--------4 .... ---.------.-----------04 •. ----,.;.. 

• 

E-3 1-2 1-4,5,6 ----------------------------------------------'.-. ----------.. 
A-l A-3 
A-2 B-3 A-5 -------------------------------------------------------------.-----.---------------. 

H-2,4 H-5 ---------------------------------------------------.---------------. 
F-l F-l ---------------.'---------------. 

BNWL-614 

·1 

F-3 
F-4 

F-2 G-9 G-10 G-10 -----------------------------,--------------.-----------. .---------------------. 
1-2,8 

G-3,4 -----------------. 
E-7 H-l 1-3 ---------------------------------------------.--------------------. ' 

Facility Utilization 

----------- Facility Acquisition 

~ See Table I for problem identification 

FIGURE 5. Summary of Key New Facilities Utilization 
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Identification No. 
and Problem 

A-I 

A-2 

A-3 

A- 4 

A-5 

Fuel clad 
temperature 
limit 

Local cool
ant voiding 
propagation 

Loss of 
coolant 
and power 
excursion 
accidents 

Pressure 
drop and 
cross
channel 
mixing. 

Critical 
heat flux 
(proof 
tests) 

Test Objective 

Prevent fuel clad fail
ure by assurance of 
clad temperature less 
than 1100 of in normal 
and distorted geome
tries. 

Prevent incidents 
which can lead to 
local coolant boil
ing and voiding 
propagation through
out subassembly. 

Prevent hydraulic 
instability following 
flow loss accidents 
by sufficiently steep 
pump head characteris
tic and orificing. 

Establish acceptable 
pressure drop charac
teristics and assure 
adequate coolant mix
ing for minimization 
of local hot spots. 

Demonstrate adequate 
heat transfer from 
fuel subassemblies to 
heat fluxes twice 
those expected in 
the reactor. 
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TABLE II. Summary of Proposed Thermal-Hydraulics Test Program 

Test Description 

Sodium tests with elec
trically-heated bundles 
of 7-pins initially 
followed by tests of 
19 or 37 pins proto
typic of FFTF fuel 
assemblies. 

Fabricated with allow
ance for varying pin 
displacements and 
number of blocked 
channels'. 

Sodium ~ests with 
electrically-heated 
bundles of 7-pins 
initially followed 
by tests of 19 or 
37 pins prototypic 
of FFTF fuel 
assemblies. 

Fabricated with allow
ance for varying pin 
displacements and 
number of blocked 
channels. 

Sodium tests with 
electrically-heated 
bundles of 19 or 37 
pins prototypic of 
FFTF fuel assemblies, 
including inlet and 
outlet plenums. 

Water tests with pro
totypic, full-size 
models of FFTF driver 
and test fuel assem
blies. 

Bundles of 19 or 37 
pins fabricated to 
allow for varying pin 
diameter, pin spacing, 
pin displacements, and 
blocked channels. 

Sodium test with elec
trically-heated bun
dles of 19 or 37 pins 
prototypic of FFTF 
fuel assemblies. 

Fabricated with 
allowance for varying 
pin displacements. 

Major Measured Variables 

Pressure 
Power 
Flowrate 
Coolant Inlet Temperature 
Coolant Outlet Temperature 
Pin Clad Temperature 

Pressure 
Power 
Flowrate 
Fuel Assembly Pressure Drop 
Coolant Inlet Temperature 
Coolant Outlet Temperature 
Coolant Outlet Temperature 

of Afflicted Channels 
Pin Clad Temperatures 

Power 
Flowrate 
Inlet Plenum Pressure 
Outlet Plenum Pressure 
Pressure Drop from Inlet 

End of Fuel Assembly 
to Outlet Plenum 

Coolant Inlet Temperature 
Pin Clad Temperatures 

Overall Pressure Drop 
Entrance and Exit Pressure 

Losses 
Fueled Length Pressure 

Drop 
Flowrate 
Coolant Temperature 
Local Velocity Fields 

Pressure 
Power 
Flowrate 
Coolant Inlet Temperature 
Coolant Outlet Temperature 
Pin Clad Temperature 

Information Gained 

Location and magnitude 
of local clad hot-spot 
temperatures. 

Effect of distorted or 
blocked channels. 

Conditions under which 
local boiling and void
ing will occur. 

Consequences of local 
boiling and voiding. 

The hydraulic demand 
characteristics of FFTF 
fuel assemblies. 

Pressure drop as a func
tion of Reynolds number 
for normal and distorted 
fuel geometries. 

Flow distribution and 
mixing data. 

Heat fluxes up to which 
the critical heat flux 
does not occur. 

Facili ties 

PNL Heat Transfer Loop-l 
(Na, 20 gal/min., 1500 of 
200 kW electrical heat). 

Large Heat Transfer Loop 
(Na, 250 gal/min., 1500 of 
6 MW electrical power). 

PNL Heat Transfer Loop-l 

Large Heat Transfer Loop 

Large Heat Transfer Loop 

PNL l89D Hydraulic Loop 
(Water, 500 gal/min., 
200 of, 200 psi head). 

Large Heat Transfer Loop 

BNWL-614 

Schedule 
Start Finish 

Jan 1968 Sep 1968 
(test section) 

Sep 1968 Jan 1970 
(test) 

Jul 1969 Jul 1970 
(test section) 

Jul 1970 Mar 1971 
(test) 

Mar 1970 Sep 1970 
(te s t) 

Jan 1970 Sep 1970 
(test section) 

Sep 1970 Mar 1971 
(test) 

Jan 1970 Sep 1970 
(test section) 

Sep 1970 Jul 1971 
(test) 

Jan 1968 Jul 1968 
(Parametric (, P) 

Jul 1968 Dec 1969 
(Mixing) 

Jul 1970 Jan 1970 
(test section) 

Jan 1971 
(test) 



.. 
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Identification No. 
and Problem 

B-1 Cladding 
erOSlon due 
to flow 

B-2 Cladding 
corrosion 
due to 
purity 
and 
temperature 

B-3 Fretting 
corros lon 

B-4 Vibration/ 
wear 

B-5 Thermal 
shock 

Test Objective 

Determine effects 
of high coolant velocity 
on fuel clad corros ion 
and erosion 

Identify the effects 
of coolant purity 
and temperature 
on corros ion 
and material removal 
rates 

Identify the potential 
fretting corrosion 
of cladding and spacers 
and the interfaces 
between them. 

Define the vibration/ 
wear characteristics 
of fuel subassembly 
and establish optimum 
design which mini
mizes vibration 

Establish the adequacy 
of fuel element 
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TABLE III. Summary of Proposed Fuel Subassembly Flow Test Program 

Test DescriEtion 

Long-term exposure 
of small bundles of pins 
( 7) to 25 to 30 fps 
sodium at temperatures 
up to 1100 of. 
Long-term exposure 
of fuel assembly 
to 25 to 30 fps sodium 
flow at temperatures 
to 1100 of with mass 
mockups above and below 
assembly to simulate 
in-reactor vibration. 

Long-term exposure 
of small bundles of pins 
to 30 fps velocity, 
to 1200 of temperature, 
less than 10 ppm oxygen, 
and 20 ppm carbon. 
LongTerm exposure 
of fuel subassembly 
to above condition. 

Subassembly vibration 
measurements in water 
and in sodium (if 
measuring techniques 
are available). 
Perform accelerated 
sodium tests 
if potential wear 
and fretting corrosion 
occur. 

Static air test 
to establish effect 
of structural design 
parameters on pin, 
subassembly and shroud, 
individually, 
for different end 
fixities using electro
magnetic shaker. 
Air temperature from 70 
to lOOO~ of. Response 
characteristics recorded 
on magnetic tapes. 

Static water shroud test 
with forced vibration 
for damping datrt, 
resonant decay; response 
characteristics recorded 
for water temperature 
to 200 of. 

Vibration flow test 
in water at 80 to 125% 
of design average 
velocity for temperature 
70 to 200 of, using fuel 
subassembly, 
with prototypic duct. 

Vibration flow test 
in sodium at 80 to 125% 
design flow velocity, 
600 to 1200 of. Some 
extended term runs 
to establish Kear 
characteristics. 

Subject fuel pin alter
nately to hot (1100 to 
1200 OF) sodium and to 
cold (600 to 700 OF) 
sodium. 

Major Heasured Variables 

Mass loss and gain 
Change of metallurgical 
characteristics 

Flow rate 
System pressure 
Pressure drop 
Temperature 

Mass loss and gain 
Change of metallurgical 
characteristics 

Flow rate 
System pressure 
Pressure drop 
Temperature 
Oxygen and carbon 
content 

Deformation of material 
indentation 

Surface effects 
Cross correlating 
of material loss infor
mation from velocity, 
purity, and temperature 
effects. 

~atural frequencies 
Damping ratios 
Spacer location 
Wire wrap pitch 

and tens ion 
Temperature 

Vatural frequencies 
Damping ratios 
End fixities 
Spacer location 
Wire wrap, pitch 

and tension 
Temperature 

Average velocities 
Local velocities 
Deflections (or accel-
ation) at a selected 
point 

Temperatures 

Temperature 
Average flow velocity 
Fuel pin deflection 
Wear 

Pin bowing 
Change in pin diameter 
Change in pin ovality 
Change ductility 
of cladding 

Change in ductility 
of weld metal 

Change in cladding 
surface finish 

Wire wrap loosening 
or tightening 

Change in ductility 
of wire wrap 

Information Gained 

Demonstration 
of corrosion level 
below that incorpor-
ated into fuel 
cladding design 
(0.001 in. per year) 

Certification 
of the cladding 
and spacer material 
removal rates 

Certification 
of present design. 
Suggested design 
changes if required. 

Combination of wire 
wrap tension and end 
fixity that optimizes 
positive damping. 

Positive damping 
information 
for designing 
around resonant 
frequency conditions. 

Design curves showing 
vibratory amplitude 
and flow velocity 
for various tempera
ture and structural 
designs 

Design curves 
of vibration ampli
tudes, flow 
and temperature 

Design confirmation 
of adequacy of fuel 
pin to undergo 
thermal shock 

Facilities 

PNL Small components 
evaluatlon loop. 

ANL Core components 
loop 

PNL Small components 
evaluation loop 

ANL Core components 
loop 

PNL 189D Hydraulic 
loop 

PNL Small components 
evaluation loop 

ANL Core component 
test loop 

PNL heat transfer 
loop-l 

Large Ileat transfer 
loop 

PNL vibration lab 

PNL vibration lab 

PNL vibration lab 

PNL-EDEL-l or 
189D hydraulic loop 

test 

tes t 

A single duct sodium 
flow loop, SOO gal/min, 
1200 of. (A~L-CCTL) 

Inert gas filled tube 
connected to hot sodium 
and cold sodium supply 
tanks 

BNWL-614 

Schedule 
Start 

Apr 1967 

Jan 1968 

Aor lq67 

Jan 1968 

Apr 1967 

Jan 1968 

Jul 1969 

Aug 1967 

In progress 

Dec 1967 

Jan 1968 

Flnlsn 

Jun 1968 

Mar 1970 

Jun 1968 

Mar 1970 

Jul 1968 

Jun 1968 

)lar 1970 

Jul 1971 

Dec 1967 

Dec 1967 

Feb 1969 

~ot established 
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Identification No. 
and Problem 

C-l 

C-2 

C-3 

C-4 

C-5 

Flow split 
between 
reactor 
ducts 

Bypass 
flows 

Fluid thermal 
gradients 
in reactor 
outlet 
region 

Loss of 
coolant 
accidents 

Cavitation 

Test Objective 

Prevent maldistribution 
of coolant flow distri
bution in core. 

Optimize bypass flow 
arrangement to assure 
that these flows p'er
form all functional 
requirements (e.g,." 
cool fixed main radial 
reflectors) 

Prevent excessive 
thermal stress 
in outlet region 
components c~used 
by thermal gradients 
in outlet coolant. 

Determine the conse
quences of loss 
of coolant accidents 
to the core and reactor. 

Prevent significant 
levels of cavitation 
from occurring in the 
reactor or primary 
coolant system 
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TABLE IV. Summary of Proposed Hydraulic and Vibration Test Program 

Test Description 

Single component 
pressure drop-flow 
tests in water. 

Major Measured Variables 

.Pressure differential 

.Flow rates of coolant. 

System flow distribution.Individual flow duct flow 
tests performed in water rates 
First tests in small .Pressure distribution 
sectional models in inlet and outlet 
followed by tests regions 
in full reactor system .Total flow rate 
models. 

System flow distribution.Local coolant velocities 
tests performed in water.Local pressure distribution 
First tests in small 'Total flow rate 
sectional models 
followed by tests in full 
reactor system models 

System mixing and flow .Coolant mixing and flow 
distribution in full distribution in outlet 
system models with water region 

Single fuel assembly 
heated tests in sodium 

Single fuel assembly 
fission gas plenum 
rupture tests 

System loss of coolant 
accident simulation 
in full reactor system 
models with water 

Emergency coolant 
system performance 
tests in full reactor 
system in sodium 

Single component 
cavitation tests 
in water and sodium 

System cavitation 
tests in a full 
reactor system model 
with water 

System cavitation 
tests in heated sodium 
in a full reactor 
system model 

'Total flow rate 

.Described in subassembly 
loss of coolant accident 
problem A-3. 

'Residence time and distri
bution of voiding fission 
gas. 

.Coolant flow rates 
in affected region 

'Pressure changes 
in affected region 

.Delay time in operation 
'Operational lifetimes 

.Cavitation damage 
(post inspection) 

• Flow rate 
'Fluid temperature 

and pressure 

.Visual evidence 
of cavitation 

• Flow rate 
'Fluid temperature 

and pressure 

'Cavitation damage 
(post inspection) 

tFlow rate 
'Fluid temperature 

and pressure 

Information Gained 

A complete character
ization of steady 
state core flow splits 
for a wide range 
of flow conditions 
and reactor physical 
arrangements. 
Verification 
of reactor final 
hydraulic design. 

Optimization of bypass 
flow system arrange
ment. Verification 
of final reactor 
bypass design. 

Characterization 
of outlet coolant 
temperature gradients 
sufficient to verify 
reactor final hydraulic 
design. 
Final verification 

Results of combined 
single fuel assembly 
and system-wide loss 
of coolant tests will 
provide information 
On the possible 
consequences of loss 
of coolant accident. 

Verification of final 
emergency coolant 
system operation 

Identification 
of cavitation 
problem areas. 
Evaluation 
of design modifica
tions designed 
to prevent cavitation. 
Verification 
in final reactor 
design of the 
absence of cavitation. 

Facilities 

PNL l89D hydraulic loop 
(500 gal/min, 200 OF) 

Hydraulic core 
mockup, models of inlet 
and outlet plenum 
features (3000 gal/min, 
200 OF), reactor 
hydraulic system (15,000 
gal/min, 250 of 

Hydraulic core 
mockup 
Models of inlet plenum 
features, flow ducts, 
and bypass region 
(3000 gal/min, 200 OF) 
reactor hydraulic 
system. 
(15,000 gal/min, 250 OF) 

Hydraulic core 
mockup, reactor 
hydraulic system 
gal/min, 250 OF) 

FTR non -nucle ar 

(15,000 

Large-Heat transfer loop 
(250 gal/min, 1500 of, _ 
6 MW electrically heated 
37 pin fuel bundle) 

PNL l89D hydraulic loop 
(500 gal/min, 200 OF) 
hydraulic core 
mockup, reactor 
hydraulic system 
(15,000 gal/min, 250 OF) 

FTR 

Single component PNL l89D 
hydraulic loop. Fuel 
subassemblies, orifices, 
ANL-CCTL (fuel, orifides). 
LMEC-ACTI (pump) 

Hydraulic core 
mockup, reactor hydraulic 
(15,000 gal/min, 250 OF) 

FTR 

BNWL-614 

Schedule 

Jul 1968 

Jan 1968 Dec 1968 
(plenum) 

Jan 1969 Jun 1969 
(system) 

(prel. date) 
Dec 1969 

(final date) 

Jun 1968 ~ar 1969 
(feature) 

Jan 1969 Dec 1969 
(sys t em) 

Jan 1969 

Jan 1970 

Jan 1970 

Jan 1968 

Jan 1968 
Mar 1970 

Jan 1969 

Dec 1969 

Jul 1971 

Jul 1970 

Jun 1968 

1970 
1971 

Dec 1969 
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Identification No. 
and Problem Test Objective 

C-6 

C-7 

C-8 

D-l 

Gas Prevent gas entrained 
entrainment in the reactor primary 

coolant from reaching 
levels which will 
adversely affect the 
operation of the test 
programs or endanger 
the safety of the 
reactor. 

Solids 
deposition 

Gas or steam 
closed test 
loop rupture 

Hydraul ically 
induced 
vibrations 

Verification 
of methods to prevent 
solids deposition 
in critical components 
of the reactor 

lletermine the risk 
to the reactor of a 
potential gas or steam 
test loop rupture 

Prevent hydraulically 
induced vibration 
levels sufficient 
to damage or adversely 
affect the functional 
operation of components. 

Test llescription 

Single component gas 
entrainment tests 
in sodium and water. 

TABLE IV (contd) 

Major Measured Variables 

-Amount of gas entrained 
-Loss of function 

with gas entrained 
-Flow rate of coolant 
-Fluid temperature 

and system pressure 

System gas entrainment -Amount of gas entrained 
tests in a full reactor (visual and stoichio
system model with water. metric) 

System gas entrainment 
in heated 'sodium in a 
full reactor 

-Flow rate of coolant 

-Amount of gas entrained 
-Flow rate of coolant 
-Fluid temperature 

and system pressure 

System solids deposition-]Jistribution of deposited 
tests in a full reactor solids 
system model with water -Flow rate of coolant 

Heated tests of coolant -Described in Thermal 
channel flow blockages Hydraulic Development (A-2) 
in a single fuel 
assemlHy 

Rupture simulation tests-Pressure wave propagation 
in a full reactor system-Gas void residence time 
model with water as the in core 
test fluid -Source pressure 

Single component 
vibration tests 
performed in sodium 
and water 

Identification tests 
of hydraulically 
induced vibration 
problem areas in water 
reactor mockup. 

Verification tests 
demonstrating lack 
of hydraulically 
induced vibration 
prohlem areas in final 
reactor design 

-See B-4 

-Location of vibration 
(visual) 

-Frequency and amplitude 
of vibration 

-Flow rate of coolant 

-Frequency and amplitude 
of vibration 

-Flow rate of coolant 

Information Gained 

Identification of gas 
entrainment problem 
areas. 
Evaluation of methods 
to reduce undesirable 
levels of gas 
entrainment. 

Verification in final 
reactor design of the 
absence of significant 
gas entrainment. 

Verification of design 
features aimed 
at preventing solids 
from depositing 
in critical areas such 
as the fuel assembly 
coolant channels. 
The consequences 
of fuel assembly 
coolant flow channel 
blockages. 

Safeguards information 
on feasibility 
of including a gas 
or steam closed test 
loop in the reactor 

Identification of 
component and component 
systems where signifi-
cant hydraulically 
induced vibration may 
occur. Evaluation of 
design modifications 
to prevent vibration. 
Verification of the 
lack of damaging 
vibration modes in the 
final reactor design. 

25 

Facilities 

LMEC-SCTl (IHX) 
LMEC-ACTI (pump) 

Hydraulic (water) core 
mockup of reactor 
hydraulic system 
(15,000 gal/min) 

FFTF 

Hydraulic core mockup 
of reactor hydraulic 
system (15,000 gal/min) 

PNL-Heat Transfer Loop-
1 (20 gal/min, 200 kW) 

Large Heat Transfer Loop 
(250 gal/min, 6 MW) 

Hydraulic core mockup of 
reactor hydraulic 
system (15,000 gal/min) 

See B-4 

Hydraulic core mockup 

Reduced scale model 

Full scale sector 

FTR 

BNWL-614 

Schedule 
Start Finish 

Mar 1970 Mar 1971 

Aug 1970 Dec 1970 

Jan 1971 Apr 1971 

Mar 1970 Sep 1970 

Sep 1970 Mar 1971 

Jun 1971 Dec 1971 

Jul 1968 

Jan 1968 Mar 1970 

Jan 1969 Dec 1969 

Mar 1970 Jun 1970 

Jul 1973 



.. 
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Identification No. 
and Problem 

E-l Lower tube 
sheet 
assembly 

Test Objective 

Confirm the analytical 
model developed for the 
inlet tube sheet 
assembly 

E-2 Reactor cover Confirm the analytical 
model developed for the 
reactor cover assembly 

E-3 

E-4 

Flow ducts 

Integral 
core 
structure 

E-5 Core blast 
analysis 

E-6 Vessel 

E-7 Driver fuel 
top face 
hardware 

Determine. the stresses 
in geometric 
transitions or near 
the perf.rations 
in flow ducts and 
closed loop tubes 

Determine the creep 
rates in flow ducts 
under combined loads. 

Determine duct behavior 
to prototypic operating 
conditions of 
temperat ure and 
coolant 

Confirm the analytical 
model of the integral 
core s t ruct ure 

Determine the linearity 
of the core structure 
movements with uniform 
heating 

Develop a semiempirical 
model for propellant 
explosions in composite 
wall vessels. 

To measure the sodium 
spray and sodium slug 
loadings 

Establish the stress 
concentrations 
in the vessel nozzles 
and support reactions 

Develop reliable top 
face hardware and seal
ing methods for driver 
fuel ducts 

TABLE V. Summary of Proposed Mechanics Test Program 

Test Description 

Ring moments to simu
late tube bowing loads 
and uniform lateral 
loads to simulate 
hydraulic pressure will 
be applied to proto
typical replicas 

Hydraulic pressures 
to simulate sodium 
spray, and sodium 
slug loads plus point 
loads to simulate 
fuel weight will 
be applied 

Pressure and/or axially 
load photoelastic 
models of various duct 
or tube sections 

Hydraulic pressure 
and simulated thermal 
bowing loads 

Vibration, integral 
structure, mechanical 
fit, and sodium flow 
testing 

Apply temperature 
gradients and hydraulic 
pressure to replicas 
of the tube sheet
ducts-cover-vessel 
assembly 

Apply uniform tem
perature to an exact, 
full scale replica of 
core structures 

Detonate propellants 
in sodium filled 
vessels. Vary charge, 
wall thickness, gas 
gap, diameter, 850 of 

Detonate TNT in sodium 
filled, model pressure 
vessels, with and w/o 
cover. Vary constraint 
of lower vessel; 850 of 
and 200 of 

Applied simulated 
pressure, thermal 
or weight loads 
to photoelastic 
specimens 

Proof-of-principle 
testing of candidate 
seals followed by 
statistical and 
reliability design 
verification 

Major Measured Variables 

Deflection, isoclinics 
and isochromatic stress 
patterns will be measured 
on photoelastic models. 
Hydraulic pressure 
and simulated thermal 
moments are the load 
variable 

Deflections, isoclinics, 
and isochromatics 
simulated hydraulic 
pressure and point loads 
will be measured. 

Isoclinics and 
isochromatics stress 
patterns 

Deflections as a function 
of time. Pressure 
and applied moment. 

Deflection, bowing, 
amplitude frequency, 
galling and fretting 
damage, flow, tem
perature, pressure 

Temperature, hydraulic 
pressure, deflections 
and strains 

Temperature and 
deflections 

Strains in outer 
and inner vessel; pressure 
distributions on walls 
and ends 

Strains in vessel walls; 
pressure distributions 
on walls and cover; time 
history for spray 
and slug 

Load, isochromatics 
and isoclinic stress 
patterns 

Coolant pressure, 
temperature, vibration 
frequency, dimensional 
fit, distortion, fret
ting and galling 

Information Gained 

Out-of-plane 
de fl e ct ions 
and in-plane stresses. 
Establishes allowable 
thermal moments. 
Optimized design 

Establishes allowable 
deflections and stress 
levels. Optimize 
design details such 
as edge fixity, cover 
thickness, etc. 

Optimum design 
at transition regions 
and perforations. 

Establishes allowable 
creep rate in flow 
ducts. Verifies 
the analytical models. 

Proof testing of driver 
duct 

Optimizes location 
and rigidity at core 
supports. Provides 
means to analyze 
operational stability 
from temperature 
transients 

Establishes how mating 
parts interact 
on heating; confirms 
basis for linear 
analysis 

Defines loadings 
on the vessel walls 

Defines pressure 
loadings on cover 

Optimizes design 
at nozzles and support 
reactions 

Reliable top hardware 
seal design 
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Facilities 

Photoelastic laboratory 
or hydraulic core 
mockup 

Photoelastic laboratory 
or hydraulic core 
mockup 

Photoelastic laboratory 

314 Bldg. Burst Test 
Facility 

See D-l, E-4, F-2 sodium 
flow loop, mockup 
of process channel, 450 
gal/min 1200 of 

Small dry scale model 
or hydraulic core mockup 
facility 

Quarter'section, full 
scale, hydraulic core 
mockup 

Hazards test cell 

Hazards test cell 

Photoelastic laboratory 
or hydraulic core 
mockup 

Static test stand, gas 
and sodium to 1200 of, 
water to 200 of 

BNWL-614 

Schedule 
Start Finish 

Jan 1969 Jun 1969 

Jan 1969 Jun 1969 

Jan 1968 Jun 1968 

Jul 1968 Dec 1968 

Jun 1969 Jun 1970 

Jan 1969 Jun 1969 

Sep 1969 Mar 1970 

Jan 1969 Jun 1969 

Jul 1968 Dec 1968 

Jan 1969 Jun 1969 

Jun 1968 Jun 1970 
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Identification No. 
and Prob lem 

F-l 

F-2 

F-3 

F-4 

F-S 

Reactor cover 
component 
arrangement 

Configura
tion 
of reactor 
internal 
components 

Self-welding 
of com
ponents 
exposed 
to liquid 
sodium. 

Galling 
of com
ponents 
exposed 
to liquid 

Duct 
flutter 
during 
insertion 

Test Objectives 

Evaluate arrangement 
for assembly fit, 
interferences, special 
tools required, 
clearance for fuel 
handling, and assembly 
sequence 

Evaluate arrangement 
for assembly, fit, 
alignment, inter
ferences, duct 
removal and insertion, 
and assembly sequence 

Determine adequacy 
of component design 
to resist self-welding 

Confi rm adequacy 
of component design 
to resist galling 

Confirm adequacy 
of design to prevent 
flutter or develop 
ways to minimize 
the disturbance 

TABLE VI. Summary of Proposed Mechanical Fit Test Program 

Test Description 

Assemble a representa
tive full size sector 
of the vessel cover 
and top-of-reactor 
components, pipelines, 
connectors, etc. 

Assemble a repre~enta
tive full size sector 
of the duct arra,; 
insert and remove 
shroud under simulated 
and prototype fueling 
condi tions 

Immerse contacting 
components in liquid 
sodium, hold in static 
contact, and check 
forces required 
for separation. 
Immerse full length 
duct in prototype 
sodium environment 
simulate heat-up 
and cool-down cycle 

Operate assemblies 
while immersed 
in liquid sodium, 
me asure forces 
required, and inspect 
contacting surfaces 

Lower ducts into a 
stream of water 
in a simulated reactor 
channel 

Major Variables Measured 

-Assembled configuration 
of the reactor top face 

-Dimensions, interferences 

-Assembled configuration 
of the partial reactor 
duct 

-Mechanical interference 
location and extent. 

-Withdrawal and insertion 
forces 

-Surface hardness 
-Surface finish 
-Sodium temperature 
-Contact length (time) 
-Contact force 
-Sodium puri ty 

-Surface hardness 
-Surface finish 
-Sodium temperature 
-Con tact force 

-Visual observation 
-Flow rate 
-Vibration 

Information Gained 

Pre ferred form 
of reactor component 
assembly at top face 

Confirmation of core 
assembly design 

Assurance of no 
self-welding 
characteristics 

Assurance of no 
gallhg 
characteristics 

Assurance 
of satisfactory 
fuel duct 
insertion 

29 BNWL-614 

Schedule 
Facjlity Start Finish 

-Full size, reactor cover 
mockup 

Sep 1968 Jun 1969 
(pre 1 imina ry) 

Jun 1970 
(confirm) 

-Sev2n duct dry mockup 
Full size, partial Sep 1968 
sector mockup of the 
cover, supply plenum 
tube sheet, and ducts 

-Duct environment 
-Seven duct sodium Jul 1969 

environment, full length 
duct 

-Component size, heated Sep 1968 
sodium pot connected to 
an existing loop and 
fitted with loading 
and force measuring 
mechanisms 

-Seven duct sodium Jul 1969 
environment, full length 
duct 

-Same heated sodium Sep 1968 
facility as used for 
self-welding tests. 

_Seven duct sodium Jul 1969 
environmental mockup 

-Full size mockup of a Apr 1969 
reactor channel with a 
simulated vessel cover 
guide and tubesheet 
penetration. A 
circulating pump and 
piping system are re-
quired to produce flows 
representative of shut-
down flow rates. 

Mar 1969 

June 1970 

Mar 1969 

Jun 1970 

Mar 1969 

Jun 1970 

Jul 1969 
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Identification No. 
and Problem 

G-l Reactor 
control 
drive 

Test Objective 

Provide reliable drive 
mechanism 

G-2 Scram (latch) Minimize scram 
control mechanical time delay 
device 

G- 3 Mechanism 
sodium 
contamina
tion 

G-4 Accelerated 
safety 
scram 

G-5 

G-6 

G-7 

G-8 

G-9 

Hydrauli
cally 
induced 
vibration 

Decelerator 

Prototype 
test 

Production 
test 

Mechanical 
configura
tion and 
environment 
test 

G-IO Preopera
tional 

Seal control mechanism 
from reactor 
environment 

Provide an initial 
acceleration greater 
than gravity for the 
safety control element 

Flow induced vibration 
in poison sections 

Minimize stress levels 
introduced in the 
control element and rod 
guide tube during scram 
cycle 

Vendor acceptance test 
Verify design 

Vendor acceptance 

Verify compatibility 
wi th top cover 
hardware 

Pe rformance 
verification 

TABLE VII. Summary of Proposed Control Mechanisms Test Program 

Test Description 

Component test in air 

Electromagnet test 
in air 

Heating be'llows 
test in sodium vapor 
above l20~ of 

Major Measured Variables 

-Output force 
-Drive rate under load 
-Position readout, 

reproducibility 
-Input power 

-Release time 
-Holding force 
- Input power 

-Temperature profile 
-Cycle rate 
-Number of cycles 

Materials investigation -Percent relaxation versus 
on spring materials exposure to temperature 
at 1200 of in sodium. -Intergrannular corrosion 

Flow tests in 250 of 
water; flow rate 
to 100 gal/min 

Deceleration component 
test in water at 250 of 
to 50 gal/min 
Simulated rod weight 

Water test vendor 
checkout Life test 

Water test, vendor 
checkout, prepara
tional checkout 

Mechanical fi t 
maintenance, handling, 
procedures 

Installation 

-Flow rate (velocity) 
-Water temperature 
-Water pressure (static) 
-Water pressure loss 

across control element 
-Vibration frequency 
-Vibration amplitude 

-Rod velocity 
-Deceleration time 
-Water flow 
-Water temperature 
-Dash pot water temperature 

- Input power 
-Drive rate 
-Scram time 
-Output force 

-Input power 
-Drive rate 
-Scram time 
-Output force 

-Elapsed time 
-Physical interference 

-Mechanical fi t 

Information Gained 

-Overall size 
-Input power 
-Output power 

-Release time 
-Holding force 
-Input power 

-Type and size 
of seal 

-Spring material 
suited for service 

-Element vibrational 
instability 

-Element pressure loss 
versus flow 

-Acceptable design 
configura tion 

-Deceleration rate 

-Preliminary acceptance 
-Reliability 
-Power requirements 
-Performance 

-Preliminary acceptance 
_Final acceptance 

-Operability 

-Installation complete 
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Facilities 

Vertical test stand, 
simulated rod weight 
in Bldg. 314 

Vertical test stand, 
simulated rod weight 
in Bldg. 314 

Vertical test stand, 
1200 of sodium pot, 
simulated temperature 
gradient. LMEC CRTT 

Stagnant sodium pot 
with provision to apply 
static load up to 1000 lb 

Water flow test EDEL-l 
loop 314 Bldg. 

PNL EDEL-l 
loop 314 Bldg. 

Vendor water test stand. 
Rod test stand. Sodium 
flow to 50 gal/min. 
Sodium temperature to 
1200 of. Inclined angle 
to 8°. LMEC CRTT 

Vendor water test stand 
Sodium mockup facility 

Seven duct facility 

Pressure vessel FTR 

BNWL-614 

Schedule 
Start Finish 

Apr 1968 

Apr 1968 

Aug 1968 

Apr 1968 

June 1968 

Apr 1967 

Jan 1970 

Mar 1970 

Jun 1971 
Sep 1971 

Sep 1970 

Jan 1972 

Dec 1968 

Dec 1968 

Jun 1969 

Jun 1969 

Jun 1969 

Mar 1968 

Feb 1970 

Sep 1970 

Sep 1971 
Dec 1971 

Mar 1971 

Dec 1972 
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Identification No. 
and Problem 

H-l 

H-2 

H-3 

H-4 

H-5 

Closed loop 
top face 
hardware 

Closed loop 
in-reactor 
hardware 

Closed loop 
intercon
necting 
piping 
and discon
nects 

Closed loop 
components 
external 
to reactor 
vessel 

Prototype 
closed loop 

Test Objective 

Develop reliable top 
face hardware and seals 
for closed loops which 
involves selection 
of sealing methods which 
will prevent liquid 
sodium leakage 
and development 
of hardware that will 
last at least 5 years 

r 
Develop reliable in
reactor hardware which 
will last 12 months. 
This involves pre-
1 iminary des ign 
followed by prototype 
testing. 

Develop reliable 
interconnecting piping 
and disconnecting 
components which will 
last at least 5 years. 
This involves: 
.Leak tight joints 

to contain liquid 
sodium 

.Methods of removal 
without loss 
of coolant 

.Containment of radio
acti vi ty in case 
of failure 

.Detection of leaks 
in case of failure 

.Recovery from sodium 
freeze-up 

Develop reliable 
shutoff and check 
valves for component 
external to reactor 
vessel which involves 
selection of seals 
and valves that will 
withstand the liquid 
sodium environment 
for at least 5 years 

Demonstrate compatibil
ity and operability 
of individual closed 
loop components when 
integrated into a 
complete closed loop 
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TABLE VIII. Summapy of ppoposed Closed Loop Development Test Program 

Test Description 

.Proof-of-principle 
tests on various 
sealing methods 
and clamping devices 

.Design of prototype 
hardware employing 
proven seals, 
and statistical 
reliability testing 
of seals in same 

.Design verification 
testing of final 
hardware design 

Full scale and proto
typical in terms 
of flows, and geometries 
in H20, followed 
by lIquid sodium 

Feasibility tests 
on one or more full 
scale prototype piping 
and disconnect arrange
ments to determine 
feasible methods 
of removal, sealing, 
and leak detection 

.Proof-of-principle 
tests on various 
sealing methods 
and valve arrange
ment 

.Statistical reliabil
ity testing 
of sealing method 
in prototype valve 

.Design verification 
testing of final 
valve designs 

Complete full scale 
system operation 
in terms of sodium 
capability and tie-in 
with interface 
components 

Major Measured Variables 

.In first two levels 
of testing--
I) coolant temperature 

and pressures 
2) frequency and ampli

tude of vibration 
3) external and thermal 

structural forces, 
static and dynamic 

4) effects of galling 
and fretting 

.In third level same as 
above plus 
1) flow rates of coolant 
2) dimensional fit 

and distortion 
3) compatibility 

with fuel handling 
machine 

.Coolant flow rates, 
temperatures, 
and pressures 

.Frequency and amplitudes 
of vibration 

.External and thermal 
structural forces, 
static and dynamic 

.Effects of fretting 
and gall ing 

.Coolant temperature 
and pressure 

.Vibration frequency 
and amplitude 

.External and thermal 
structural force~ 
static and dynamic 

.Galling and fretting 

.Leak rates 

.Thermal heating 
requirements, i.e., 
current voltage 
versus temperature 

.In first two levels 
of testing--
I) coolant temperature 

and pressure 
2) effects of galling, 

fretting 
3) leakage rRtes 
4) vibration 

.Same as above plus 
1) flow rate 
2) pressure drop 

.Flows, temperatures, 
vibration, combined 
distortion interfer
ences and fi tup 
with fuel handler 
and associated 
components 

-Routine, maintenance, 
and emergency 
operations 

Information Gained 

.Reliability of seals 
established 

.Information to form 
basis for final 
design 

.Verification of final 
design 

Graphs and other data 
showing vibration 
amplitudes as a 
function of flows 
at various tempera
tures, would be 
provided by the 
preliminary tests 
Reliability assurance 
on the in-reactor 
hardware will be 
provided by the 
endurance tests 

Experimental data 
for design 
and verification 
of final des ign 

.Reliability of seals 
established 

.Information to form 
basis for final 
design 

.Verification of final 
design 

Demonstration that all 
loop components plus 
the loop as a system, 
perform to require
ments under ex-reactor 
but otherwise proto
typical conditions. 

Schedule 
FacilIty Start FInIsh 

Static (up to 250 psig) 
test stand, 
water to 200 of, 
helium to 1350 of, 
sodium to 1350 of, 
thermal transient 
capabili ty. 

Hydraulic (water) loop, 
100 to 700 gal/min, 200 of 

Sodium loop 100 to 700 
gal/min, 1350 of, w/closed 
loop in-reactor hardware 
and external and thermal 
structure forces 

Static (to 250 psi) test 
stands, water to 200 of, 
sodium to 1350 of, helium 
to 1350 of 

Sodium loop, 100 to 700 
gal/min, 1350 of with 
interconnecting piping 
and external and thermal 
structure forces. 
Pressure 150 to 250 psi 

Jun 1968 

Jun 1969 

Jun 1970 

Jun 1969 

Jun 1970 

Hydraulic (water) loop, Jun 1969 
100 to 700 gal/min, 200 of 
pressure to 150-250 psi 

Sodium loop 100 to 700 Jun 1970 
gal/min, 1350 of, 
pressure 150 to 250 psi 

Prototype closed loop Jan 1971 
system with flowing sodium, 
100 to 700 gal/min, 1350 of, 
pressure, 150 to 250 psi. 
Auxiliary sodium pumping 
system simulating flows 
external to the in-reactor 
hardware 

Jun 1970 

Jun 1970 

Jan 1971 

Jan 1970 

Jan 1971 

Jan 1970 

Jan 1971 

Jan 1972 





Identification No. 
and Problem 

I-l 

I-2 

I-3 

I-4 

I-5 

In-reactor 
coolant 
temperature 
sensors 

Pressure 
transducers 

In-core 
sodium 
flowmeter 

Gas 
disengage
ment 
for failed 

fuel monitor 

Delayed 
neutron 
fuel 
failure 
monitor 

Test Objective 

Provide specifications 
for chromel-alumel 
thermocouples capable 
of operating in FFTF 
environment. 

Produce transducer 
capable of measuring 
coolant pressure above 
and below core, 
in sodium at FFTF flux 
and temperature. 

Develop and test 
magnetic and eddy 
current type flowmeters 
for use in emergency. 
surveillance and power 
data 

Develop a technique 
of efficiently 
disengaging fission gas 
from sodium. 
Accumulation and trans
porting the gas out 
of the reactor vessel. 

Develop a reliable 
operating system 
to detect and locate 
failed fuel 
for operation in FFTF 
sodium, thermal, 
and nuclear environ
ment. 
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TABLE IX. Summary of Proposed Instrument DeveZopment Test Program 
Schedule 

Test Description 

Iterative testing 
for thermal shock 
and cycling behavior 
from 400 to 1400 of, 
nondestructive 
examinations, 
calibration checks, 
irradiation in EBR-II. 

Screen commercial 
transducers in sodium 
pot tests. 

Modify with vendor 
most promising. 

Flow test at 1400 of 
and 250 psi. 

rIrradiate components 
in EBR- II. 

Magnet testing at 
temperature, thermal 
and mechanical shock, 
and radiation. 
Evaluate in magnetic 
hot cell mockup. 

Coil testing 
by temperature cycle 
in furnace 
and flowing sodium. 

Prototype magnetic 
flowmeter test 
in sodium to 1200 of 
and 450 gal/min. 

Backup eddy current 
flowmeter in 1200 of 
sodim 

Determine disengagement 
efficiency by injecting 
gas into sodium using 
several gas disengage
ment units. 
Evaluate means 
for getting fission gas 
sample out of reactor 
without plugging lines 
with sodium. 

Determine response 
of detectors and pre
amplifiers at high 
temperature and high 
gamma flux. 
Experimentally evaluate 
piping and valving 
arrangements 
for reliability 
and freedom from plugging 

Major Measured Variables 

.Speed of response 

.Insulation resistance 

.Calibration as function 
of neutron exposure 

.Catastrophic failure rate 

.Accuracy 

.Sensitivity 

.Zero drift 
• Corrosion effects 

.Magnetic flux 

.Coil characteristics 

.Reliabili ty 

• Eddy current flowmeter 
sensitivity, impedance, 
noise temperature 
compensation, signal 
stability, accuracy, 
calibration. 

.Efficiency of 
disengagement devices 

.Evaluation of methods, 
sizes and locations 
of sample lines 

.Threshold of system 
sensitivity 

.Detector gamma tolerance 
and neutron sensitivity 

.Pulse height stability 
versus temperature 

.Noise pickup 

.Lifetime of electronic 
components 

Information Gained 

Specification 
and technical backup 
for FFTF in-reactor 
thermocouple design. 

Specification 
for procurement 
of suitable pressure 
transducer . 

Specifications for 
acceptable design of 
in-channel flowmeters 

Recommendation 
of technique for gas 
disengagement. 
Location and size 
of sample tubes. 

Design data 
on operable system 

Facili ties 

.Thermal cycle and shock 
test stand 

.EBR-II 

.Hot cells for examination 

.Sodium pot with level 
control temperatures 
to 1400 of, pressure 
to 250 psi 

.Sodium flow loop 
to 20 ft/sec, 1400 of 

.EBR-II for component 
exposure 

.Sodium pot 30 ft high 
by 12 in. diam, low 
flow, level sensor 
installation 

.Sodium flow loop 
for low flow to 1200 of 
(ANL) . 

.Mockup simulating hot 
cell magnetic properties 
for preirradiation 
measurements 
with furnace to 1200 of 
(ANL) . 

.Hot cell for postirradi
ation examination 

.Furnace for 1200 of coil 
test 

.Large sodium flow loop, 
450 gal/min, 1200 of . 
(LMEC LCTL) 

.Closed loop prototype, 
700 gal/min, 1400 of 

Start FinIsh 

Feb 1968 

In progress 
Mar 1968 

Oct 1969 

1971 
1971 

Oct 1967 - 1970 

Mar 1968 - 1970 

Dec 1968 - 1971 

In progress - 1970 

In progress - 1971 

Mar 1968 - 1970 

Dec 1968 - 1970 

Jan 1971 Jan 1972 

.Small sodium loop In progress Jun 1970 
with sodium at tempera-
tures, pressure, 
and velocity of FFTF 
subassembly channel (ANL). 

.Sodium loop, mockup Jun 1970 
of process channel, 
450 gal/min, 1200 of, 
gas injection unit 

.Gamma facility for neutron 
detector evaluation 

.Sodium loop for sampling 
valve evaluation, 1000 of 

.Sodium loop, mockup 
of process channel, 
450 gal/min, 1200 of 
for system test. 

In progress 

Jun 1968 

Jul 1969 

Jun 1971 

Jun 1969 

- 1970 

1971 
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Identification No. 
and Problem 

I-6 

I - 7 

Instrumen
tation 
subassembly 

Vibration 
and stress 
measure -
ments 

I-8 Signal 
connectors 

I-9 Signal 
cables 

I-IO Sodium 
flowmeter 
in large 
pipes 

I-II In-core 
neutron 
flux 
monitoring 

Test Objective 

Assure compatible 
instrument subassembly 
operation of individu
ally developed 
and tested instruments. 

Improve sensors 
for high temperature 
tolerance, radiatio~ 
tolerance, and toler
ance to immersion 
in sodium. 

Develop signal 
connectors for nozzle 
and in-sodium service 
at 1200 of 

Provide technical 
basis for signal 
cable specifications. 

Assure 16 to 18 inch 
sodium flowmeter 
for 1000 of operation, 
in flow range of 800 
to 16,000 gal/min 

Provide method 
to reliably transport 
and guide sensors in 
and out of reactor 
during operation 

Test Description 

Proof test the instru
ment subassembly package 
by simulating various 
reactor conditions for 
which the package has 
been assembled. Reactor 
conditions include 
temperature abnormali
ties, gas disengagement 
for failed fuel, 
pressure and flowmeter 
response to loss 
of coolant, flux monitor 
probe operation, 
materials evaluation. 

Develop encapsulation 
method for 1200 of 
service and radiation 
environment service. 
Evaluate sensors 
for vessel surveillance. 

Prove remote disconnect 
method, mechanical 
adequacy through 
cyc1 ing. 

Subject several types 
of signal cables 
to radiation and thermal 
environment. 
Determine effect 
on insulation resistance 
and amounts of induced 
signals as function 
of cable geometry 
and materials. 

TABLE IX (contd) 

Major Measured Variables 

.Temperature variations 
due to channeling 

.Performance of gas 
disengagement system 

.Pressure drop 
across subassembly 

.Vibration tests 
and adequacy 
of mechanical mountings 

.Temperature, radiation 
and sodium environment 
tolerance. 

.Operational data 

.Nondestructive testing 
data 

.Remote disconnect 
performance 

.Gas and sodium leak 
tightness 

.Flux monitor m>echanical 
performance 

.Insulation resistance 
of several mineral oxide 
cables as function 
of temperature 
and radiation. 

.Inducted signal 
generation as function 
of all cable parameters. 

Perform proof tests .Accuracy, repeatibility, 
of standard design rangeability over range 
flowmeters, in piping of 20 to 120% of full 
assembly simulating FFTF. scale flow 
Compare against flow .Sodium temperature 
tube differential head .Magnetic flux as function 
flowmeter. Thermal of temperature. 
cycles. 

Mockup arrangement 
of guide tubes, 
connectors, thimbles 
and related essential 
parts. Heat in-vessel 
thimble to determine 
life, test solution 
to correct unexpected 
failures. 

.Life of components 

.Handling features 

Information Gained 

Proof test of 
instrument package 
and design data 
for optimizing 
location performance 
characteristics. 

Proof testing 
of vibration 
and stress measuring 
instruments and 
techniques for core 
component and vessel 
surveillance. 

Design information 
and specifications 
for connectors 
demonstrated suitable 
for FFTF use 

Design data 
on acceptable cable 
and material 
and types 
of circuitry required. 

Proof tested flowmeter 
for FFTF service. 

Design adequacy, 
specification 
of operational system. 
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Facilities 

.Sodium flow loop, mockup 
of process channel, 
450 gal/min, 1200 of 
12 in. diam test section 
35 feet long, 304 stain
less steel construction. 

.EBR-II for radiation 
effects (strain gauges) 

.Sodium pot for 1200 of 
operation 

.Sodium vessel for 1200 of 
application, size 
of vessel as required 
to simulate reactor. 

.Top nozzle configuration 
with simulated fuel 
handling machine 

.Sodium pot for 1200 of 
service, mechanical 
loading apparatus 
for tension compression 
and bending tests (ANL). 

.Gamma source up to 
10 9 R/hr. 

.Neutron flux up to 
1016 nv. 

.Sodium loop, 800 to 
16,000 gal/min flow, 
1000 of temperature, 
thermal cycling. 
(LMEC-ACTI ). 

.Mockup of subassembly 
including one channel 
of flux mapping system 
with subassembly at 
1400 of 

BNWL-614 

Schedule 
Start Flnlsh 

Dec 1968 - 1971 

Jul 1968 Jul 1969 

1969 1971 

Mar 1968 1970 

In progress Jul 1968 

In progress Dec 1970 

*~Iar 1970 Dec 1971 

Jun 1968 Dec 1971 

* Assumes availability of 
ACTI by March 1970. 
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o EVE LOP 11 E in AND T EST I N G R E QUI R E r~ E N T S 

Evaluations were made to define the overall reactor system 

cievelopment and testing requirements, For this purpose, the 

reactor system is def1ned as the reactor vessel, cover, and all 

components and internal structure within the reactor vessel. 

The evaluation was carr1ed out on the basis of technical dis

ciplines where suitable. to estaLlish a set of text require

ments more easily amenable to characterizing the facilities 

needs and their schedules through generally common test facil

ity features; tnese include thermal hydraulic, hydraulics, 

mechanics, hydromechan1cs, and mechanical fit. In some cases, 

however, component approach to test program evaluation was 

found to better present the total clevelopment needs, Such 

items as control mechanisms, instruments, and closed loops are 

in this category. 

To conduct this evaluation, the basic format employed was: 

1) Ident1fy tne design problem requ1r1ng experimentation 

2) Descr1be the technical plan needed to resolve the problem 

3) DescrIbe the test facility needed 

4) Determine the trade off on alternate approaches to 

resolving the problem or alternate action which might 

be taken 

The problems 1dent1fied and discussed within this report 

are presentlydef1ned maJor problems of a broad scope. It is 

emphasized that certa1n subproblems associated with the 

deta1ls of these larger problems are inherently included. .By 

their nature, they remain undefined at this time, but the 

t1mely and systematic resolut1on of these subproblems 1S very 

important to the particular development effort involved. 

The problems identif1ed and discussed in this evaluation 

are consIdered preliminary. Undoubt~dly some of the specific 

programs will incur revIsions as additional studies are made, 

and the concepts are firmed, The Reactor Plant Designer will 
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also provide contributions to the program as his efforts become 

integrated into the FFTF project. Reliability testing of com

ponents and systems to provide high assurance of performance 

and hence, high plant availability has been covered only to a 

small degree in this evaluation. 

This FFTF reference reactor design is based on the split 

core concept of reactor arrangement, with a vertical core serv

ing as a backup design. It is the intent that the overall 

development and testing program will be carried in such a man

ner that if the fall-back position were resorted to, loss ln 

schedule for the FFTF startup h'ould be minimized. Although 

there are some differences ln the development requirements, 

the basic program needs in terms of type of information required 

is essentially the same. Therefore, it should be considered 

that the plan outlined, h'hile basically clirected to the split 

core, ~ill be applicable for the most part to a vertical core 

concept as h'ell. Specific development programs and facilities 

needed fo r the backup co re h'i 11 be formul a ted and compa red wi th 

these discussions after P\L receives General Electric Company 

recommendations of development requirements for the vertical 

core. Detailed test plans h'ill be formulated to minimize dup-

lication wherever possible. 
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A. THERMAL-HYDRAULIC uEVELOPMENT 

A plan of the thermal-hydraulics development effort 

needed to support the core design for the Fast Flux Test 

Facility was presented in Reference 1.* The plan is oriented 

to meet requirements dictated by a wide range of core perfor

mance criteria. The scope of this plan was limited to thermal

hydraulic problem areas arising from and directly associated 

with driver and test fuel in-core operation. Specifically, 

excluded are thermal-hydraulic problems arising In fuel 

handling, fuel inspection in gas or liquid, and In the heat 

dump systems. 

In the evaluation, design data were compared with limits 

based on current technology. Problem areas are considered to 

be those cases in which: 

1) The design data for the initial concept exceed the 

limits that may presently be set by current technology 

2) The estimated design data for anticipated upgraded 

operation exceed the limits that may be set by 

current technology 

3) No limits can be inferred due to the inadequacy of 

current technology. 

The body of problem areas identified was subjected to a 

technical evaluation which compared alternate, though not 

necessarily independent, avenues of solution. These include: 

1) Performing development work to determine more 

accurate limits for that phase of the FFTF operation 

2) Changing the reactor design to conform to the known 

limit 

3) Changing the basic criteria. 

The resultant thermal-hydraulics development program is 

oriented towards resolving design requirements, identifying 

* See end of section for reference detaiZs. 
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design uncertainties, and specifying specific development 

efforts necessary to reduce these uncertainties. The experi

ments proposed for the program are summarized from Reference 1 

In Table II. 

The program was evaluated by several National Laborato

ries and industry personnel* as to the needs and priorities 

of the several experiments to solve the problems. Comments 

and suggestions derived from evaluation have been reviewed by 

PNL and incorporated into the PNL program. The resulting pro

gram established an order of priority for experimental solu

tion to the problems as follows: 

1) Pressure Drop and Cross-channel Mixing 

2) Fuel Clad Temperatures 

3) Local Coolant Voiding and Propagation 

4) Loss of Coolant 

5) Proof tests of Critical lIeat Flux. 

The evaluation also resulted in slight redirection of 

the experimental program. The primary redirection is the 

inclusion of tests with smaller scale test sections (7 pin 

rather than 19 or 37 pin electrically heated test sections) 

to do preliminary fuel clad temperature and local voiding 

and propagation tests. The purpose of the smaller scale test 

sections is to provide information for the FFTF earlier than 

could be obtained with the larger scale tests. The critical 

heat flux tests are verification of the absence of the 

critical heat flux for possible overpower conditions. 

The redirection of the program requires a liquid metal 

heat transfer facility to accommodate a 7 pin electrically 

heat bundle. The facility requirements are sodium pumping 

capacity up to 20 gal/min with a head of 60 psi, and coolant 

* Argonne National Laboratory; Atomics International; Atomic 
Power Development Associates; General Electric Company; Oak 
Ridge National Laboratory. 
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temperature of 1500 of. The facility will require a direct 

current power source of 200 kW to voltages of 450 Vdc to pro

vide current flow through simulated fuel pins. This facility 

can be modified from the PNL single pin heat transfer loop by 

the replacement of the pump. 

The 37 pin test program requires flow of 250 gal/min, 

pump head of 200 psi minimum at temperature to 1500 of. This 

facility will require an electric power supply of about 6 MW, 

with approximately 4.5 MW at 450 Vdc to simulate fuel pin heat 

generation rates up to 2 x 10 6 Btu/hr/ft 2 . This power require

ment was determined by the requirements of a test section of 37 

pins, each 3 ft long and 0.25 in. OD and operated at the maxi

mum heat flux, giving 4.25 MW. The loop will have other power 

requirements-principally pump power and preheat power. The 

4.25 MW was increased to 6 MW to provide additional power for 

the loop and to provide a modest excess for testing. 

1. G. M. Hesson~ A. Padilla~ and J. M. Yatabe. Thermal
Hydraulic Development~ BNWL-CC-ll49~ Pacific Northwest 
Laboratory~ Richland~ Washington. April 1967. 
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B. FUEL SUBASSEMBLY WATER, SODIUM, AND MECHANICAL TESTING 

The integrated project plan for water and sodium flow 

testing and mechanical testing for the FTR fuel subassembly 

has been presented in a separate document. (1) The testing 

program is directed toward resolving design uncertainties 

empirically. Where analytical techniques are not sufficiently 

sophisticated to produce guaranteed reliability, observation 

through testing under prototype or near prototype conditions, 

is the only available method. The report presents a com

prehensive test plan which establishes the performance limits 

imposed on the FFTF driver fuel assembly. It examines the 

operating problems and proof testing methods in which partial 

and full fuel subassemblies are subjected to water hydraulic, 

sodium dynamic, and mechanical testing. The total fuel 

operating experience cannot be simulated in anyone of these 

tests since a number of the more important operating condi

tions are absent, primarily core 6T and radiation exposure. 

The program simulates all operating experiences which are 

possible through testing and couples the results with the 

effects of irradiation as generated in the FTR fuel and clad

ding irradiation programs. The problems of erosion and 

corrosion are examined in light of other reactor operating 

experiences where a temperature gradient is imposed on the 

fuel assembly. Analysis will be performed to determine the 

mechanical effects of vibration, fretting corrosion, fretting 

fatigue, etc., coupled with the vibration and material removal 

measurements noted in the hydraulic and the sodium dynamic 

tests. By using this syntnesis testing method, the total 

experience for the fuel performance will be projected which 

will lead to high reliability and assure performance of both 

first and subsequent FFTF core loadings. Additionally, the 

data generated within these testing programs will be coordi

nated with the thermal-hydraulics development program and the 

core hydraulic mockup program to insure that the projected 
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operating characteristics and design modifications resulting 

from the testing are reflected in these programs. The water 

hydraulic,sodium dynamic, and mechanical tests proposed for the 

program are summarized below: 

Test Designation 

Water-hydraulics tests 

Small bundle sodium flow 
tests 

Full scale CCTL (Core 
Component Test Loop) 
testing 

Test Parameter and Objectives 

Flow rates to 125% of normal, 

using full scale subassemblies. 

Objectives to establish accept

able pressure drop character

istics and assure adequate 

coolant mixing for minimization 

of local hot spots. 

Velocities up to 35 ft/sec in 

shortened 7 and 19 rod clusters. 

Objectives to examine specific 

localized problems in the fuel 

bundle performance. Outlet tem

perature up to maximum sodium 

clad interface temperature 

'\,1100 of. 

Full subassembly flow at maxi

mum hot channel outlet tempera

ture. Examine full subassembly 

performance, and due to flow 

induced vibration, corrosion, 

erosion, etc. 

1. P. D. Cohn. FTR Fuel Design and Analysis -- Hydraulic, 
Sodium and Mechanical Testing, BNWL-599, Pacific Northwest 
Laboratory, Richland, Washington. October 196? 
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C. CORE AND VESSEL HYDRAULICS 

The core and vessel hydraulics development program is 

oriented toward resolving design and operating requirements, 

identifying design uncertainties, and specifying development 

efforts necessary to reduce these uncertainties. The program 

has been divided into specific types of technical problem 

areas. These areas are: 

1) Core flow distribution 

2) Bypass flows 

3) Fluid thermal graciients In the reactor outlet regIon 

4) Loss of coolant accidents 

5) Gas entrainment 

6) Cavitation 

7) Solids deposition 

8) Gas or steam closed test loop rupture. 

These problem areas will require testing of components (e.g., 

fuel subassembly), partial assemblies (e.g., inlet plenum), 

and composite assemblies (e.g., full core mockup). Examina

tion is undertaken by problem areas both to present all the 

hydraulic problems of concern and to account for interactions 

between components or component systems. 

Subassembly component testing is a vital part of these 

overall core and vessel hydraulic studies; subassembly hydrau

lics additionally have major impact on fuel thermal-hydraulics 

problems and subassembly design. Therefore, the fuel sub

assembly pressure drop and cross channel mixing problem is 

covered in detail in both the thermal hydraulic development 

and driver fuel subassembly water and sodium testing programs. 

Discussions of subassembly hydraulics as part of other sub-

programs are not intended to imply separate entity. In fact, 

information obtained by other subprograms provides an integral 

input to the total hydraulic evaluations. 
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CORE FLOW DISTRIBUTION (C-1) 

Design Problem and Requirements 

Poor coolant distribution will cause certain channels to 

operate at higher than normal temperature levels. For the ducts 

containing driver fuel subassemblies, the thermal limits set on 

fuel operation will cause the hot channels to limit directly 

reactor power and/or bulk coolant outlet temperature. Thermal 

limits are: 

1) Fuel centerline temperature limit: It is currently proposed 

that the fuel centerline temperature will not reach the 

melting point of the mixed oxide fuel at reactor powers 

below steady-state power level of 1.25 times the normal 

operating power. 

2) Fuel clad temperature limit: It is currently proposed 

that the reference clad material TP 304 SS not exceed 

1200 of, based on a maximum strain rate of 0.2% after 

45,000 (avg) or 75,000 (max) ~WD/Tonne of fuel burnup. 

At the present time, a conservative estimate of possible 

maldistribution of coolant between reactor flow ducts must be 

made and factored into an engineering hot channel or hot spot 

analysis and will directly increase calculated maximum fuel 

clad and fuel centerline temperatures. If these temperatures 

then exceed the aforementioned limits, the reactor power or 

coolant temperature must be lowered or the cause of the flow 

maldistribution corrected in the design. 

Coolant maldistribution will also adversely affect fuels 

and materials test data. For example, coolant temperatures and 

flow rates that diverge from those specified in open loop test

ing programs will degrade the value of the test results. In 

addition, for advanced open loop fuels tests to be performed 

with higher outlet temperatures, unpredicted flow starvation 

from various causes may endanger the test fuel assemblies by 

causIng overneating with subsequent material failure. 
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Coolant starvation In control rod or reflector module 

assemblies may cause excessive temperature levels which will 

possibly degrade component performance or in extreme cases 

cause material failure. On the other hand, excessive coolant 

flows in the control rod assemblies may produce high hydraulic 

forces which could adversely affect component operation. 

Three factors determine the coolant flow distribution 

among the reactor ducts: 

1) Pressure distribution in the inlet plenum 

2) Flow resistance of the reactor duct and internal 

components, including orifices 

3) Pressure distribution in the coolant outlet region. 

The effects are coupled, and analytical or experimental models 

must not ignore any of them in the determination of flow split 

between the reactor tubes. 

Inlet Region 

Coolant enters each reactor duct from the high pressure 

inlet plenum. Duct inlet sections are approximately 2.9 in. 

outer diameter (2.7 in. inner diameter) arranged in an equi

lateral triangular pattern with a pitch of 3.1 in. Flow 

enters through the bottom of each duct. Inlet sections for 

ducts containing driver fuel assemblies, open loop tests or 

reflector modules will be identical with the possible exception 

of inlet orifices. 

In a presently proposed single tube sheet inlet plenum 

design, no local pressure aberrations are anticipated. The 

flow rates in the plenum proper will be very low (on the order 

of 1.5 ft/sec) and the region surrounding the reactor tube 

inlet should be one of virtually constant pressure. However, 

perturbations in pressure may arise due to entrance effects 

at the subassembly duct inlet region. For example, in the 

closely spaced inlet region, a high flow tube adjacent to a 
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low flow tube (e.g., reflector module) may cause inlet pressure 

field disturbances sufficient to affect the flow split, or the 

inlet pipes and baffle arrangement may cause a vortex or vor

tices with uneven pressure distribution. With the use of hydro

dynamic or potential flow techniques, analyses of these extreme 

effects will indicate whether or not a problem area exists. 

However, direct experimental data will be required to provide 

verified flow distribution results useful to the design and 

operation of the reactor. 

There is an alternate inlet plenum design concept which 

employs two compartments: a high pressure section through 

which primary coolant flows into the core and a low pressure 

section below it to provide more balanced hydraulic forces on 

the reactor flow ducts and fuel assemblies. The major effect 

of this plenum design on core flow split is that the inlet 

region geometry will be more restricted. Flow into the ducts 

will be through a series of Doles or slots through the side 

walls rather than through a large hole in the bottom. Experi

mental verification will be required to assure that the 

advantages of balanced forces in this concept outweigh the 

disadvantages of a more restricted inlet. Frictional forces 

arising from flow between and through the closely packed tubes 

may be significant, and the total radial pressure gradient 

across the inlet region may vary locally and be larger than in 

the first design. The potential for flow maldistribution will 

be increased due to the increased gradient. Potential flow 

analysis will be inadequate, analysis based on boundary layer 

and separated flow in this region ofcomplex geometry can only 

be performed on a very approximate basis; therefore, data 

sufficiently accurate to support reactor plenum design must be 

obtained experimentally. 

J 
t 
l 

1 
1 



I 

I 
t 
a 

3.5 BNWL-614 

In-Duct Flow Resistance 

The total flow resistance In each reactor duct will be the 

major factor in determining the coolant flow split. The major

ity of the pressure drop will occur in the small equivalent 

diameter region of the fuel assembly and fuel gas plenum region 

for driver and open test loop flow ducts. In addition, smaller 

pressure losses will occur due to the various entrance regIons, 

exit regions and long pipe runs. In reflector modules and 

control rod positions, the major pressure losses will probably 

occur at inlet orifices to produce the significantly lower 

flow rates required to cool these components. 

The inlet resistance of the driver and open test loop 

ducts mayor may not be varied by means of orificing. In the 

driver ducts, this may be done for two possible reasons: 

1) To match individual channel coolant flow to tube power: 

All cores, zoned or not, proposed for the FTR will have 

a nonuniform radial power distribution. If the radial 

core power gradient is large, duct coolant flows may be 

adjusted to minimize the temperature gradient across the 

core and to permit maximum coolant temperatures to be 

maintained within designated fuel and reactor component 

thermal limits. 

2) To provide high inlet pressure drops (steeper hydraulic 

demand curves) to improve flow stability: Loss of 

coolant accidents may cause flow instabilities arising 

from coolant boiling in the fuel assembly which in turn 

may lead to low flow conditions and possible gross fuel 

melting. Such instabilities may be prevented from 

occurring by increasing inlet plenum pressures and ori

ficing reactor ducts to provide a steep hydraulic demand 

curve. A full technical discussion of the effects of 

orificing to prevent flow instability has been made in 

Reference 1 and will not be repeated here. 
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For the open test loops, orificing may be desirable to provide 

high temperature coolant outlet conditions for advanced fuel 

and materials testing programs. 

The major factor determining the pressure drop-flow 

behavior of the driver and test reactor channel will be 

the fuel assembly configurations: closely packed bundles 

of long, slender pins with spacers. Hydraulic behavior can

not be predicted analytically with complete accuracy. Nor 

are there sufficient experimental data on this class of fuel 

assembly configuration to completely determine their pres

sure drop-flow hehavior as a function of spacer design, pin 

spacing or pin diameter. The same conclusion holds true for 

open test loop fuel assemblies of other geometries. The 

most accurate method of determining pressure drop-flow behav

ior in FFTF fuel assemblies will be to perform laboratory 

hydraulic tests on full scale, exact models. 

The hydraulic behavior of the inlet orifices may be more 

easily characterized using currently available correlations. 

The only complication is that fully developed entrance condi

tions do not exist immediately upstream of the inlet orifices 

due to the accelerating fluid field at the entrance to the 

tubes. 

Outlet Region 

In the currently proposed design, coolant leaving the core 

will pass upward through the fuel assembly gas plenum region 

and then through a straigllt pipe region containing only instru

mentation (negligible flow resistance). Coolant will emerge 
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from the reactor duct through radial holes located at approxi

mately 8 ft above the top of the core. From this position, 

flow egresses through very complex flow paths to the outlet 

plenum of the reactor. An additional complication is momentum 

exchange between the core outlet, and the cooler bypass flow 

throughout this region. 

Outlet coolant flow streams from the inclined subassembly 

shrouds act as high velocity, interacting radial sources in a 

complex region of tightly restricted flow paths. In general, 

all sources are not equal nor symmetric. The bypass flow 

represents a small but not negligible three dimensional veloc

ity field mixing with the core outlet fluid. All of the 

aforementioned effects will be combined into an approximate 

analytical model. Again, the best method for obtaining the 

design support information for this region will be to perform 

hydraulic experiments on a geometrically and dynamically simi

lar model of these systems. 

An important problem which will affect flow distribution 

and pressure drop distribution In all three of the afore

mentioned reactor regions will be the effect of distorted 

components. Where misaligned, bowed, and swollen components 

alter the core flow split, their presence is detrimental to 

the safu and efficient operation of the reactor. Initial 

studies of the effects of deformed components will be per

formed analytically. The results of these analyses will 

define the further experimental studies required. 

The information required for the design is: 

1) Preliminary hydraulic data as basis for alternate 

designs, to optimize core flow distribution 

2) Core flow distribution for the final Fast Test Reactor 

design for all proposed operating conditions 
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3) Information on the effect of mechanical distortion in 

reactor components on the core flow split. 

These studies support design development and verification of 

performance characteristics for the reactor. 

Test Program 

Test Method and Purpose 

The first tests performed will determine the flow resis

tance of individual reactor flow ducts and internal components. 

These tests will evaluate the pressure drop-flow behavior of 

driver fuel subassemblies, reflector subassemblies, regulating, 

driver and safety rods and open loop test tubes as they are 

defined. 

For these tests, water will be used as the test fluid. 

The use of water will not degrade the accuracy of these data 

and will be more timely, and economical in the performance of 

the core flow distribution program. The major hydraulic tests 

of the driver fuel assemblies are described in detail in 

Reference 1 and Reference 2. The hydraulic tests on the 

regulating, shim and safety rods are discussed under the 

specific subassembly. 

The individual component tests will provide important 

hydraulic design information and will provide information 

required for later tests on a simulation of the reactor 

in-vessel systems. 

The second series of tests will be performed with feature 

or sectional models specifically designed to investigate one 

specific flow region. These tests will determine the gross 

effect of reactor arrangement and will be semiquantitative in 

nature. The first test will be performed on a small-scale, 

transparent model of the inlet plenum and lower flow duct and 

bypass region which will be used to examine core flow distri

bution as a function of plenum and core arrangement. The 
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effect of chamber configuration, antivortex baffles and inlet 

pIpe arrangement will be evaluated. Plenum flow distribution 

will be determined by visual observation and dye injection. 

In addition, individual duct flow rates will be measured. The 

data obtained from these tests are expected to facilitate a 

choice between the several candidate inlet plenum designs. A 

companion test will use a single full scale reactor flow duct 

model to verify the hydraulic balance concept and determine 

the best method of providing leakage flow. 
The third series of tests will be performed In an accu

rate mockup of the reactor in-vessel systems. The mockup may 

be a reduced scale, geometric model. The application of 

models for these studies was evaluated in Reference 3. The 

basic purpose of these tests will be to measure flow distri

bution in the core flow ducts as a function of total coolant 

flow rates and reactor arrangement, I.e., core and plenum 

geometry, test loop, position. For these tests, the hydraulic 

behavior of each reactor flow duct must be carefully simulated 

over a wide range of conditions. This will be accomplished 

by a serIes of orifices in the test model. The design of 

these hydraulic resistances will be based on the individual 

component hydraulic tests that form the first series of tests 

In this program. 

Simultaneous measurements will be made of the local 

fluid pressure distribution in the inlet plenum and the 

tube outlet regIon. Tl1ese measurements will determine and 

isolate the cause of any observed flow maldistribution. 

'!easurements will be made with traversing pressure sensors 

of the impact type. Velocities and direction may also be 

determined. 

If flow maldistributions are uncovered, further tests 

of this type will be performed to evaluate design modifi

cations aimed at correcting the situation. These tests 

will be considered as tentative until their necessity is 
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clearly demonstrated by the results of the previous test pro

gram. Such tests would be run on either the reactor models 

or a special feature model as would be most useful. 

The test program to determine the effect of component and 

component system distortions has not been defined to date. 

An extensive analytical effort must be undertaken before the 

program to determine the effect of mechanical distortion on 

flow split, vibration, etc. can be scoped. 

Range of Parameters 

Single Component Hydraulic Tests 

Flow rates 

Pressure 

Fluid Temperature 

Water 

Sodium 

Mechanical distortion 

Fuel subassembly 

Other components 

5-150% of that proposed 

for the specific component 

Open 

70-250 of 

500-1200 of 

as specified in 
Reference 1 

Open 

Partial Assembly Hydraulic Tests 

Glodel flow rates 

Fluid type 

Fluid temperature 

System pressure 

System Hydraulic Tests 

Flow rates 

Fluid temperature 

(water) 

System pressure 

5-150% of reactor flow rates 

Water 

ODen 

Open 

5000-50,000 gal/min 

(or modeled flows) 

70-250 of 

Same as reactor 

Core arrangement Open 

Mechanical distortion Open 
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Variables to be Measured 

Individual Component Tests 

Pressure drop in various sections 

FloH rate 

Fluid temperature 

Partial Assembly Hydraulic Tests 

FloH distribution as a function of reactor 

arrangement (visual studies) 

System pressure 

Fluid temperature 

BNWL-6l4 

Hydraulic forces on flow ducts and components 

Individual reactor duct flow rates 

System Hydraulic Tests 

Individual reactor duct flow rates 

Pressure distribution at duct inlets and 

plenum region 

Pressure distribution at duct outlet regIon 

Fluid temperature 

Total floH rate 

System overall pressures 

Reflector flow rates 

Control and safety rod flow rates 

Information from Test Results to be Applied to Design 

The combined series of tests Hill characterize core flow 

distribution for a wide range of floH conditions and reactor 

physical arrangements. These results will cover steady state 

conditions only. The data Hill provide important design 

support, in that if flow is distributed properly these tests 

will verify the final hydraulic design of the reactor. If 

flow is improperly distributed, these tests will provide 

accurate values of the maldistribution and the specific cause 

and location of the maldistribution. In addition, these 
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tests would evaluate the effectiveness of design modifications 

made to correct observed flow maldistribution. 

Test Facilities 

The single component tests will be performed in already 

existing water and sodium flow facilities at Pacific Northwest 

Laboratory (water tests on fuel assemblies and ducts) and 

Liquid ~etal Engineering Center (sodium tests on regulating, 

shim or safety rods). There will be no special instrumentation 

requirements. 

The feature or partial assembly hydraulic tests will be 

performed in reduced scale transparent models of the inlet 

plenum and outlet plenum regions, and in a full sized single 

duct mockup. The first models will be used to examine the 

gross effects of reactor geometry on core flow-split with dye 

or other tracer injection and visual observation techniques. 

The second model will be used to verify hydraulic balance. 

Besides the dye injecting no special instrumentation require

ment exists. 

The system hydraulic tests will be performed in full 

sized or reduced scale models of the Fast Test Reactor, 

in-vessel systems. Water will be used as the test fluid. 

The major flow resistances (e.g., fuel assemblies, control 

rods, etc.) will be modeled with orifices. Individual duct 

flow rates will be measured by the pressure differential 

across these orifices. Local pressure measurements will be 

made in the fluid regions surrounJing the duct inlets and 

outlets. These measurements will be made with small, tra

versing impact pressure probes. 

Alternates to Performing Experiments 

The following alternate procedures may be considered to 

performing these tests: 

1) Base the reactor design and operation on analytical 

hydraulic models of the reactor 
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2) Perform hydraulic tests in the Fast Test Reactor prior 

to going critical 

3) Increase reactor power and/or outlet coolant tempera

tures in small stages until assurance of predicted flow 

distribution is determined by actual performance. 

4) Perform only analyses and testing on small scale 

sectional models to characterize the core flow split. 

Alternate 1: Base Reactor Design and Operation on 

Only Analytical Models 

A completely rigorous analytical model of the complex 

hydraulic behavior of coolant in the Fast Test Reactor is 

not possible in light of the current state of technology. 

For example, there is no satisfactory correlation or analyt

ical method of accurately calculating pressure drop-flow 

behavior in closely packed bundles of wire wrapped, slender 

fuel pins. 

In cases where uncertainties arise due to limits in 

present technology, a conservative or worst case approach 

is taken. This conservatism applied in each stage of the 

analysis often builds up to the point where the reactor 

operation is unduly penalized. For example, preliminary 

calculations show a possible worst case pressure gradient 

of 6 psi in the core outlet, a possible pressure change 

adjacent to tube inlet of 13 psi due to acceleration of the 

coolant and uncertainty of ±lS% (12 psi) in the calculation 

of the reactor tube flow resistance. Combining these into 

the worst case, for one duct we have a possible 39% decrease 

in pressure drop corresponding to a 12% decrease in the 

coolant flow. This may be used directly and conservatively 

in a hot channel factor to calculate maximum fuel component 

temperatures. Since the proposed reactor operation is right 

at the fuel centerline melting limit with a transient 
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overpower factor of 1.25, the reactor power would have to be 

lowered 12%. Alternately, power could remain fixed while 

coolant outlet temperatures are reduced by 12%. 

Alternate 2: Perform Hydraulic Tests in the Reactor Prior 

to Going Critical 

This is a practical solution and was partially applied in 

the EBR-II when external system problems caused a delay in 

reactor startup. (Hydraulic tests on 0.6 scale model were con

ducted.) The information obtained from such tests is com

pletely prototypic, but it is limited by the reactor 

instrumentation. Thus, flow rates in the individual reactor 

tubes and overall reactor flow rates could be measured. But 

detailed pressure gradients at tube inlet and outlet could not 

be measured. If no ma1distribution exists, these tests provide 

excellent verification of reactor and core hydraulic design. 

However, if ma1distribution of flow is found to exist, these 

tests will not necessarily indicate the exact location where 

the problem area arises. ~o intelligent modification to the 

reactor system with the exception of orificing can then be made 

on the basis of these tests. In addition, modification such 

as inlet plenum revisions, after all systems are installed, 

would be extremely expensive in time and money. 

To summarize, the performance of core flow split tests 

on the reactor are a calculated risk. These tests automati

cally assume the level of go, no go propositions with the 

success of the test facility riding on the result. 

Alternate 3: Increase Power in Small Stages until Com--------------------------------
plete Assurance of ProEer Flow Distribution Is Obtained 

The course of action is similar to that outlined for 

Alternate 2, except that there is no delay in going critical. 

The hydraulic tests could be accomplished with other startup 
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tests. There are several important safeguard questions that 

arise here, the major one being: Can the reactor be permitted 

to go critical with a large uncertainty in core flow split? 

The consequences of performing core flow split tests in 

this manner are the same as in Alternate 2. If no significant 

flow maldistribution exists, the tests provide verification 

of the hydraulic design of the reactor. If on the other hand, 

significant flow maldistributions exist, the reactor operation 

will be severely penalized or a major delay in time will occur 

while expensive modifications to the reactor are made. 

Alternate 4: Perform Onlz Analyses and Testing on Small 

Scale, Sectional Models to Characterize the Core Flow 

SElit 

This course of action represents an abbreviation of the 

test program rather than a true alternate to performing the 

tests. The reduced test program will be effective and econom

ical in the early phases of the reactor design. It will pro

vide a flexible instrument to directly compare competing 

design concepts and to determine the hydraulic effect of gross 

component changes in a single concept. However, the semiquan

titative results obtained from these models will definitely 

not provide the detailed hydraulic information required to 

support and verify the final design of the Fast Test Reactor. 
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BYPASS FLOWS (C-2) 

Design Problem and Reguirements 

A small portion (about 5%) of the primary reactor coolant 

will be bypassed around the reactor flow ducts and pass 

upwards through distribution nozzles and leakage annular 

spaces in the lower tube sheet. The functions of the bypass 

flow are to: 

1) Provide cooling to the fixed, main radial reflector 

region 

2) Provide a large heat sink in the case of major loss of 

coolant or power excursion such as primary piping break 

3) Reduce thermal gradients at the radial boundary of the 

core. 

Flow velocities will be low, in general, and the pressure 

drops will be correspondingly small. Thus, slight changes in 

the geometry of the flow paths due to component mechanical 

distortion will cause a major redistribution of the coolant 

flows. An additional problem is that pressure drops due to 

thermal gradients (natural convection flows) may be signifi

cant with respect to the imposed pressure gradient in several 

locations In the bypass regions. 

Cooling of the fixed main radial reflector assembly 

presents two potential problems. The first is to prevent 

overheating that could cause high temperature failures in 

the reflector components. The second is to prevent large 

thermal gradients, due to the exponentially decreasing radial 

heat generation profiles across the reflector assemblies. 

These gradients would give rise to large thermal stresses 

which could damage the reflector assembly. 

Due to the low reflector heat generation, preventing 

high temperatures in the maximum heat generating sections of 

the reflector will be relatively simple. However, to match 
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coolant flow to heat generation throughout the reflector may 

present a much greater problem. Heat generation rates vary 

by a factor of more than 5 across the reflector requiring a 

wide range of coolant flow rates. 

Mechanical distortion in the reflector assembly would 

cause a large percentage redistribution in flow rates due 

to low pressure heads involved. In addition, buoyancy heads 

due to thermal gradients (natural convection) are of the 

same order of magnitude as the imposed heads. Thus, changes 

in the gross or local temperature fields in the bypass region 

may affect flow distributions, which in turn will affect the 

temperature fields. 

Stress problem arIses from the close packing of the 

reflector rods (presently P/D = 1.0, rods in point contact 

along their axis). This spacing will cause temperature 

gradients around the rods. These gradients may be roughly 

predicted from limited experimental data on closely packed 

heated rod bundles and will contribute to the stress 

loading on the reflector rods. 

Basic thermal hydraulic requirements of the bypass 

region in terms of coolant flows and distribution must be 

provided for all modes of operation and with the presence 

of temperature gradients and the possibility of deformed 

components. The major unanswered design problem is the 

characterization and optimization of the bypass flow inlet 

region. Various concepts involving a combination of distri

bution nozzles and leakage through the tube sheet must be 

compared under all proposed conditions of reactor operation. 

The first characterization will be analytical. However, due 
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to the complexity of the lower plenum geometry, the final 

characterizations will be performed experimentally. 

The heat sink capacity of the pool in the event of a major 

loss of coolant or power excursion will be treated analytically. 

In cases where vessel breaks would provide drainage of the pool, 

analysis of the accident will be sufficient except for the pos

sible core flow maldistribution caused by the egress. Iiere, 

scoping test information would be helpful. 

Reduction of radial core thermal gradients at the core 

boundary by matching the bypass axial temperature rise to that 

of the core is not difficult since this is a gross rather than 

a local requirement. 

The information required for the design includes: 

1) Approximate hydraulic data to provide a criteria of 

choice for alternate schemes of introducing and dis

tributing the bypass flow from the inlet plenum 

2) Accurate bypass flow distribution and temperature pro

files for the final Fast Test Reactor design for all 

proposed operating conditions 

3) Information on the effect of mechanical distortion in 

bypass zone components on the bypass flow distribution. 

These studies support design development and verification 

for the Fast Test Reactor. 

Test Program 

Test Purpose and Methods 

There are no individual component tests planned in this 

program. The first tests performed will be on models and 

mockups, each tailored to investigate a specific area of 

bypass flow problems. A specific example is a reduced scale, 
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transparent model of the inlet plenum, flow ducts, and bypass 

region. These test facilities have previously been described 

in "Core Flow Distribution," page 3.2 In these tests, bypass 

flow distribution is examined in a semi-quantitative manner 

using visual observation and dye injection. These tests will 

be used to obtain the effects of various combinations of inlet 

nozzles and leakage around reactor ducts on the flow distri

bution in the bypass region. The test results will provide a 

basis for choices among the various bypass flow inlet 

configurations. 

The second set of tests will be performed in a mockup of 

the reactor in-vessel systems. The purpose of these tests 

will be to obtain accurate pressure drop-flow distribution 

data In the bypass region over a wide range of overall reactor 

flow conditions. The tests will be made under isothermal con

ditions with water as the test fluid. Bypass region compo

nents will be accurately modeled. This exact modeling will 

be to facilitate tests on distorted geometries covered in the 

third series of tests. Local flow rates and pressure distri

butions will be measured with impact type probes and conduc

tivity probes or thermistors in conjunction with the 

introduction of conducting salts in the fluid or heated 

water. The conductivity probe outputs will register system 

disturbances traveling between probes at different locations. 

A spectral analysis data acquisition system will reduce the 

outputs to time delays from which three dimensional local 

velocity fields can be calculated. 

No attempt will be made to impose thermal gradients in 

these tests to determine the superimposed flow rates due to 

thermal buoyancy or natural convection. While this informa

tion is desirable to obtain, the difficulty of simulating 

reactor thermal conditions would render its obtainment 

unfeasible. The effect of natural convection circulation will 

be performed analytically using the isothermal flow distribu

tion as its initial condition. 



3.20 BNWL-6l4 

The third series of tests will determine the effect of 

mechanically deformed comoonents on the bypass flow 

distribution. 

Range of Parameters 

Preliminary Plenum Optimization Tests 

Model flow rates 

Fluid type 

Fluid temperature 

System pressure 

Bypass Flow tests 

Flow rates 

Fluid temperature 

(water) 

System pressure 

10-150% of reactor (model) 

flow rates 

water 

open 

open 

5000-50,000 gal/min (or 

modeled flows) 

70-250 of 

same as reactor 

Mechanical distortion open 

Variables to be Measured 

Preliminary Plenum Optimization Tests 

Bypass flow distribution as a function of lower 

plenum arrangement 

Total flow rate 

System pressure 

Fluid temperature 

Bypass Flow Tests 

Bypass local flow distribution 

Bypass local pressure distribution 

Fluid temperature 

Total flow 

System pressure 
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Information from Test Results to be Applied to Design 

The combined test results will provide for the optimiza

tion of the bypass system arrangement and then final deter

mination of the hydraulic behavior in the final reactor 

arrangement. In addition, information on the effects of 

mechanical distortion in components and component systems 

will indicate needed design modifications to prevent unde

sirable flow redistribution. 

Test Facilities 

The preliminary plenum optimization studies will be 

performed in a reduced scale transparent model of the core 

bypass and inlet plenum. The model will be used to look at 

the effect of changing bypass inlet arrangements on the 

bypass flow distribution using dye or other tracer injection 

systems; no other special instrumentation requirements exist. 

The bypass flow distribution tests will be performed in 

full-size or reduced-scale models of the Fast Test Reactor 

in-vessel systems. This is the planned Hydraulic Core Mockup. 

Water will be used as tIle test fluid. The bypass components 

will be accurately modeled. The measurement of local veloc

ity fields will be made with conductivity probes or thermis

tors and a spectral analysis data acquisition system. A 

system of traversing impact probes will be used to determine 

local pressure profiles. No other special instrumentation 

requirements exist. 

Alternates to Performing Experiments 

The alternates to performing the experiment are: 

1) Base the bypass design and reactor operation only on 

analytical treatments of the bypass regions 

2) Perform the experiments in the Fast Test Reactor prior 

to going critical. 
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Alternate 1: Base Bypass System Design and Reactor 

Operation Only on Analysis 

A large portion of the test program will be designed to 

verify calculated behavior, rather than to establish unknown 

behavior. In addition, the use of isothermal water tests to 

determine flow behavior, without natural convection due to 

thermal gradients in the reactor systems will not provide 

completely accurate determinations of the thermal hydraulic 

behavior of the bypass system. The use of a heated sodium 

mockup to simulate the exact thermal hydraulic condition of 

the bypass system would be expensive with respect to the 

added accuracy of the results obtained. 

The penalty of not performing the experimental tests will 

be an uncertainty in the operation of the reactor. The low 

flows and pressure drops in the bypass should not signifi

cantly affect other coolant streams in the reactor. However, 

all these streams (e.g., core outlet) strongly affect the 

distribution of the bypass flows. In addition, the low flows 

and pressure drops make the effect of mechanical distortion 

in components and thermal gradients significant on the flow 

distribution of the bypass streams. Since a major function 

of these streams i s to cool the fixed reflectors which are 

replaceable, but only with difficulty, it is essential to 

characterize bypass flow behavior well enough to prevent 

failures among these fixed reflectors. The other functions 

of the bypass, neutron shielding and heat sink capacity, do 

not require a test program for their characterization. 

Alternate 2: Perform Bypass Flow Tests in the Reactor 

Prior to Going Critical 

Thermocouples additional to those normally required for 

reactor operation will be needed in the bypass and pool 

regIons of the reactor. Normal meaningful readings cannot 

be obtained until the power ascension period. Tests per

formed in the reactor would probably only indicate that there 
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is coolant flow not exceeding a certain temperature in the 

bypass region. Delays in reactor operation would occur if 

changes are found necessary. 

FLUID THERMAL GRADIENTS IN THE REACTOR OUTLET REGION (C-3) 

Design Problem and Requirements 

The coolant outlet temperature for all of the reactor 

flow ducts will not be uniform. Including planned open loop 

operation, there is a potential spread of up to 150 of between 

maximum and minimum outlet temperatures. The temperature 

gradient across the flow duct walls can be of the same order 

as the temperature differences of the outlet of adjacent flow 

ducts. Since a maximum value can be set on the temperature 

difference across the reactor flow duct wall, analysis alone 

will be sufficient to determine the resulting maximum thermal 

stress levels in the flow ducts. 

Another problem involves thermal gradients in the upper 

pool and outlet plenum region. If areas of poor mixing exist 

between core outlet streams of differing temperature levels, 

thermal gradients causing intolerably high secondary stresses 

may exist in outlet region components (e.g., upper tube 

sheets, outlet nozzles, piping, etc.) The resultant strain 

may cause mechanical distortions in the components which 

would affect the coolant flow paths surrounding them. An 

accurate mechanical analysis of the problem is possible 

once the temperature gradients and hydraulic forces on the 

component are fully specified. It is not possible to accu

rately determine the aforementioned thermal hydraulic quan

tities in this region of complex geometry. A combined 

analytical and experimental approach will be necessary. 

Design needs verification that in the final design of 

the Fast Test Reactor no component in the reactor upper 
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section will exceed maximum permissible stress limits. The 

information must assure that no component will suffer a 

serious loss of function or physically fail for any mode of 

reactor operation. 

Test Program 

Test Purpose and Method 

Tests will be performed In a model of the reactor with 

isothermal water as the test fluid. The objective of these 

tests will be to obtain flow distribution and flow mixing data 

in the outlet region of the Fast Test Reactor. This hydraulic 

information will then be used to calculate approximate temper

ature profiles in the outlet region coolant and components. 

Approximations are inherent in calculating these temperature 

profiles due in large part to the uncertainty in the ratio for 

eddy diffusivity for momentum and heat transfer. In addition, 

the use of isothermal water test will ignore the effects of 

natural convection. At the lower flow rate range of these 

tests representing shutdown conditions, natural convection will 

cause significant pressure differentials which must be accounted 

for in the thermal analysis. 

The determination of local flow distribution and mixing 

will be performed as described for "Bypass Flows." 

The effect of component mechanical distortion on flow 

mixing requires a great deal more analysis before a test pro

gram can be defined. In addition, the information obtained for 

normal configuration as to total stress levels will be an impor

tant base point to determine the possibility of component 

deformation in this region. 

An additional phase of the program will be to evaluate 

design modifications (e.g., thermal haffling if such modifi

cations are found necessary to prevent excessive thermal 

stress or temperature levels in components.) For this pur

pose the test results will be used in a relative, rather 
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than absolute basis to compare the mIxIng effectiveness of 

various upper region configurations. 

Range of Parameters 

Total flow rate 

Fluid temperature (water) 

System pressure 

Deformation 

Variables to be Measured 

4000-40,000 gal/min 

(or modeled flows) 

70-250 of 

same as reactor 

open 

Local flow distribution and mixing 

Total coolant flow rate 

Coolant temperature 

System pressure 

Information to be Transmitted to Design 

These tests will provide the thermal boundary conditions 

for component mechanical analyses. The results of the mechan

ical analyses will determine if the combined stresses on the 

components will adversely affect their structure or function. 

If problem areas are discovered, the test program will eval

uate the effectiveness of modifications designed to reduce 

the thermal gradients. 

Test Facilities 

The test facility required for the water mixing and flow 

distribution tests is identical to that described for' Core 
Flow Distribution." 

Alternates to Performing Experiments 

Alternate 1: Base Design of the Reactor Outlet Region 

Components on Conservative Analyses 

This is a practical course of action and has been used 

as a design basis for many currently operating fast and ther

mal reactors. The major differences between these reactors 

and the FTR are the higher outlet coolant temperatures 



3.26 BNWL-6l4 

planned for the FTR and the larger disparities in outlet tube 

temperatures because of the open test loops. To fully aSSure 

reliable operation under the aforementioned conditions, it is 

necessary to obtain more accurate characterizations of the 

temperature profiles in the outlet region than are possible 

by analysis alone. 

LOSS OF COOLANT ACCIDENTS (C-4) 

Design Problem and Requirements 

The term loss-of-coolant covers several possible incidents 

which result in less than normal coolant flows in a portion of 

or in the entire reactor core. A loss of cooling incident such 

as the rupture of a single reactor flow duct would reduce 

coolant flow in the reactor duct and fuel assembly. Even if a 

scram is initiated the affected fuel assembly can still over

heat due to the loss of coolant sink capacity. A severe reduc

tion in flow may initiate coolant boiling. The pressures built 

up from the phase change (e.g., at atmosnheric pressure, the 

volume change for vaporization of sodium is about 3000:1) will 

cause the partial or total voiding of the ruptured tube. The 

critical flow rate of the two-phase mixture limits the out

flow. This severe loss of coolant capacity could then cause 

melting of the affected fuel assembly. Further, the pressure 

surges accompanying the boilout of a reactor flow duct can 

lead to further d~mage by causing flow disturbances in adja

cent ducts. 

This report covers the loss-of-coolant accidents under 

the following categories: 

1) Rupture of fuel assembly gas plenum or individual fuel 

pIn 

2) Displacement of a reactor flow duct from its hole in the 

lower tube sheet 

3) Reactor flow duct rupture 
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4) Plugging of reactor flow duct or fuel assemblies by 

foreign material 

5) Loss of pumping 

6) Plenum or primary coolant system rupture. 

The first four categories are single flow duct incidents. 

They will probably result in damage to the affected reactor 

duct and may propagate to other ducts. The latter two inci

dents are more serious in that they affect the entire core. 

Rupture of a Fuel Assembly Gas Plenum or Individual 
Fuel Pin 

The fission gas plenum for each FFTF driver fuel pin may 

contain gas at pressures approaching 1100 psi for end of Ii fe 

conditions. Maximum gas plenum pressures for the test fuel 

assemblies have not been defined at present. The rupture of 

one plenum and the escape of all the gas to the sodium coolant 

would result in a gas void in the coolant of about 0.1 ft 3 . 

If this gas void passes upwards to the duct outlet it would 

be too small to significantly affect flow conditions in the 

duct. Several gas plenums would have to simultaneously rup

ture before a potential hazard to the flow duct would result 

from this postulated accident. If the release could occur 

in such a manner that the gas void is driven downward into 

the core, the potential hazard is much greater. The volume 

of gas contained in the plenum could vapor blanket all of the 

fuel pins since the coolant volume in the subassembly is 0.1 

ft 3 . In central flow ducts of the split conical core the 

void will also cause a positive insertion of reactivity. The 

combination of the decreased heat transfer coefficient and 

increased power could raise fuel temperatures sufficiently to 

cause damage to the fuel assembly. The totally insulated 

heat up rate for a FFTF driver fuel assembly will be on the 

order of 1100 of/sec based on a linear power of 15 kW/ft. 
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Thus, if the void remains for more than a second, clad and 

fuel temperature limits would be exceeded by a large degree. 

Two sets of information are required to determine the 

consequences of the gas plenum rupture. First, will any gas 

plenum rupture expel gas downward into the core? If this can 

be clearly demonstrated to be impossible, there is no further 

problem. The second set of information required is the maxi

mum residence time and distribution of gas voids In the 

fueled region. This is not the simple problem of buoyancy 

and the hydraulic force of the flowing coolant stream driving 

a gas void upward through the core. Rather it involves a 

high pressure source forcibly ejecting gas voids downward and 

through a region of complex geometry with possible breakup 

and coalescence. Dependent on their size and initial velocity, 

some voids will reach equilibrium and be pushed upwards while 

others will possibly pass through to the tube inlet. Without 

a knowledge of the initial conditions (e.g., time zero velocity 

vector and size) even an approximate analysis of the problem 

is not possible. 

A subsidiary accident is the rupture of the fueled sec

tion of the pin. Again the high pressure fission gas will be 

released into the primary coolant. The release of molten or 

hot solid fuel particles may accompany this release of gas. 

The gas release rates will in general be slower than for plenum 

breaks because of the semiporous resistance path that the fuel 

represents between the break and the major source of gas in 

the plenum. Thus, initially only the gas contained in the 

fueled section adjacent to the break will be released. 

The gas released will blanket other fuel pins, increasing 

their temperature. In addition, fuel particles released repre

sent a potential flow blockage source or if the released 

particles are molten, their temperature levels will be 
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sufficient to vaporize sodium, further disrupting flow and 

pressure conditions in the coolant channels. The effects of 

the total void, gas plus sodium vapor, on reactivity would be 

positive in the central flow ducts of the split conical core. 

The analysis of the consequences of this accident IS 

not possible without corroborating data on the release rates 

of gas and solid materials for each postulated rupture con

dition. Currently available information is not sufficient 

to enable a prediction of these release rates. 

Displacement of a Single Reactor Flow Duct from the 

Lower Tube Sheet 

Improper latching or failure of the latch mechanism 

of the duct could displace a reactor duct. lIydraulic forces 

could then push the reactor duct upHard and possibly later

ally. Lateral movement is only possible if the core mechan

ical restraints hreak simultaneously. The thermal-hydraulic 

consequences of the displacement depend on the amount of 

displacement. Il00vever, at \vorst, two serious consequences 

may be postulated. First, the displaced duct is instanta

neously starved for coolant and begins to heat up. Coolant 

hoiling and eventual meltdOlvn of the fuel assembly may 

follOlv. I n add i t i on, t 11 e h 0 lei nth e tub e she e t pro v ide s 

a 10lver pressure drop path for the remainder of the coolant 

In the plenum, reducing flow to adjacent reactor floH ducts. 

If this reduction in coolant floH is sufficient, overheating 

may occur, leading to potential damage to these fuel assem

blies. In addition, the boiling in the displaced duct creates 

severe pressure surges which could cause severe flow distur

bances In adjacent reactor flow ducts. 

If a double plenum arrangement is used, the displace

ment of a reactor duct will increase the pressure of the lower 
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plenum chamber of the plenum and cause the partial loss of 

hydraulic balance. The effect this pressure increase may have 

on the hold down of other reactor ducts must be determined 

before the completion of the plenum design. 

The determination of the sequence of events following 

displacement requires two groups of information. The first 

set of data required is the single phase coolant flow in the 

displaced reactor duct and the adjacent reactor ducts as a 

function of the axial and lateral (optional) displacement of 

the reactor duct from its original position. From this data, 

calculations can be made to estimate whether coolant boiling 

will occur and, if it does, approximately what the delay time 

is after displacement. 

The second set of data will be the behavior of the system 

if boiling started in one or several reactor ducts. Due 

mainly to the low pressure of the system, boiling presents a 

potential hazard to the system. Volume changes for vaporiza

tion of sodium at typical Fast Test Reactor pressures are 3000 

to 1. The volume change gives rIse to a corresponding large 

pressure change which may be sufficient to expel all coolant 

from the reactor tube in a fraction of a second. Additional 

pressure surges may arise from the energy stored in liquid in 

the form of high superheats. With the loss of cooling capa

city, gross fuel meltdown may follow. 

The hydraulic supply and demand characteristics(l) of 

the affected reactor tubes which boil are extremely desirable. 

These data will provide information on what pressure drop must 

be supplied to a reactor tube to return its operation to 

stable, all liquid flow conditions. 

A detailed discussion of the tests proposed to study 

loss of coolant in a single reactor duct is contained in 
Reference 1. j 
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Reactor Flow Duct Rupture 

A rupture in a reactor (i.e., driver, open or closed 

loop) duct, especially upstream of or within the core zone, 

will constitute a serious loss-of-coolant incident. Such 

ruptures could result from several causes. These include 

the loss of creep strength in the duct wall material due 

to high neutron exposure, high temperature corrosion, thermal 

stresses or vibration damage. A rupture which decreases 

coolant flow through a driver fuel assembly on the order of 

60% or more may cause coolant boiling. Boiling could cause 

considerable damage in the affected reactor duct and fuel 

assembly. If coolant boiling propagates radially through the 

core, the entire reactor system would be endangered. 

As in the duct displacement accident, two separate 

groups of information are required. The first set of data 

involves the single phase coolant flow rates in the ruptured 

duct and the adjacent reactor ducts following the rupture as 

a function of the size and location of the rupture. From 

iliese data, an evaluation may be made on the possibility of 

coolant boiling in the affected tubes. In cases where cool

ant boiling does occur, these data will provide an estimate 

of the delay time after the rupture before the initiation of 

boiling. 

The second set of information required is the behavior 

of the system if boiling does occur in the ruptured duct. 

Again, the problem is that the large pressure buildup from 

the liquid-to-vapor phase change will cause rapid expul

sion of the coolant. The critical flow condition limits 

the two-phase flow rates. This loss of coolant capacity, if 

not made up, will probably cause fuel assembly melting even 

with the proper operation of the scram system. In addition, 

the large pressure disturbances caused by the expulsion from 

the reaction duct may disturb flow in other reactor ducts and 

cause serious hydraulic hammer to other reactor components. 
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The hydraulic single and two-phase demand and supply data 

for the ruptured duct would provide important information on 

the amount of pressure drop required across the tube to 

re-establish stable, all liquid flow conditions. This infor

mation would support design and help establish criteria for 

the emergency coolant systems. 

Plugging of the Reactor Duct on Fuel Assembly by Solid 

Material 

This accident is described in the section on "Solids 

Deposition' and in Reference 1. 

Loss of Pumping 

The loss of pumping due to failures in one or more of the 

reactor primary coolant system pumps will significantly reduce 

coolant flow through the core. The reduction in coolant ther

mal sink capacity will in turn cause temperature rises in core 

components. There are several methods of emergency cooling 

proposed to limit the amount of flow reduction to the core to 

assure that no gross core damage through overheating will take 

place in the event of pump failures. 

These emergency cooling methods differ according to the 

cause of pump failure. The two main causes are as follows: 

1) Loss of electrical power 

2) Mechanical failure in one or more of the coolant pumps 

or motors. 

If a pump loses electrical power, emergency power systems 

immediately will come on line. These will be set up so that 

unless three simultaneous failures occur, power will be pro

vided to the pumps. 

If a mechanical failure such as a shaft failure causes 

loss of pumping, then several proposed emergency methods will 

prevent damage to the core components. These methods include 

.... 

........ 
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the use of redundant pumping capacity, auxiliary cooling 

systems, and/or the thermally induced natural circulation of 

coolant that exists within the reactor. 

Analysis will provide the criteria of choice for these 

systems and will provide the data required for the final 

design. Tests to verify the performance of the final emer

gency coolant system are described in the following Test 

Program section. 

Plenum or Primary Coolant System Rupture 

These separate incidents can be grouped together because 

major breaks in either area would lead to the same results, 

severe reduction in overall core coolant flow rates. Emer

gency coolant systems will prevent overheating leading to 

gross core damage. The incidents should be differentiated in 

one sense: ruptures that release sodium to the pool, and 

ruptures that release sodium outside of the reactor vessel. 

The pool represents a large heat sink capacity which would 

provide additional heat removal capacity from the core and is 

an important factor in the progress of these incidents. 

When this incident involves an overall core coolant 

reduction without maldistribution between individual reactor 

ducts, standard analytical procedures will suffice to esti

mate the all liquid flow conditions following the accident. 

Unless analysis shows that this is true and that significant 

maldistribution between the reactor ducts cannot occur for 

a postulated plenum or primary coolant system rupture, no 

tests will be considered. 

If boiling were to occur in the core, information on the 

single- and two-phase hydraulic supply and demand would be 

necessary to determine what pressure drop is necessary to 

re-establish stable and all liquid flow in the core. These 

data would be vital to set criteria for auxiliary emergency 

coolant systems designed to prevent core damage. 
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Additional verification would be required of the perform

ance of the emergency coolant systems in a heated sodium envi

ronment. These data would be required over a long term of 

operation to thoroughly test the mechanical components and to 

unearth potential corrosion and vibration problems. 

Test Program 

Test Method and Purpose 

The experimental program will be divided into four 

separate portions: 

1) Isothermal gas olenum and fuel pin rupture tests performed 

in a model of a single FFTF flow duct and fuel assembly. 

Water and gas will model the sodium coolant and fission 

gas respectively. A high pressure gas injection system 

will simulate various plenum ',reaks. The local pressure 

surges, total coolant flow, a-~ the residence time of the 

gas voids in the fueled secttG~ Jill be measured. The 

residence time and distribution of the gas voids will be 

determined visually and with conductivity probes with 

salt injection (e.g., measurement of resistance or 

capacitance) . 

With the use of a specially designed pin, the second set 

of tests will simulate a fuel pin rupture. This pin will 

be filled with compacted powder to model the resistance 

of the fuel to gas flowing from the fission gas plenum. 

This pin will be ruptured by pressurizing a predefected 

region and the local pressures, total coolant flow and 

the residence time of the gas voids will be measured by 

the previously described techniques. 

The results of these hydraulic tests will provide a firm 

basis for analytical models to determine the heat trans

fer and physics behavior of the system following the 

rupture. 
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2) Loss-of-coolant tests in sodium with heated models of a 

single FFTF fuel assembly and flow duct. These tests 

are described in detail in Reference I and will 

provide information on the hydraulic demand requirements 

necessary to re-establish stable single phase flow in 

the reactor after coolant boiling has occurred. 

3) Isothermal water tests on a reactor system wide basis to 

determine the single phase hydraulic behavior after the 

loss-of-coolant accident occurs. The accidents simulated 

will be the displacement of a duct from the lower tube 

sheet and the rupture of a flow duct. In both cases the 

major measured variables will be the flow rates in the 

affected flow duct and the adjacent flow ducts. These 

tests will determine if coolant boiling could occur from 

a given displacement or rupture. In addition, if coolant 

boiling would occur, the test results will be used to 

calculate the delay time before its initiation. 

4) Proof tests of the operation of the emergency coolant 

systems in the FTR. These tests will verify the long 

term operation of the mechanical components of the 

emergency coolant systems in a high temperature envi-

ronment. If problem areas such as fretting, corrosion 

or oxide formation are unearthed, the test program will 

be re-oriented to investigate these specific problems. 

The purpose of the four test programs will be to provide 

all practically obtainable data to support the evaluation of 

serious loss-of-coolant accidents in the Fast Test Reactor. 

It is considered impractical and uneconomical to attempt to 

simulate the boiling portion of the accidents on a system 

wide basis. Thus, the separated groups of data obtained in 

single tube and system hydraulic tests, heated single fuel 

assembly tests and emergency coolant system performance tests 

will he tied together by analyses to determine the complete 
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sequence of events following a specific loss-of-coolant acci

dent. An additional task of the analytical program will be to 

extend the results of the experiments to be performed. Obvi

ously all displacements, ruptures, and plugging incidents 

cannot be examined experimentally. A limited number of 

specific worst cases must be examined, their results used to 

verify the accuracy of the analytical models, and the final 

combined results applied to the overall safeguards evaluation 

of the reactor. 

The analytical model will have to couple heat transfer 

and fluid flow behavioral equations to those of physics 

equations describing the neutronics behavior, similar to those 

written for thermal reactors, such as FARM or FORE. Addi

tional information of a general nature would be necessary for 

the analytical model such as sonic velocity or critical flow 

data for the two-phase fluid is not included in the scope of 

the test program because there are LMFBR programs which are 

presently proposed to produce these data. 

Range of Parameters 

Single Reactor Duct Tests 

Heated Tests in Sodium 

Described in Reference 1. 

Gas Plenum Rupture and Fuel Pin Rupture Tests 

Flow rate 

Fluid temperature 

(water) 

System pressure 

Rupture size and 

location 

Plenum gas pressure 

200-500 gal/min 

70-250 of 

same as reactor 

open 

900-1200 psi 
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Water System Loss-of-Coolant Tests 

Displacement of a Reactor Duct from the Lower 

Tube Sheet 

Flow rate 

Displacement 

Fluid temperature 

System pressure 

Reactor Duct Rupture 

Flow rate 

Rupture size and 

location 

Fluid temperature 

(water) 

System pressure 

20,000-40,000 gal/min 

(or modeled flows) 

open 

70-250 of 

same as reactor 

20,000-40,000 gal/min 

(or modeled flows) 

open 

70-250 of 

same as reactor 

Sodium Emergency Coolant System Verification Tests 

The range of parameters must remain open until the 

criteria for the emergency coolant system design have been 

established. 

Variables to be Measured 

Single Reactor Duct Tests 

Heated Tests in Sodium 

Described in Reference 1. 

Gas Plenum Rupture and Fuel Pin Rupture Tests 

Gas void residence time and distribution 

Local coolant velocities 

Local coolant pressures 

Total flow rate 

Fluid temperature 

Plenum gas pressure 

Initial conditions of flow and pressure 
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Water System Loss-of-Coolant Tests 

Displacement of a Reactor Duct from Lower Tube Sheet 

Coolant flow rate in displaced duct 

Coolant flow rate in adjacent ducts 

Pressure drop in ducts 

Amount of displacement 

Fluid temperature 

Total coolant flow rate 

Reactor Duct Rupture 

Coolant flow rate in ruptured duct 

Coolant flow rate in adjacent ducts 

Pressure drop in ducts 

Fluid temperature 

Total coolant flow rate 

Sodium Emergency Coolant System Verification Tests 

Delay time in operation* 

Coolant flow 

Pressure drop in system 

System temperature 

Information from Test Results Transmitted to Design 

The information from the test results will support the 

design by determining the consequences of loss-of-coolant 

accidents. These data will assist in assessing which acci

dents must be positively prevented in the design of the 

reactor. They will also help in setting the criteria for 

safety instrumentation and auxiliary emergency coolant systems 

design to prevent damage in the event of certain loss-of

coolant accidents. Finally, the tests will provide verifica

tion of the proper operation of the emergency coolant systems. 

* All measurements made periodically over a long time period. 
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Test Facilities 

The sodium heat transfer facility and the electrically 

heated test section required to perform the single fuel assem

bly loss-of-coolant tests are described in Reference 1. 

Gas plenum and fuel pin rupture tests will be performed 

in an isothermal, water test facility. An exact model of an 

FFTF fuel assembly and flow duct will be used. Gas injection 

systems capable of simulating plenum and fuel pin ruptures 

will be incorporated in the model. One test pin will be 

filled with a compacted powder to simulate the capillary gas 

transport resistance of the oxide fuel. For other fuels 

other special pins will be fabricated. Special instrumenta

tion will include high speed motion picture cameras and view

ports to follow the void. In addition, small pressure probes 

and productivity probes (e.g., measuring resistance or 

capacitance) with salt injection will be used to measure 

transient local pressures and velocities in the fuel assembly 

coolant channels. 

The water system loss-of-coolant tests will be performed 

in a full sized or large scale model of the reactor in-vessel 

systems. The model will permit the controlled displacement 

of a single flow duct and the insertion of a ruptured flow 

duct. The measurements of flow and pressure will be on a 

steady state basis and the only special instrumentation 

requirement will be additional pressure sensors near the dis

placement or rupture. 

For the sodium emergency coolant verification tests the 

test facility will be the FTR. The test fluid will be sodium 

at temperatures up to 1000 of and of prototypic purity. No 

special instrumentation requirements beyond the standard pres

sure and flow sensors will be required . 
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Alternates to Performing Test Program 

1) Base the reactor design and safeguards evaluation on 

analytical evaluations of 10ss-of-coo1ant accidents. 

2) Perform single tube transient tests with heated bundles 

which carefully simulate actual 10ss-of-coo1ant accidents. 

Alternate 1: Perform Only Analyses of Loss-of-Coo1ant 

Accidents 

This course of action has been followed in support of 

many reactors. With the current state of technology accurate 

analysis of the sequence of events following 10ss-of-coo1ant 

accidents, in which boiling or severe ma1distribution of coolant 

flow may occur, is not possible. This leads to the compounded 

use of ultraconservative estimates of what could happen. 

The analytical model can be greatly strengthened by 

experimental data characterizing specific steps in the sequence 

of the accident. 

The program outlined in the previous section attempts to 

do just this; that is, combine analysis and practical, 

specific experiments into a more realistic synthesis of the 

consequences of loss-of-coolant accidents. 

An additional problem that cannot be handled analytically 

lS verification tests of auxiliary emergency coolant systems 

designed to prevent core meltdown in the event of a loss-of

coolant accident. Here, actual tests in heated sodium must 

be performed. 

Alternate 2: Perform Single Tube Tests with Heated Fuel 

Assembly Models to Completely Simulate Loss-of-Coo1ant 

Accidents 

These experiments would not be an alternate course of 

action but represent an addition to the proposed test program. 

The test results are considered very desirable but not 
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absolutely necessary at this time. In addition, transient 

tests would involve great difficulty and expense in their 

performance. At a later date, after the completion of the 

proposed test program, the performance of these tests should 

be reconsidered in light of knowledge available at that time. 
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CAVITATION (C-5) 

Design Problem and Requirements 

Cavitation of the reactor coolant can occur In any loca

tion where the local pressure falls below the vapor pressure 

of the fluid. The possibility of cavitation is high when the 

coolant is at high temperature and flowing in a region where 

sudden velocity changes occur. Critical areas for possible 

cavitation in the Fast Test Reactor include: 

1) Coolant pumps 

2) Reactor duct orifices 

3) Fuel assembly region 

4) Support tube sheet-flow duct clearance 

(leakage openings). 

Cavitation of the reactor coolant could have the following 

consequences: 

1) Cavitation damage to components due to the collapse of 

voids 

2) In the core region, voids formed will cause unpredicted 

power perturbations 

3) Possible reduction in the superheat requirements necessary 

to initiate boiling by introducing preformed voids. 

The first item is the one of major concern. Cavitation 

damage may severely reduce the operational life of components, 

adding to fuel cycle costs, reducing plant availability, or 

leading to a hazardous condition to the reactor. For example, 

a failed pump impeller in one primary pump will lead to serious 

loss of coolant condition. In addition, if solid particles 

were released they would be swept through the reactor system 

to cause possible channel plugging or damage to other 

components. 

The latter two items, void driven power perturbations and 

reductions in superheat, do not involve as serious hazards to 
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the reactor as item one. The reactivity perturbations caused 

by cavitation bubbles due to the sodium void coefficient 

should not be large in magnitude. This is due to the short 

life time of the voids in the subcooled coolant stream. The 

collapse of cavitation bubbles is almost instantaneous and 

very few should reach the active core or have a long life 

there. It is not expected that the power perturbations 

caused by these voids will be large enough to represent a 

hazardous condition to the reactor. However, the power per

turbations may be large enough to adversely affect some of 

the short term fuel tests. The effect of the voids on the 

superheat required to initiate boiling is difficult to assess 

within the framework of reactor safety. Lowering the super

heat requirement per se has no affect on the operation of the 

reactor. The problem is that another indeterminate factor 

has been added to the complex problem of determining the 

behavior of sodium boiling in a reactor channel. 

The major problem is to determine where and under what 

conditions significant cavitation in the reactor coolant can 

occur. In addition, if cavitation does occur the design modi

fication made in the individual component or system to prevent 

cavitation must be evaluated. 

Analysis alone will not determine whether or not cavita

tion will occur at a specific location. The prevention of 

cavitation in components is usually done on the basis of past 

performance and established design rules. The analysis per

formed will be to determine fluid velocity head changes in 

the fuel assembly region, tube orifices, pumps, etc. These 

will then be compared to the reduction in pressure required 

to reach the saturation point at the maximum possible fluid 

temperature in the region. The approximations involved in 

making these calculations in certain areas of the reactor 

plus the lack of knowledge of the superheat requirements to 
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produce voiding will make the results of the analysis less 

than definitive as to whether or not cavitation will occur. 

However, the analysis will be valuable in scoping the experi

mental program and providing a prior estimate where cavitation 

may be a problem. 

In terms of the reactor, the major purpose of this pro

gram is to support design verification, component and system 

characterization and system reliability. 

The final information required is assurance that in the 

final design of the FFTF, cavitation will not occur at 

high enough levels to cause damage to components or to disrupt 

test programs. The accuracy of this information must be suffi

cient to provide a high confidence level, that damaging cavita

tion will not occur under all proposed conditions of operation. 

Experimental Program 

Test Method 

The test program will be performed in two phases: 

1) Individual component cavitation tests In heated sodium. 

2) Qualitative tests in the hydraulic water core mockup to 

unearth system cavitation problem areas not investigated 

in the individual component tests. 

The individual component cavitation tests will be a 

portion of the component performance evaluation tests. Cavi

tation will be detected by post inspection for damage and by 

the use of acoustical pickups to detect the noise produced by 

the generation and collapse of voids. The test conditions 

will cover the range of temperature and flow conditions that 

the component will experience in the reactor. Every reactor 

component will not be tested in this manner. However, the 

major components where cavitation may occur such as the pumps 

and fuel assemblies will be tested. 
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The second phase of testing will be performed in a mockup 

of the in-vessel system with water as the test fluid. The 

major purpose of these tests is to uncover cavitation problem 

areas ln components which were not previously tested individ

ually or problems which only arise due to conditions which 

require a simulation of the total system. An example of the 

latter case would be where a combination of several mechani

cally distorted components cause a flow aberration involving 

a large change in the fluid velocity. It must be emphasized 

that only the detection of cavitation is to be attempted; no 

attempt will be made to assess the extent of damage that may 

occur from the test results. 

The methods used to detect cavitation will be threefold: 

1) Visual observation of the flow streams through viewing 

ports or transparent flow channels. This method will be 

used wherever the geometry of the system permits. 

2) Acoustical probes to detect the noise caused by void 

formation and collapse. This method will be used in 

areas such as the core inlet where visual observation 

will not be possible. 

3) Postinspection of components to find areas damaged by 

cavitation. This test method will not assess damage 

rates but only the presence or absence of cavitation. 

The postinspection observations will serve as a verifi

cation of the two previously mentioned techniques and, 

in addition, may uncover problem areas missed by the 

other two techniques. 

The tests to determine the effect of mechanically deformed 

components on cavitation of the fluid remain open at this time. 

An extensive analysis of possible deformations [1d combination 

of deformations and their effect on flow velocities must be made 

before these tests can be defined. Such analyses have not been 

done, nor is the reactor design firm enough at this time to 

support such analyses. 
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Range of Parameters 

Single Component Tests 

Flow rates 

Fluid temperatures 

(sodium) 

Pressure 

BNWL-6l4 

100-125% of proposed flow 

through the specific com

ponent 

100-110% of the thermal 

operating conditions for 

that component 

50-100% of the operating 

pressures for that com

ponent 

Water Core Mockup Cavitation Tests 

Flow rates 20,000-50,000 gal/min 

(or modeled flows) 

Fluid temperature 

(water) 

Pressure 

Component distortion 

Variables to be Measured 

70-250 of 

reactor pressure 

open 

Single Component Cavitation Tests 

Cavitation damage (post operational inspection) 

Cavitation noise (frequency, amplitude and location) 

Flow rate 

Fluid temperature 

System pressure 

Water Core Mockup 

Visual observation 

Cavitation noise 

Cavitation damage (qualitative) 

Flow rate 

Fluid temperature 

System pressure ,.. 
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No quantitative measure can be placed on the accuracy of 

the cavitation detection methods. However, the postinspection 

tests will reveal any significant damage. 

Information from Test Results to be Applied to Design 

The individual component tests performed as a part of the 

performance evaluation tests will determine if cavitation 

leading to damage occurs in the operation of that component. 

In addition, if cavitation does occur, further tests will be 

performed to evaluate design modifications aimed at suppres

sing void formation. 

Test Facilities 

Individual component cavitation tests will be performed 

as part of the component performance evaluation tests. These 

tests will be performed at ANL-CCTL for the fuel subassembly, 

at LMEC-ACTI for the prImary pumps and similarly suitable 

facilities for other components. 

Semi-qualitative cavitation tests require a water mockup 

of the in-vessel section of the reactor. The mockup could be 

to scale or a full size replica of the reactor without affect

ing these semi-qualitative experiments. 

Alternates to Performing Experiments 

The following alternate procedures may be considered: 

1) Perform only individual component cavitation tests in 

combination with component performance evaluation tests 

2) Prevent cavitation in the reactor using analytical 

models and proven design techniques. 

Alternate 1: Perform Only Individual Component Cavitation 

Tests 

This is a practical and reasonable alternate to performing 

tile entire test program. In fact, cavitation tests for other 
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fast and thermal reactors have generally been performed in this 

manner. However, the Fast Test Reactor will operate with 

higher coolant temperature and sodium velocities than other 

fast reactors. These factors would tend to increase the possi

bilities for cavitation and would increase the desirability 

for examining the entire system for possible sources of 

cavitation. 

Another question that can not be answered by single compo

nent tests is what combinations of mechanical distortions such 

as bowing, displacement or swelling could cause cavitation in 

a specific region of the reactors. Obviously, all such cases 

will not be examined in the core mockup tests. Ilowever, such 

facilities should be available to study certain critical cases. 

Alternate 2: Depend on Analysis and Proper Design Guides 

to Prevent Cavitation from Occurring 

This course of action represents a fairly high risk to 

the operation of the reactor. Analysis and proven design 

practice alone will not assure freedom from coolant cavitation 

in reactor components. If during the operation of the reactor 

no significant cavitation damage occurs, this alternate will 

result in the savings of several thousands of dollars. If 

significant cavitations occur, this course of action could 

lead to lengthy delays in the operation of the vital Fast Test 

Reactor. 



, 
[ 

! 
I 
i I • 
I 

t 

l 
I , 
t 

I 
I 

3.49 BNWL-6l4 

GAS ENTRAINMENT (C-6) 

Design Problem and Requirements 

The entrainment of inert gas in the coolant stream may 

occur in the following areas: 

1) Sodium pool surface-reactor cover gas interface 

2) Free sodium surface primary pumps 

3) Intermediate heat exchanger. 

Gas entrained in sufficient quantities could have the 

following detrimental effects on the operation of the Fast 

Test Reactor: 

1) Sudden power perturbations due to the sodium void 

coefficient. These power perturbations could be 

negative or positive depending on the location of 

the void within the core 

2) Reduction of the thermal conductivity and heat capacity 

of the sodium coolant stream 

3) Possible reduction in the heat transfer coefficient in 

the passing of large bubbles through the full assembly 

due to gas blanketing 

4) Possible damage to components similar to cavitation 

damage. 

The first three items will affect the safe operation of 

the reactor, though the effect of item two is probably slight. 

In addition, items one and two will affect the conditions of 

fuels and materials test programs. The fourth item may reduce 

the lifetime of certain components, adding to fuel cycle costs 

and reducing plant availability. 

Location and Extent of Gas Entrainment 

The first problem areas to be considered will be those 

in which gas entrainment could occur in an isolatable compo

nent. The two components having high susceptibility to gas 

entrainment are the primary system sodium pump of free surface 

design and the intermediate heat exchanger with a gas space on 
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the shell side of the exchanger to protect the upper tube 

sheet from extreme thermal gradients. Established design 

practices and analyses of these components will prevent the 

occurrence of entrainment. However, tests should be per

formed to make sure of this. 

With respect to the entire system, an area of vulner

ability is the interface between the reactor sodium pool and 

the cover gas space. The analysis of the problem is compli

cated by the complex and restricted geometry caused by the 

reactor and closed loop tubes extending through the interface. 

It will be difficult to even approximate the mass transport 

governing disturbances at the surface of the pool caused by 

the underlying flows from core outlet and bypass coolant. 

Characterization of the surface is vital, as the formation 

of sUI"face turbulance in the form of waves, vortices or 

humping will greatly increase the amount of gas entrained. 

Without experimental collaboration, analytical models fall 

into the realm of guesswork. 

The potential problem of gas entrainment can be more 

serious with the backup vertical core. Gas entrainment in 

the core outlet coolant will have a higher probability due 

to the nature of the outlet designs. 

Detrimental Level of Entrained Gas 

The shape and distribution of the gas voids affect the 

amplitude and length of the power perturbations. Although 

physics information will not be available, physics analyti

cal models should be able to bracket the perturbations 

caused by a given amount of entrained gas within narrow limits. 

Reduction of sodium thermal conductivity and heat capa

city due to gas entrainment can not be predicted analytically 

and must be determined experimentally. With this information, 

standard heat transfer calculations may be performed to 

-
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determine the effect on fuel temperatures. Unless very large 

amounts of gas are entrained, the reduction in coolant sink 

capacity should not be significant. 

An analysis of the effect of entrained gas on the opera

tion of mechanical components such as the reactor pumps can 

only be approximated. The final results will have to be 

obtained by test. 

Caused by the accumulation of the entrained gas, large 

bubbles blanketing the fuel assembly will reduce the heat 

transfer coefficient in the fuel assembly. In their traverse 

through the core, such bubbles produce an insulating blanket 

over the fuel assembly. With heating rates on the order of 

1100 of/sec for an insulated fuel pin, these bubbles would 

have to be very large to cause damage even if they produce 

an increase in reactivity of the fuel assembly. 

Potential damage to components caused by the collapse of 

the entrained gas bubbles (like cavitation damage) is amenable 

to a certain amount of analysis. For example, regions in the 

reactor where velocity changes are large enough to cause pres

sure heads sufficiently large to collapse the bubble can be 

identified. However, the final assessment of damage must be 

done experimentally. 

The information provided by these studies will determine 

what the maximum permissible levels of entrained gas will be 

from the standpoint of overall reactor operation and also from 

the standpoint of specific fuels testing programs. 

Design Modifications to Prevent Gas Entrainment 

The procedures to prevent gas entrainment once it is 

detected are standard. For example, at the reactor pool sur

face flow baffling could be used to damp disturbances at the 

pool surface. The real problem in the design of these systems 
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is to characterize the location and magnitude of the gas 

entrainment. Further, the baffling systems, etc. must be 

tested in place to verify their effectiveness. 

The required information for design is whether or not 

significant gas entrainment can occur in the present reactor 

design. Further, will the design changes made to prevent gas 

entrainment, if it occurs, be effective. This program sup

ports design development. 

Test Program 

Test Methods 

Gas entrainment tests will be made in conjunction with 

the performance tests of the reactor pumps and intermediate 

heat exchanger. The first tests are expected to be performed 

in large, sodium test facilities such as the Sodium Component 

Test Installation (SCTI), the planned Sodium Pump Test Facil

ity (SPTF), or the proposed Auxiliary Component Test Installa

tion (ACTI) at the Liquid Metal Engineering Center (LMEC). 

For the next set of tests, an isothermal air-water system 

to model the sodium-inert gas system will be used in semiquali

tative tests of gas entrainment at the reactor pool surface. 

The test facility will consist of a mockup of the upper region 

reactor in-vessel systems. Where consistent with overall plan

ning, a composite mockup may be used. Extensive use will be 

made of visual studies through view ports located above the 

pool and at the reactor outlet region. These studies will 

provide a strong indication as to whether or not a gas entrain

ment problem exists. If the fluid surface is smooth and no gas 

bubbles are observed in the outlet coolant stream, gas entrain

ment will not be considered a serious problem. Visible evi

dence of surface turbulence and gas bubbles in the outlet 

coolant stream indicate a gas entrainment problem. In this 
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case, further tests will be carried out to more quantitatively 

measure the amount of entrained gas. Periodic sampling and 

stoichiometric analysis will then be used to measure the gas 

entrained. In addition, fluid velocities at varyIng depths 

below the pool level will provide data for more accurate 

analyses of the fundamental fluid processes leading to the 

problem. 

To cover the entire range of reactor operation, simulated 

reactor flows will be operated over a wide range. Where gas 

entrainment occurs at any flow, the results of these tests will 

be used in reactor systems modifications to correct the problem. 

These modifications will in turn be evaluated in further tests 

of the same nature. 

A subsidiary test will inject gas into the coolant stream 

to determine if this gas will accumulate in any region of the 

reactor to be released as bubbles large enough to cause core 

damage. Again, visual techniques will be used. 

Final verification tests providing quantitative results 

on gas entrainment rates must be performed on the Fast Test 

Reactor. With all components of the primary coolant system 

in place, the test results would encompass all Dossible 

sources of entrained gas. The gases would, of course, be the 

actual gases to be used in the reactor cover gas system. 

Periodic sampling and stoichiometric analysis would measure 

the amount of gas entrained. Dependent on the results of the 

water system tests and the single component tests, the sodium 

system tests as a part of the non-nuclear tests may not be 

considered necessary. This is more fully discussed under 

Alternates. 



3.54 BNWL-6l4 

Range of Parameters 

Single Component Tests 

Flow rates 50-125% flow for specific 

component 

Fluid temperature 

System pressure 

Water System Tests 

Flow rates 

Primary 

Auxiliary 

Fluid temperature 

Gas pressures 

Core arrangement 

Sodium System Tests - FTR 

600-1200 of 

dictated by component 

0-40,000 gal/min 

(or modeled flow) 

0-20,000 gal/min 

70-250 of 

open 

open 

Flow rates - Primary 0-40,000 gal/min 

Fluid Temperatures 

(sodium) 300-1000 of 

Gas pressures 

Core arrangement 

Variables to be Measured 

Single Component Tests 

Gas entrained in fluid 

open 

reference 

Level of introduced gas that would affect operation 

Fluid temperature 

System pressure 

Water Systems Test 

Surface agitation (visual) 

Pool velocity 

Air entrained in exit fluid 

Reactor flow 

Auxiliary flow 
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Information from Test Results to be Applied to Design 

The first experiments performed in feature tests of 

various secions of the reactor, followed with water core 

mockup, will determine whether or not a problem area exists 

at the reactor pool surface. If none appears, the tests 

provide verification of this segment of reactor design. If 

surface turbulence is observed in the total core model tests, 

more quantitative tests will indicate corrective action in 

the form of design modifications and will in turn evaluate 

the effectiveness of these modifications. In addition, 

single component tests will determine if gas entrainment will 

occur in these components. 

A reactor test will provide final, quantitative design 

verification of the entire reactor system with respect to 

cover gas entrainment. 

Test Facilities 

The single component performance tests of the pumps and 

intermediate heat exchanger are planned for the ACTI and 

SCTI facilities. These facilities would also be suitable 

for the component gas entrainment tests. 

The water-air system gas entrainment tests at the pool 

surface will be performed in a full sized or scale model of 

the reactor upper region and later additional in-vessel sys

tems. View ports will be required through the top cover and 

at the reactor coolant outlet. Also instrumentation to 

measure local pool velocities and the level of entrained gas 

will be required for these tests. 

The sodium-gas tests will be performed in the reactor 

with the primary coolant system in place to examine all 

potential sources of gas entrainment. 
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Alternates to Performing Experiments 

The following alternate procedures may be considered In 

performing these tests: 

1) Perform only gas entrainment tests In the Fast Test 

Reactor prior to going critical 

2) Reduce the test program to only visual studies performed 

in water 

3) Base the reactor design and operation on analytical 

estimates of gas entrainment. 

Alternate 1: Perform Only Gas Entrainment Tests in the 

Reactor Prior to Going Critical 

These tests will provide excellent design verification 

and be completely adequate in themselves if no gas entrainment 

is discovered. However, if significant gas entrained in the 

primary coolant is discovered, these tests will not indicate 

where in the pool it is occurring. Thus, no intelligent modi

fication of the reactor system to prevent gas entrainment can 

be made as a result of these tests. 

If no prohlem area exists this method of testing is ade

quate economically. However, if a problem area exists, then 
this method of testing may become extremely expensive in 

lost time and dollars. 

Alternate 2: Reduce the Test Program to Only Visual 

Studies Performed with Water 

This test plus the individual component tests represent 

a minimum effort program which, while qualitative, would 

reduce the amount of testing significantly. If these tests 

lead to a reactor hydraulic design that prevents surface agi

tation of the sodium pool under all flow conditions (i.e., 

shutdown cooling to above normal flows) and, in addition, if 

the individual component tests lead to components with no gas 

entrainment possibilities, then further test programs are 

unnecessary except final reactor verification tests of the 

total systems performance. 

I 
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In light of the savings in time and money, this reduced 

test program should receive careful consideration. 

Alternate 3: Base the Reactor Design and Operation Only 

on Analytical Estimates of Gas Entrainment 

This course of action involves high risk, because esti

mates of gas entrainment rates will be very difficult to make 

and of doubtful reliability. Gambles of this nature when 

compared to the cost of Alternate 2 seem inadvisable for a 

project of this magnitude. 

SOLIDS DEPOSITION (C-7) 

Design Problem and Requirements 

The deposition of solids suspended in the reactor coolant 

may cause significant changes ln local flow distributions and 

pressure drops. For example, if solid particles lodge in a 

driver fuel assembly and partially or totally block coolant 

channels, the coolant starved areas will overheat. In extreme 

cases, the overheating will be sufficient to cause coolant 

boiling and/or fuel meltdown. The consequence to the reactor 

to this case is a lengthy outage. 

There are more subtle problems than the one cited; for 

example, in the bypass region where flow rates and pressure 

drops are low, preferential deposition of solids could signi

ficantly change the flow distribution. One possible result 

would be flow starvation and subsequent overheating in sections 

of the fixed radial reflector. Solids deposition may also 

o ccu r in tube sheet le akage openings, af fe ct ing hydr aul i c b al

ance characteristics or making fuel duct removal difficult. 

Possible sources of foreign solids in the coolant stream 

would include: 

1) Sodium oxide or other chemical complexes 

2) Molten fuel release 
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3) Failure of components, such as rupture discs, spacers, 

filters, etc. 

4) Introduction of foreign objects, such as tools during 

reactor maintenance 

5) Mass transfer from hot leg to cold leg, e.g., inlet 

plenum. 

There is presently no method proposed to monitor nonra

dioactive solids in the reactor coolant streams. Their 

presence will be induced in a secondary manner by the mal

function of a component or an off normal reading on an instru

ment. This is a reasonable course of action and has many 

precedents. However, it is fallible if the selective depo

sition of solids can be shown to cause a catastrophic incident 

under a postulated sequence of events. For example, if it 

were shown that the deposition of solids from a failed compo

nent could simultaneously block the coolant channels of 

several fuel assemblies, serious damage to the core would result. 

Obviously, it is not feasible to investigate the problem 

of solids deposition by carefully simulating every conceivable 

incident introducing solids in the reactor coolant. The 

problem, rathe~ is to determine critical areas in the reactor 

where solid deposition is likely to occur, methods to prevent 

deposition and the consequences of deposition at these points 

to the operation of the reactor. Analytical calculations 

will be helpful in identifying these areas (e.g., areas of 

relatively low coolant flow) but not definitive since the geom

etry of the system is too complex to predict accurate local 

flow behavior. Even with flow behavior information for the 

normal condition of the reactor, the deposition of solids will 

distort the flow field in the same manner as mechanical defor

mation (e.g., component bowing, displacement, etc.) reducing 

analysis to approximation. Tests such as those described in 

the next section should be performed to fully characterize 

this problem area. 
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The purpose of the test program will be component and 

system performance characterization, design development, and 

design verification. The final information required is what 

potential hazard exists from a wide range of possible solid 

particles suspended in the reactor coolant and the effective

ness of preventative measures. This information must exist 

for all reactor operating conditions. The accuracy required 

is dependent on the individual component and the final 

reactor system design. 

Experimental Program 

Test Method and Purpose 

The purpose of these tests is to determine where and to 

what extent a range of solids suspended in the reactor coolant 

will deposit in the reactor. The tests will also determine 

the amount of flow redistribution that may be caused by these 

deposits and the effectiveness of preventive measures. 

The test facility will be a scale model or full sized 

replica of the in-vessel reactor systems. Water will be used 

as the test fluid. Solid particles of varyIng size and den

sity will be introduced in the coolant streams and circulated 

for periods ranging from hours to several weeks. 

Analytical calculations defining points of relative fluid 

stagnation or restrictive flow channel geometry, where set

tling is likely, will determine critical areas to be examined. 

In these areas, the local pressures will be monitored to detect 

changes indicating flow redistribution. If flow redistribution 

is indicated in a critical area, such as the inner fixed 

reflectors, more detailed tests will determine the new flow 

distribution by local velocity field measurements. 

At the conclusion of the tests, the reactor model will 

be partially dismantled to determine the amount of depositing. 

The deposits found will be measured, weighed, and sieved to 

determine their exact nature. 
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The results of the first problem will locate positions 

In the reactor where solids deposition may occur and cause 

undesirable flow redistribution. Further tests will then be 

performed to evaluate design changes aimed at preventing solid 

deposition in these areas. All of the tests will be performed 

in water; no final verification tests in sodium are deemed 

necessary. In addition, these tests will consider only solid 

particle deposition without a consideration of chemical reac

tion. The deposition of oxides, nitrides, and carbides result

ing from chemical reaction between the coolant and impurities 

contained in the coolant will be studied in small test 

facilities. 

Another area that will be covered separately will be that 

of solid particles lodging in the fuel assembly. The restric

tive geometry involved makes it possible that solids suspended 

in the coolant will lodge in the fuel assembly in spite of 

the high flow rates involved. Foreign particles blocking fuel 

assembly coolant channels represents a potentially dangerous 

situation in the fuel assembly due to its high heat generation, 

and detailed tests of the consequences of blocked channels 

will be performed with electrically heated models of FFTF fuel 

assemblies. These tests are described in detail in Reference 1. 

Range of Parameters 

System Deposition Tests 

Flow rates 

Fluid temperature 

Pressure 

Particle size 

distribution 

1000-40,000 gal/min 

(or scaled values for model) 

70-250 of 

open 

open 
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Variables to be Measured 

Location, amount, and size distribution of solid deposit 

Local pressure and pressure drop 

Local coolant flow distribution 

Overall coolant flow 

Coolant temperature 

System pressure 

Information from Test Results to be Applied to Design 

These tests will determine whether or not a problem area 

may result from the deposition of solids suspended in the 

reactor coolant in the present reactor design. Further, if 

a problem area does exist, further tests will evaluate design 

modifications proposed to solve it. 

The heated fuel assembly tests In sodium will provide 

information for the safeguards analysis on the consequences 

of blocking one or more fuel assembly coolant channels with 

foreign matter. 

Test Facilities 

The test facility In which tests to determine the conse

quences of blocking one or more coolant channels in a single 

fuel assembly will be performed in a large, sodium heat 

transfer facility described as part of the Thermal Hydraulic 

program. 

The system deposition tests performed in water will 

require a full sized or scale model of the reactor in-vessel 

systems. Instrumentation for flow and pressure distribution 

will be the same as that required for Bypass Flows studies. 

In addition, a solid particle introduction system will be 

required. 
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Alternates to Performing Experiments 

The following alternate procedures may be considered in 

lieu of performing these experiments: 

1) Operate the reactor without consideration of the problem. 

This course of action assumes that the normal monitoring 

system will detect any abnormality caused by solids depo

sition with a sufficient margin of safety to prevent 

hazardous conditions from occurring. 

2) Develop instrumentation to detect nonradioactive solids 

suspended in the coolant system. Upon detection of a 

certain concentration of solids, the reactor will be 

shut down, the source of the solids identified, and the 

system thoroughly cleaned out. 

Alternate 1: Place Full Dependence on Normal Reactor 

Instrumentation 

This is a practical solution and has been used for many 

operating reactors. However, there is an undetermined risk 

involved, not so much in terms of a catastrophic design 

basis accident but rather in the possibility of a limited 

incident such as a single fuel assembly meltdown or operation 

under local off normal conditions in areas such as the bypass. 

There is, of course, no guarantee that the proposed experi

ments will provide information to positively prevent these 

incidents. lIowever, they should provide a great deal of 

information on the behavior of solids in the specific reactor 

coolant system. A great deal more analysis must be completed 

on the possible effects of solids deposition before the pro

posed test program of this or other alternate courses of 

action may be chosen. 
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Alternate 2: Develon Detection Techniques for Nonradio

active Particles in the Coolant 

The major question is how to detect solids and what level 

of solids suspended in the fluid constitute a potential hazard 

to the reactor. This is a development program in itself, 

though it may form part of a larger program. Thus, the devel

onment of a detection device should not be considered a true 

alternate to performing the tests, but, rather, as a possible 

future supplement to the test program. 
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GAS OR STEAM CLOSED TEST LOOP RUPTURE (C-8) 

Design Problem and Requirements 

Future FFTF fuel and materials testing programs may 

require tests to be performed in a fast neutron environment 

with cooling provided by flowing high pressure gas or flowing 

supercritical steam. Therefore, consideration has been given 

to conversion of one FFTF closed test loop to a gas or steam 

loop in the future. Before such a decision can be made, an 

important safeguards question must be answered. In the event 

of a gas or steam loop rupture, will serious damage or hazard

ous conditions result in the remainder of the reactor. 

The gas loop will typically use either carbon dioxide at 

approximately 2000 psi or helium and other inert gases at 

1000 psi. Coolant temperature may be high and the loop will 

be tentatively designed for operation above 2000 of. A steam 

loop will operate with steam at pressures up to 2000 psi and 

temperature up to 1500 of. Rupture of either of these loops 

below the sodium pool surface will cause severe flow, thermal, 

and mechanical shocks to the remainder of the core. In addi

tion, with the steam release, energy release will occur through 

water-sodium chemical reactions. The power level of the reac

tor will change suddenly due to mechanical movement, the 

sodium void coefficient and (in the case of steam) the release 

of hydrogenous material (e.g., either as water, hydrogen, or 

sodium hydroxide) which acts as a moderator of fast neutrons. 

Since the core may be blanketed by hot gas or steam tempo

rarily, core temperature rises may occur, leading to possible 

damage and/or coolant boiling, though with unimpeded core 

flow in-core boiling does not appear to be possible. 

The sum total of these effects is a complex incident which 

could be of large magnitude. The forces involved could poten

tially lead to serious damage to the reactor and possibly to 
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operating personnel. An accurate analysis of this incident in 

the geometrically complex region represented by the reactor 

core is not possible. Accidents of this nature are generally 

treated by a hypothetical sequence of events and involve a com

bination of pessimistic or worst case estimates. The purpose 

of the proposed tests is to provide hydraulic and mechanical 

data to make a more accurate evaluation of this incident pos

sible. This evaluation will be a major factor in the deci

sions as to whether or not one of the close test loops will 

be converted to gas or steam use. 

The major purpose of this program 1S to support the 

safeguards evaluation of the complete testing function of 

the Fast Test Reactor. The required information is the 

consequences to the reactor of a major rupture in a gas or 

steam closed loop. 

Test Program 

Test Purpose and ~ethod 

The test will require a mockup of the reactor's in-vessel 

systems with water and air modeling sodium-gas (C0 2 or inert 

gases) or sodium-steam systems that would be involved in the 

actual rupture. The release of high pressure gas or steam 

from a test loop rupture will be simulated by the release of 

a high pressure air supply from a nozzle. A rupture disc or 

similar apparatus will be used to initiate the release. 

During the brief duration of the test, rapid and violent 

transients in pressure and flow will occur. These will be 

followed by: 

1) Visual (photographic) observation through viewing ports. 

The use of high speed motion pictures to follow the 

incident for more than a qualitative estimate of the 
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sequence of events is dubious due to the complex geometry 

of the inner structure and the possible multiplicity of 

interfaces (gas-liquid) on the field of vision. 

2) Pressure measurements in many specific locations in the 

core and vessel region. These are the basic measurements 

in this test and will be made on a continuous basis with 

fast response sensors and recording equipment. 

3) Strain rates on critical components such as reactor tubes, 

tube sheets, etc. Since the mockup tests can not model 

thermal stresses or thermal shocks of components, these tests 

will not give fully quantitative results on mechanical behav

ior but will rather, indicate critical mechanical problem 

areas requiring further investigation. 

The water tests will provide gross hydraulic results of 

the accident. Power fluctuations, thermal shocks and possible 

in-core sodium boiling associated with this accident can not 

be mocked up in this facility. These quantities will be cal

culated from the hydraulic results obtained. Obviously, the 

thermal and nuclear effects will in turn affect the hydraulic 

behavior and these changes must be estimated to modify the 

data obtained. In spite of these shortcomings, the data 

obtained will provide a much firmer basis for the evaluation 

of a steam or gas loop rupture. 

Range of Parameters 

Pressures 

Fluid temperatures 

Air temperatures 

Location and size 

of rupture 

Variables to be Measured 

500-2000 psi 

70-250 of 

Open 

Open 

Fluid pressures (major variables) 



Stress in components 

Coolant temperature 

3.67 

Exit reactor coolant flow 
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Limited visual studies of pool level and environ

ment, etc. 

Information from Tests to be Transmitted to Design 

Information from these tests will not be directly trans-

mitted to design. Test results will be used in analytical 

safeguards evaluations to determine the feasibility of inclu

ding a closed test loop using gas or supercritica1 steam as 

coolants. 

Test Facility 

The test facility required for these tests will consist 

of a mockup of the Fast Test Reactor in-vessel systems. The 

facility may be a full size or a scaled down simulation of 

the reactor. Insofar as possible, the mechanical behavior of 

component and component systems will he modeled. Water and 

air will be used as the test fluids modeling sodium-gas (e.g., 

helium or carbon dioxide) and sodium-steam systems. 

Instrumentation beyond that planned for a basic hydraulic 

core mockuD will be fast response data acquisition systems to 

follow transient pressure, flow and stress surges. The mini

mum system response should be on the order of 0.001 sec. 

Alternates to Performing Experiments 

The following are alternates to performing the experi

ments. 

1) Base an evaluation of a gas or steam loop rupture on 

conservative analytical calculations to depict a 

hypothetical sequence of events. 

2) Perform more realistic tests ln a test reactor specifi

cally designed for high risk transient and accident 
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experiments. Such a reactor has been tentatively pro

posed by the LMFBR program office. 

3) Since significant risks may be involved, eliminate con

sideration of a gas or stearn test loop until major liquid 

metal cooled fuel and materials test programs are 

completed. 

Alternate 1: Base the Evaluation of Gas or Stearn Loop 

Rupture on Conservative Analytical Models Based on Hypo

thetical Sequence of Events 

The question of a high pressure gas or stearn system 

within the core of a liquid metal reactor has not been seri

ously considered before. Due to the complex nature of the 

transient conditions following a rupture of such a loop within 

the core of the reactor, an analysis of considerable magnitude 

involving a large extrapolation of current technology will 

have to be made. 

Certainly, precedents exist for such a course of action, 

and this analysis will take the form of a conservative estim

ate based on a hypothetical sequence of worst case events. 

Based partially on the results of this analysis, a decision 

will be made as to whether or not a gas or stearn loop will be 

included in the FFTF. 

Alternate 2: Perform the Tests in a Test Reactor Specifi

cally Designed for High Risk Experiments 

The accident test reactor proposed by the LMFBR program 

office is tentative, and this alternate must await further 

developments before it is given serious consideration. It 

should be noted that the proposed reactor was not specifi

cally designed to handle tests involving other fluids. 
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Alternate 3: Delay Installation of a Gas or Steam Test 

Loop Until Major Liquid Metal Cooled Fuel and Materials 

Test Program Are Completed 

This course of action is presently being followed. The 

gas or steam loop will not be installed in the initial cores 

of the Fast Test Reactor. Instead, the conversion of one of 

the closed loops is slated for consideration at an unspecified 

future date. However, since steam and gas cooled fast power 

reactors appear to have promise, a long term delay might cause 

a serious setback to these portions of the fast breeder and 

power reactor programs. 

The total evaluation of this alternate is far beyond 

only thermal hydraulic criteria and, as such, requires dis

cussion beyond the scope of this document. 
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D. CORE VIBRATIONS 

A fluid flowing over the surface of a structure may cause 

certain elements of the structure to vibrate. Generally, flow 

induced vibrations in reactor systems have deleterious 
effects. (1,2) 

Within the FFTF core, vibrations may be most detrimental 

on the fuel elements. This vibration problem is treated 

thoroughly in Reference 9. The hydraulically induced vibration 

problem related to the poison section of the control element 

is discussed with the general subject of the control mechanism. 

The flow ducts may vibrate also and may amplify the motion 

of the fuel elements. Other elements, such as baffles, shield

lng, reflectors, and duct supports may vibrate, too. 

In general, vibrations can foreshorten the useful lives of 

structural elements due to mechanical fatigue, galling, and 

fretting. Design problems foreseen and supporting test pro

grams to help control or avoid serious vibrations in the core 

are discussed below. 

DES I GNP ROB L E r'1 SAN D R E QUI R H1 E NT S 

In certain cases, if both the forcing function acting on 

the structure and the damping characteristics of the system 

are known, the vibration frequencies and amplitudes can be 

calculated from vibration theory. However, in the FFTF core, 

neither the forcing function or the effective damping can be 

predicted analytically. The mathematical theory of fluid 

elasticity (flow induced vibration) is complex; (3) the fourth 

order partial differential equations contain fluid velocity 

terms which probably are both nonlinear and stochastic. (4) 

The forcing mechanism, whether created by self excitation, 

vortex sheddingor random turbulence fluctuations, is a 

subject of conjecture. Except for simple highly idealized 

models, fluid elastic problems cannot now be solved analytically. 

The formulations of solutions to fluid elastic problems 

depend on whether the mechanism is primarily caused by a 
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parallel flow, (5) or cross flow. (6) For flow velocities paral

lel to the axis of the structural elements, most investigators(7) 

agree that: 

1) Vibration frequencies are independent of flow velocity 

2) The vibration amplitude is directly proportional to 

approximately the square of the flow velocity 

3) Amplitude increases with temperature 

4) The virtual mass of the fluid which depends upon the 

geometry of the flow channel is a significant parameter 

5) Self excitation has the character of negative damping 

and may cause instability. 

The flow velocities internal to the FFTF flow ducts are approxi

mately 30 ft/sec, while the bypass flow external to the flow 

ducts is only 3 ft/sec. Now: 

where 

6 1S the vibration amplitude induced by parallel flow, 

C 1S a constant, and 

U 1S the average flow velocity. 

6 internal 
6 bypass 

cu 2 internal 

CU 2 bypass 

or: 

6 bypass = 1% 6 internal 

Hence, parallel flow should have relatively little influence 

on the vibrations of the flow ducts. Thus, any flow duct vibra

tions generated from external sources probably will be caused 

by cross flow. 

One region where cross flow can produce significant vibra

tions is in the outlet plenum. As the coolant leaves the flow 

duct through the perforations in the tube wall, the flow 
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velocity changes from parallel to cross flow. Based on a bulk 

coolant flow at 30,000 gal/min (67 ft 3/sec) and assuming that 

the outlet flow would be uniformly radial at a depth of two 

feet, the average cross flow velocity is 1 ft/sec. However, 

the bulk flow consists of the low velocity bypass flow as well 

as the higher velocity effluent from the flow ducts. Locally, 

cross flow velocities as high as 10 ft/sec are conceivable. 

The Reynolds numbers (105) are sufficiently low to cause 

periodic vortex formation. (8) 

fd The Strouhal number, S = U' lS a measure of the frequency 
c 

of vortex shedding where f lS the shedding frequency, d is the 

diameter of the flow duct, and U is the critical cross flow c 
velocity. The Strouhal number is essentially constant (=0.2) 

for Reynolds numbers In the range of 300 < R < 3 x 105. For 

a flow duct diameter of 5 in. anci a natural frequency of 

3.2 cycle/sec: 

U = 6.7 ft/sec c 

If the natural frequency of the fuel assembly equals 

the vortex shedding frequency, large resonant oscillations 

can occur. Thus cross flow velocities,l <U < 10 ft/sec, could 

produce resonant oscillations in the tubes. While mechanical 

fatigue of the ducts is unlikely, the ducts act as moving 

grounds to the fuel subassemblies. lIence, large stresses 

in the fuel elements can be generated by cross-flow-induced 

tube motion. 

Neither the strength of the cross flow forcing function 

nor the length over which it acts can be calculated analyti-

cally. llence, experiments are required to determine the 

magnitude and frequency of the cross flow induced vibrations. 

In any event, tIle identification of the components or component 

system where significant hydraulically induced vibration can 

occur is the first ana most important problem. 
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The second problem lS to determine the possible effect of 

the predicted levels of hydraulically induced vibration on the 

structure or function of the components and reactor systems. 

Again, analysis based on currently available materials data 

will be performed. However, these calculations will be approxi

mate and are not considered adequate to support reactor design 

or operation without corroborating tests. 

The third problem area is the effect of mechanical dis

tortion on hydraulically induced vibrations. Bowing, displace

ment or swelling not only affect the mechanical behavior of 

the components and component systems but will also affect 

hydraulic behavior in the surrounding coolant and thermal 

gradients within components. This lS a complex and very diffi

cult problem to attack analytically or experimentally. However, 

the whole question of distortions must be adequately handled 

since they may affect the safety of the reactor. For example, 

the inward bowing of core tubes of thousandths of an inch will 

introduce serious reactivity insertions that may lead to coolant 

voiding and possible core meltdowns. 

A great deal of analysis in mechanics and thermal 

hydraulics will have to be performed in this area before an 

effective experimental program can be defined. 

The fourth problem is to evaluate design modifications 

proposed to prevent hydraulically induced vibrations in compo

nents and component systems uncovered in the three previous 

studies. Here, reliance will be placed on verification tests 

performed under conditions prototypic of the Fast Test Reactor. 

This program will support design verification. Verifi

cation is needed that in the final Fast Test Reactor design 

no hydraulically induced vibration problem areas exist under 

any proposed operation. All of the proposed tests and analyses 
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are directed toward this final goal. The required accuracy 

for the results can only be defined on a component by component 

basis. 

TEST PROGRAM 

Test Objectives and Requirements 

The first tests to be performed will be individual com

ponent vibration tests on critical items such as the fuel 

assemblies, flow ducts, emergency regulating and shim rods, 

intermediate heat exchangers and pumps. The purpose of these 

tests will be to identify components in which hydraulically 

induced vibrations are possible. Also to determine, insofar 

as is possible in isolated tests, the effect of the vibration 

on the structure and function of these components. These 

tests will be performed in conjunction with the performance 

tests of these components and will be performed in heated 

sodium facilities. Some preliminary tests on the fuel assembly 

will be performed in water. The detailed description of these 

tests are to be found in BNWL-599. The individual component 

tests will be carefully instrumented to measure deflection 

amplitudes and vibration frequencies. Reactor components 

will be employed for all the tests. The major problem In the 

interpretation of the test results will be the lack of proper 

simulation of the hydraulic boundary conditions at the compo

nent surfaces.* Additional drawbacks include; the lack of 

thermal gradients, radiation induced damage in other compo

nents and mechanical coupling to other reactor components 

(e.g., proper damping). 

The second set of tests will be semi-quantitative, 

vibration tests performed in a flowing water mockup of the 

reactor in-vessel systems. These tests will use visual, 

simply instrumented (e.g., strain gages), and post inspection 

techniques to identify individual components and groups of 

* This iS J of course, not true for many components such as 
fuel assemblies or intermediate heat exchangers. 
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components where significant hydraulically induced vibrations 

may occur. These tests will examine components that were not 

tested individually, such as core tube sheets and systems of 

components such as the reactor tube, lower tube sheet structure, 

and where interactions between components must be considered. 

The effect of mechanical distortion on component vibration 

will be examined in these system tests. However, a great many 

more analyses will have to be performed before this program 

may be described in detail. 

Because the fundamental nondimensional parameters in 

fluid elasticity are not well established, the test section 

should have structural properties, material properties and 

flow channel configurations as nearly prototypical as possible. 

The density and fiscosity of 700 of sodium can be sufficiently 

approximated by 200 of water. The natural frequency of the 

ducts can be corrected for the change in the modulus of elas

ticity with temperature. Each duct should be prototypical and 

should contain a mass simulating the fuel bundle. The perfo

rated plates, which impose boundary conditions on the ducts 

(thus influencing the natural frequencies) should also be 

geometric replicas of the prototype. Because of quadrant 

symmetry, a 90° sector is sufficient to establish cross flow 

effects in the outlet plenum. 

The true vibration test of all components will occur in 

reactor operation since only there are all conditions (i.e., 

thermal gradients, neutron fluxes, hydraulic forces, etc.) 

applied. The aforementioned test programs can only duplicate 

these conditions in a limited way. However, the test programs 

outlined above will unearth many potential problem areas, 

suggest design modifications and evaluate these modifications in 

laboratory tests. 
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Range of Parameters 

Individual Component Tests 

Flow rates (water or sodium) 50-125% of reactor flows 
for the individual 
component 

Fluid temperatures 
water 
sodium 

Pressure 

l,lechanical dis to rt ions 

Water Core Mockup 

Flow rates 

Geometry 

. 

Fluid temperature 

Pressure 

Structural distortion 

Variables to be Measured 

Individual Component Tests 

Amplitude of vibration 

Vibration frequency 

Ilydraulic forces (stress) 

Coolant flow rate 

Coolant temperature 

System pressures 

70-250 of 
500-1200 of 

5-125 psig 

Open 

50-125% 

1/4 sector or more 

up to 200 of 

125 psig 

Open 

Fretting damage (post-operational inspection) 

Ilydraulic Core ~!ockup Tests 

Amplitude of vibration 

Vibration frequency 

Coolant flow rate 

Coolant temperature 

System pressures 
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Information to be Transmitted to Design 

The test data will be converted into graphs showing the 

vibration amplitude as a function of bulk flow at various tem

peratures. The vibration aeflection data can be converted 

to stress levels. The results of these tests will indicate 

areas where flow induced vibrations in reactor components 

may occur and the potential damage rates occurring from these 

vibrations. This information will be important to indicate 

requirea design changes or to verify the adequacy of mechani

cal hydraulic design characteristics of the FTR. 

Test Facilities 

The individual component tests will require only the 

flowing water ana sodium facilities that already exist. These 

incluc.ie the l89D flydraulic Test Facility (for water fuel 

assembly tests) at Pacific Northwest Laboratories, the CCTL 

(i.e., for sodium fuel assembly tests), at Argonne National 
Laboratory, and existing facilities at the Liquid Metal Engi

neering Center. 

The water tests on a systemwide basis will require a model 

of the FTJZ in-vessel systems with water as the test fluid. 

This may be full scale or a partial segment of at least one 

quadrant. Component mechanical behavior and mechanical inter-

action with other components must carefully auplicate that of 

the reactor. Instrumentation requirements will include view 

ports at several locations in the top cover ana vessel sides, 

plus strain gauges, deflection monitors, and acceleration 

gauges monitorea on critical components. 

Alternates to Performing the Tests 

Alternates 

The following alternates exist to performing the test 

program. 

Alternate 1: Base mechanical-hydraulic design on pre

vious practice and analytical studies 
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Perform only individual component vibration 

tests 

Perform small scale model tests 

Evaluation of Alternates 

Alternate 1: Base Mechanical-Hydraulic Design only on 

Analysis. This approach involves high risk. Analytical 

models for a complex reactor system require a detailed knowl

edge of the system mechanical, thermal, and hydraulic condi-

tions. Knowledge of the latter two items does not exist in 

sufficient accuracy to, say, predict core inward deflections 

to 0.001 in. Yet, deflections of this order in the core 

flow ducts can produce significant reactivity insertions. 

The cross flow induced vibrations at the outlet of the 

tubes can be reduced by inserting an intermediate tube sheet 

near the perforations. By increasing the degree of fixity 

on the ducts, the vibration effects can be further reduced. 

jiowever, optimizing the structural configuration for vibration 

purposes may worsen other facets such as heat transfer or 

normal refueling operations. Reducing the bulk flow rate will 

reduce vibrations, too. The tradeoffs imposed by performing 

no vibration experiments are not obvious. 

Without experiments, the vibration problems of baffles 

and otller secondary structural elements cannot be foreseen. 

A less conservative approach is to observe whether vibration 

problems develop in normal operation of the prototype. 

Alternate 2: Perform only Individual Component Vibration 

Tests. Performing only individual component vibration tests 

would represent an abbreviation of the test program rather than 

a true alternate. A significant savings in money and time may 

be affected by the course of action since the facilities 

required presently exist at various sites in this country. 
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However, in these tests the system hydraulic behavior will, in 

general, be different from that occurring in the Fast Test 

Reactor. For example, in the core coolant outlet region, the 

coolant flow and pressure distribution is the result of radial 

core outlet flow and bypass coolant flows. This intermingling 

occurs in a complex geometrical region. The duplication of 

these hydraulic conditions in a single component test facility 

would be quite impossible. Thus, in single component tests, 

the driving forces causing vibration will not be correctly 

simulated in magnitude, direction, or location. This should 

be considered as a serious drawback in making a small portion 

of the overall test program carry the burden of the entire 

vibration test program. 

Alternate 3: Perform Reduced Scale Model Tests to Deter-

mine Pressure Profile. Performing small scale model tests 

would mean that the vibration amplitudes are small and that 

the deflection of the ducts do not influence the fluid pres

sure distribution' a small subsize mockup of the outlet flow 

region can be used to measure the pressure profiles. This 

mockup should consist of rigid cylinders with prototypical 

effluent perforations. The resulting pressure profiles would 

define the forcing function acting on the ducts. 

Digital computer programs could be used to predict the 

undamped vibration amplitudes of the prototypical cylinders. 

This alternate is questionable because the influence of the 

deformable structure on the fluid pressure distribution is 

not known. 
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E. THERMAL - MECHANICS 

The mechanics program is comprised of several basic areas 

of investigation. These include: 

Plenum tube sheet and reactor cover 

Flow ducts 

Integral structural analysis 

Core accident analysis 

Vessel, nozzle, and piping 

~ozzle and seals 

~luch of the program IS oriented toward the use of experimenta

tion to develop and verify simple analytical models, witll the 

results being used to formulate the more complex analysis of 

the reactor system. This procedure is necessary since proto

typic loading conditions with prototype components are not 

easily simulated, and the procedure will yield an acceptable 

solution economically. 

The integral core analysis, however, requires a test 

model of the core structure to obtain the true coupling 

between structural components and verify the applicability 

of the analytical models. 

Included in the mechanics area IS the driver closure 

development. The driver closure development deals with tests 

of prototype components in a prototypic operating environment. 

The mechanics program is primarily oriented toward 

development support of design. 

PLENUM TUBE SHEETS AND REACTOR COVER (E-l and E-2) 

Test Requirements and Objectives 

The reference conceDt for the FTR incorporates perforated 

plates or tube sheets in the inlet plenum to the core and in 

the reactor cover. The inlet plenum and the reactor cover are 

the prImary vertical and lateral supports for the reactor core. 

l3ecause of the reactivity sensitivity of fast reactors to 
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small motions of core components, it is necessary to character

ize the mechanical response of core support elements under all 

potential conditions of mechanical and thermal loadings. 

The perforated plate or tube sheet forming the core inlet 

plenum is an important structural element in a reactor struc

ture since it is directly coupled with the core.(l) Expansion 

and bending of the plate will cause changes in the fuel sub

assembly configuration and position during operation, there

by influencing the reactor performance. It is essential that 

tube sheet structures be well characterized to allow predic

tion of reactor response. In addition to reactivity changes 

in the core, the deflection of the support plates under the 

action of loads and temperature gradients, particularly if 

creep is developed, may cause the core component to bind or 

seize, complicating loading-unloading operations. 

Alternate inlet plenum conceptual designs for the FTR 

include a single tubesheet core support (no hydraulic bal

ance) and a double coupled plate (grid plate) core support 

(hydraulic-balance). In the double plate concept, the two 

perforated plates are connected rigidly together by short 

tubes or rods. The same general design considerations apply 

to both single and double support plates to prevent exces
sive deflections.(2) 

The reactor cover In the reference concept is a large 

(18 ft diam) circular axisymmetric shell form (hemispherical 

or torispherical) pierced by numerous (~150) closely spaced 

nozzle openings. Shell thickness is about 6 in. except at 

the flanged edge. The dominant loading for the cover is 

internal fluid pressure but significant dead weight and 

thermal loads will be applied. The presence of the nozzle 

holes in an already difficult to analyze thick shell requires 

a sophisticated analysis. Rupture of the shell or excessive 

deformation preventing the movement of control rods or 
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moving core components to more reactive positions constitute 

potentially serious problems which must be evaluated and, 

if necessary, corrected. 

The main loads which will be considered In the design of 

the FFTF tube sheets are: 

1) Hydraulic pressure gradient 

2) Gamma heating 

3) Moments due to thermal bowing of the core 

subassemblies 

4) Thermal shock from coolant temperature transients 

For an isothermal plate under external lateral load, (3) 

the stress is inversely proportional to the thickness squared. 

The thermal stress in a plate due to gamma heating(4) is 

directly proportional to the thickness squared. This inverse 

thickness relationship complicates the design of a plate when 

both external lateral load and gamma heating are significant 

design factors: the thickness required to carry the lateral 

load may result In a high overstress when considering gamma 

heating, and the thickness required to keep the thermal 

stresses within allowable limits may result in a high over

stress when considering the external lateral load. 

The presence of the holes limits the application of 

classical plate analysis in obtaining a practical design for 

a tube sheet. Preliminary calculations for an idealized FTR 

inlet plenum tube sheet 6 in. thick with fixed edges, based 

upon current techniques show that the maximum stress devel

oped in the plate is 32,500 psi due to a 100 psi lateral 

pressure and 49,700 psi due to gamma heating. The yield 

strength of 304 SS at 550 of (the tube sheet initial environ

ment temperature) is 17,250 psi. (5) These preliminary cal

culations reveal the possible severity of the problem and 

indicate the need for more refined calculations. 
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The required design information to satisfy this problem 

IS the complete characterization of the FTR inlet plenum and 

reactor cover as core support structures. The information must 

be in the form of analytic expressions confirmed and correlated 

by experiment. 

Initial information required are parametric studies of 

both the support structures and the potential loadings to per

mit reasonable evaluation of limiting load conditions which 

may be imposed as operational or design constraints. 

Test Program 

Single Tube Sheets. The state of the art(l7) for the cal-

culation of thermal stresses due to both internal heat genera

tion (gamma heating) and temperature gradients is well 

established for the elastic range and simple geometries. How

ever, due to the nature of the problem, a detailed analysis of 

the more complicated structure is necessary. If the gamma 

heating temperature distribution can be obtained, the finite 

element methods (to be discussed later) will p~ovide the result

ing thermal stresses. This analysis will take into account the 

presence of the holes in the plate. There has been consider

able research done in connection witll isothermal perforated 

plates. For the most part, this research has been performed 

on plates with an equilateral triangular array, a rectangular 

array, or some other symmetrical array of constant diameter 

holes. 

There are three general methods which may be used to 

solve for the stresses and the deflections in an isothermal 

perforated plate. One method involves the concept of an 

"equivalent" solid plate, (6-14) the second uses the "point

matching" technique, and third, the finite element technique. 

Of the three methods, the latter is the most versatile. Al

though it has apparently been little used for the perforated 

plate problem, the finite element method of analysis shows 
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great promise for this application. The philosophy of the 

procedure is to replace the perforated plate with an assembly 

of simple elements. Equations are then written which will 

satisfy both equilibrium and compatibility between the 

elements. 

Triangular cylinder elements will be used to model the 

perforated plates; in the plan view, each element appears as 

a triangle; each triangle extends through the thickness of 

the plate. The plate is then approximated as an assembly of 

triangular prisms. The holes in the mathematical model will 

appear as SIX or eight sided prisms. To refine the analysis 

about the holes, an element with a curved surface may be 

developed. 

One of the advantages of the finite element method is 

that it is not restricted to any symmetry, fixed patterns, 

etc. Therefore, it makes little difference whether the tube 

sheet has axial symmetry, triangular or rectangular hole 

patterns, different hole sizes, etc. The procedure is 

adaptable to any geometry. 

A relatively good computer code is presently available 

for immediate use. This is the Structural Analysis and 

Matrix Interpretive System (SAMIS) ~18) The program has a 

triangular plate bending element which is based on the usual 

thin-plate assumptions except that shear deformations are 

possible. Due to the thickness of the plate this represents 

a rather distinct advantage over the two methods mentioned 

previously. Loading possibilities are quite general and 

appear sufficient (at least compared to the other two 

methods). 

One final advantage of the finite element method IS 

that the actual plate support structure can be better 

approximated. 
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Therefore, in view of the advantages offered by the 

finite element method, it will be used for the analysis of 

the single tube sheet. 

Coupled Tube Sheets. The technical literature pertaining 

to the analysis of coupled tube sheets is rather limited. 

Marchertas(2) has done theoretical and experimental work ln 

connection with the deformation of a coupled tube sheet. He 

developed a computer program for a triangular array based on 

the "equivalent" solid plate concept utilizing the Rayleigh

Ritz perturbation method which involves an infinite series of 

polynominals. Cook(15) has made a theoretical analysis of the 

stress distribution ln an axially symmetric coupled tube sheet. 

~either of the above is applicable or suitable to the FTR 

problem. However, the finite element method is applicable if 

sufficient computer capacity and proper elements can be 

obtained. The SAMIS code does not possess the proper analyt

ical element for this simulation. Even if the computer 

capacity requirements could be satisfied, the triangular 

element model for the plate must be provided with an addi

tional constraint of the nodes surrounding the hole to relate 

the nodal behavior to the end of the coupling tube (which 

should be represented as a line element). With some develop

ment work, the finite element procedure will provide the best 

analysis. 

Reactor Cover. The reactor cover is a perforated spher

ical shell. There is little literature available for this 

problem and in many instances such a shell is treated as a 

flat plate. (16) IIowever, the effect of the curvature can be 

significant and the behavior of a shallow shell is usually 

quite different from that of a flat plate. 

As mentioned previously, the great asset of the finite 

element procedure is its generality. The triangular plate 
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bending element in the SAMIS code mentioned previously has an 

in-plane stretching capability that makes it suitable for the 

approximation of shell behavior. Therefore, the same SAMIS 

code will be used for the analysis of the reactor cover. 

Test Specimen and Experimental Method. The proposed 

test program shall be conducted on both scale models (or 

prototypical replica) of the lower tube sheet assembly and 

the reactor cover assembly to determine the effects of the 

various loadings. The effect of each of these types of loads 

may be investigated separately (or combined) and the results 

superimposed to obtain the final solution. All tests will be 

run at room temperature. 

To determine the effects of the lateral hydraulic pres

sure gradient a static test will be performed utilizing 

mechanical displacement type gauges, a birefringent coating, 

and electrical resistance strain gauges to obtain the required 

data. The specImen will be loaded with a uniform lateral 

pressure. The test rIg will be designed to permit the end 

conditions to be varied from simply supported to fully 

clamped. The photoelastic, strain, and deflection data will 

be obtained at critical points by discrete location of the 

measurement devices. 

The effect of thermal bowing of the shroud ducts on the 

perforated plate will be obtained in a prototypical mockup of 

the structure. These proposed experiments serve primarily to 

confirm the numerical analyses. 

Range of Parameters. The parameters are the plate thick

ness, the uniform lateral pressure, and the boundary condi

tions. The plate thickness will be varied from the thin plate 

range to the thick plate range, i.e., 3<[<10, where a is the 

plate radius and t is the plate thickness. This variation 

will show the effect of shear forces on the deflection of the 
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plate. The pressure goes from 0 to 1000 psi in increments of 

200 psi. These limits will insure that the actual loads due 

to various operating conditions fall within the range of the 

experimental results. The boundary conditions will range from 

simply supported to fully clamped. 

Variables to be Measured 

The variables to be measured are the load, the deflection, 

and the strain. The photoelastic patterns to be observed are 

the isoclinics (these relate to the direction of the principal 

stresses) and the isochromatics (these relate to the magnitude 

of the difference of the principal stresses). 

Information Applied to Design 

The results of the proposed analyses will optimize the 

design of the lower tube sheet assembly and the reactor cover. 

Increasing the thickness or changing the perforation geometry 

may not be sufficient to reduce the stresses to allowable 

levels; hence, lowering the fluid pressure or temperature 

gradients may be necessary. Such design decisions cannot be 

made until some of the proposed analyses are completed. 

Alternates to Performing Experiments 

First Alternate: Analysis 

As noted in the discussion, other methods of analysis 

can be used. However, the Equivalent Plate Concept and the 

Point Matching Technique have less flexibility but require 

as much development time as the Finite Element Method. 

Whether the Point Matching Technique can be applied to a 

coupled grid plate assemhly is doubtful. 

Second Alternate: Experimental 

Rather than simulate the hydraulic pressures with static 

loads, the lower tube sheet assembly can he tested in a par

tial water mockup. The deformation of the assembly can be 
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measured with strain gauges and profilometer. By using sodium 

rather than water the effects of thermal shocks can be 

measured. 

This alternate provides more accurate lateral loadings 

for the tube sheet assembly; however, its major disadvantages 

are timing and cost. 
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FLOW DUCTS (E-3) 

Design Problem and Requirements 

The flow ducts comprise the core as an assemblage of 

axial elements, supported axially as well as radially to a 

hig}l tolerance. Design problems and uncertainties stern from 

two considerations: reactivity effects and structural 

integrity. Briefly, the oroblems are described under each 

category. 

Reactivity Effects 

Since the flow ducts contain the core fuel, their indi

vidual and collective positions affect the core reactivity. 

Therefore, motion of the flow ducts under thermal and hydrau

lic driving forces must be well-characterized and of such 

nature as to not constitute a safety or control problem. 

The important design characteristics are: 

• 
• 
• 
• 
• 

Bowing 

Warping 

Vibration 

Radial Expansion 

Axial Expansion. 

Each dimensional characteristic must be correlated wit}l 

respect to the driving forces and the response time. 

Structural Integrity 

Close dimensional tolerances of the ducts are essential 

to maintenance of balanced coolant flow. Structural failures 

of the ducts may generate fuel-pin meltdowns and possibly 

result ln a propagating condition. It is the desired design 

objective to maximize the structural integrity of the ducts 

by minimizing the stresses imposed by thermal, hydraulic and 

support forces. (1,2) Design characteristics required are: 

• Creep Deformation 

• Strain Induced by Cyclic Thermal Stresses 



• 
• 
• 

Plastic Deformation 

Stress Concentrations 

Material Properties . 
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Structural characteristics must be correlated with geometry, 

loading, temperature anu time. 

Current Technology 

Elastic analyses form the foundation for more complex 

structural analyses. Elastic analyses of the flow ducts are 

within the current technology. Stress concentrations at per

forations or geometric transitions can be evaluated with 

photoelastic models. The overall elastic stress distribution 

and tIle thermal howing displacements can be predicted with 

finite element codes such as SAMIS. 

Creep analyses of the flow ducts will require extensions 

to the state-of-the-art. In structural metals, the steady

state creep rate ~ is related to the stress a by the relation 
. B n 
E a 

where Band n are temperature constants. Note: For even a 

small stress, this power law can generate appreciable strains. 

Finnie (3) has shown that the steady-state bending creep 

rate of d tube is magnified greatly by pressurizing the tube. 

This magnifLcation does not arise where the strains are 

strictly elastic--and linear superposition applies. 

The breakdown of linear superposition for metallic creep 

problems complicates their solution. The linear viscoelastic

ity theories cannot be applied. Integral transforms of the 

governing field equations must be solved numerically. 

Proposed Development Program 

The develonment program proposed for the flow ducts must 

be correlated with a parallel analytical effort. The program 
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as presently planned consists of four phases: 

Phase I: Preliminary design studies to optimize the 

structural configuration. 

Phase II: Detailed elastic analyses of the hexagonal 

duct region at the active core zone. 

Phase III: Development of an analytical model for 

creep of irradiated SS. 

Phase IV: Proof tests of full size ducts. 

The objective of Phase I is to optimize the location of 

the core supports to minimize thermal bowing effects. The 

objectives of Phase II are to determine the local elastic 

stresses and to evaluate their effects on structural stabil

ity. The objective of Phase III is to determine the cumula

tive creep deformations at critical locations. Phase IV will 

confirm the combined effects of the previous phases. 

Test Plan and Experimental Methods . 

The Phase I work requires an experiment to verify the 

analysis. The natural frequencies and mode shapes of the 

flow ducts can be predicted using the SAMIS code. By com

paring the analytical frequencies with the experimental, the 

accuracy of the analysis can be established. To measure fre

quencies and mode shapes, a prototypical flow duct with 

prototypical supports will be excited with an electromagnetic 

shaker. 

The Phase II work will require full size photoelastic 

models of 1) the transition region from circular to hexag

onal cross-sections; 2) the perforated region in the outlet 

plenum; 3) the slotted region at the inlet plenum; 4) a 

slice through the hexagonal section; 5) any preload rings, 

bearing pads or other lockup devices at the core center. 
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Axial (to simulate insertion and removal) forces, moments 

(to simulate thermal bowing loads) and/or uniform pressure 

will be applied. 

For the Phase III work, creep tests of hexagonal tubes 

under combined thermal bowing loads and internal pressure are 

required. The test section may be any convenient size. The 

analytical creep methods will be applied to the test section; 

analytical results will be compared with measured creep data 

on the test section. Though the creep mechanism is different 

for unirradiated material than for irradiated, the analytical 

method will have the capability to include time-dependent 

irradiation changes in material properties. Proving the 

analytical methods does not require irradiation creep tests. 

Once proved, the anlytical methods will be applied to the 

irradiated ducts when the appropriate irradiation creep data 

are available. 

In Phase IV, full size ducts will be subjected to thermal 

and dynamic hydraulic loadings in conjunction with other 

related development and testing. These include core vibration 

(Problem D-l) for hydraulic water testing, integral structural 

analysis (Problem E-4) for thermally induced characteristics, 

configuration of reactor internal components (Problem F-2) for 

dimensional compatibility and sodium environment effects. 

Sodium flow testing will he required as part of the prestartup 

proof testing. Also required is the confirmation of the capa

bility of the fuel duct to prevent propagation of a single 

channel accident (including meltdown) to other fuel ducts. 

Specific methods for this experimentation are subject to 

further study. 

Range of Parameters 

For Phase I, a forced oscillation, variable frequency 

survey will be made of the prototypical flow duct at room 

temperature. For Phase II, the photoelastic models will be 
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loaded at appropriate elevated temperatures to lock-in the 

stress patterns; the 3-D models will be sliced to perform the 

2-D analysis. Combinations of axial loads, pressure and 

moments corresponding to thermal bowing will be applied. Por 

Phase III, temperatures of 750 + 40 °P, 750 + 60 °P, and 750 

+ 80 0p will be applied to one hexagonal force; temperatures 

of 750 - 40 °P, 750 - 60 °P, and 750 - 80 0p respectively 

will be applied to the opposite force. The uniform pressure 

will be 50, 75, 100, 125, and 150 psi. Thus, fifteen creep 

tests--five pressure and three temperature conditions--are 

required. These tests will be run for 6 months. 

The proof testing parameters are covered in the specific 

sections concerning vibration, mechanics, and mechanical fit. 

Sodium flow testing will be conducted at temperatures up to 

1200 0p. The duct will be subjected to thermal cycling and 

endurance testing. 

Variables to be Measured 

Por the Phase I vibration tests, frequencies and ampli

tudes will be measured. Por the Phase II photoelastic models, 

isoclinics and isochromactics will be measured. Por the 

Phase III creep tests, lateral deflections will be measured. 

Por the Phase IV tests, coolant flow rates, temperatures, 

pressures; frequency and amplitudes of vibration, external 

and thermal structural forces, static and dynamic; and 

effects of fretting and galling will be measured or evaluated. 

Information Applied to Design 

The results of Phase I will show the optimum location 

of core supports (such as an upper tube sheet) and will 

establish the required section properties along the length 

of the flow ducts. The results of Phase II will establish 

the elastic stress distribution ln the flow ducts. Whether 
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the flow ducts are in danger of failing by creep, fatigue or 

brittle fracture will become evident: the results of Phase II 

also may spawn materials studies other than creep. The 

results of Phase III are not directly applicable to design; 

however, these results will establish analytical methods which 

will be used to predict in-service creep behavior. 

Phase IV testing will provide proof tested duct design 

under operating conditions except nuclear. 

Test Facilities 

The vibration tests require a single prototypical duct 

with conventional dynamics laboratory equipment. The photo

elastic tests require a conventional 3-D photoelasticity 

laboratory. The creep tests require burst safety chambers 

that can be heated up to 850 of; quartz space heaters (or 

equivalent) are required to improve the temperature gradients. 

Pressure and temoerature regulating devices are required. 

The water and gas test facilities for the final develop

ment phases are described under discussions of vibration, 

integral structural analysis, and configuration of integral 

core components. The sodium testing verification will require 

a sodium loop, having adequate height to accommodate a full 
length duct, 500 gal/min flow, at 1200 of coolant. No exist

ing facility specifically meets the requirements to accommo

date the duct. 

Alternates 

The work proposed in Phase I and Phase II is considered 

necessary to support an adequate structural design of the FTR 

fuel subassemblies, and in-core supporting hardware, includ

ing elastic analyses of core movements due to mechanical and 

thermal stresses. Only the results of Phase II will show 

whether Phase III and similar extensions are needed. Hence, 
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there are no alternatives to these initial two phases. Phase 

IV activities may be eliminated or decreased in scope. How

ever, the application of the fuel duct in the FTR requires 

that the characteristics of the duct be identified by testing 

to assure structural integrity and absence of undesirable 

reactivity effects. 
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INTEGRAL STRUCTURAL ANALYSIS (E-4) 

Design Problem and Requirements 

FFTF core components form a highly coupled nuclear, 

thermal and mechanical system. Fuel and flow ducts are 

mounted in an axial and radial support system to afford 

minimum strain and achieve high mechanical and hence, nuclear 

stability. Information required is based upon the need to 

characterize the core system adequately to assure predictable 

time temperature response of core geometry and to achieve a 

structurally sound core support system. 

Core Geometry Effects 

Geometric characterization of the mechanically coupled 

system subjected to thermal and hydraulic driving forces is 

required for: 

1) Subassembly bowing 

2) Subassembly axial expansion 

3) Subassembly radial expansion 

4) Support (grid) plate deflection 

5) Interaction with split plane structure 

6) Interaction with control elements 

7) Interaction with reflectors 

8) Vibration. 

For a flow duct which is simply-supported at the bottom 

tube sheet, built-in at the reactor cover and free to expand 

radially elsewhere, preliminary analyses show a maximum radial 

inward deflection of 0.34 in. when exposed to a maXImum tem

perature gradient of 60 of across the tube. Deflections as 

small as 0.1 in. will induce measurable reactivity changes. 

Motion of coupled core components must be correlated with 

direction, time and phase of the driving forces. 
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Structural Integrity 

Loading of the core by its support system in an optimum 

manner to assure minimum strain throughout the core life 

requires characterization of the following: 

1) Thermal stresses (cyclic and steady state) 

2) Mechanical or hydraulically induced stresses 

3) Plastic deformation 

4) Stress concentration 

5) Vibration. 

Strain induced In the coupled components must be corre

lated with location of support points and with thermal and 

hydraulic loadings to be anticipated. (4) 

Analytical methods currently used for equally complex 

aerospace structures can be applied to the FTR core. Gener

ally these methods are based on linear analyses so that the 

influence of one loading condition can be superimposed onto 

that of one or more others--thus, structural behavior under 

expected loading conditions can be predicted. Whether the 

thermal or mechanical deformations are linear in the FTR core 

will require experimental verification. 

Proposed Development Program 

Because of the complexity of the core system, the devel

opment effort must also be paralleled by an extensive 

analytical program. Experimental data will be correlated 

with mathematical models to provide the detailed thermal, 

mechanical and nuclear behavior characterization. The first 

phase of this program will use existing technology to the 

fullest extent practicable and will be highly idealized to 

gain an understanding of the system. A second phase effort 

will be aimed at greater refinement in which transient beha

vior can be studied with detail extended to individual core 

components. 
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Experimental Methods 

Although the structural analytical methods to be used 

are founded on well-established theories that have been veri

fied experimentally for aerospace structures~I,2,3) the appli

cation of these methods to reactor structures is unique. To 

obtain the true coupling between structural components and 

verify the applicability of the analytical models, a test 

model of the core structure is required. 

The model does not have to be an exact replica of the 

FFTF core structure, but should be in a similar class. The 

model can be any convenient size and shall consist of at 

least a partial sector of tubes, tube sheets, vessel and 

cover. A finite element code will be applied to the core 

model for various thermal and mechanical loadings. Analyti

cally predicted deformations will be compared with those 

measured on the model. 

Because the core is a built-up structure, various joints 

and mating parts may not respond compatibly to temperature 

fluctuations. Local buckling, interferences, fits and other 

nonlinearities may invalidate the proposed linear analyses. 

Whether these nonlinearities are serious can be established 

by uniformly heating a full size sector of the core structure. 

Obviously this model for establishing heat-up linearity could 

double as the core model used in the above analytical corre

lation studies. One argument for the latter is timing. 

Range of Parameters 

The uniform temperature linearity check will require 

reproducing the absolute temperature ranges expected in the 

reactor. The thermal stresses are contingent on reproducing 

the prototypical temperature gradients. Thus, the range of 

parameters are as follows: 
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1) Uniform heating from 100 to 1000 of 

2) A steady state temperature distribution corres

ponding to inlet temperatures of 500 of to outlet 

temperatures of 950 of 

3) Longitudinal temperature gradients to 350 of 

from the bottom of the active core zone to the top 

4) Radial temperature gradients from 0 to 60 of 

across a typical flow duct in the active core zone 

5) Hydraulic pressure corresponding to 50 to 125% of 

the designed bulk flow velocity. 

End fixtures for the upper portion of the flow duct 

corresponding to pinned and clamped ends will be considered. 

Geometric parameters will be the configuration of the lockup 

mechanism and location of an intermediate tube sheet. 

Variables to be Measured 

The linearity of uniform temperature expansion will be 

established by deflection measurements on the tube sheets and 

ducts. Duct bowing loads will be established with strain 

gauges and profiles of translations and rotations at the tube 

sheets. The lateral deflections of the grid plate assembly 

can also be established with profilometers and strain gauges. 

Thermocouples are required to establish the exact temperature 

vrofiles. 

Information to be Applied to the Design 

Analytical results will be plotted on curves; these will 

show the radial and longitudinal deformations of the core as 

a function of temperature distribution and coolant flow rate. 

Stress concentrations at various locations will be delineated. 

The flow ducts are the critical elements in the core 

structure. The integral core analysis will predict their 

geometric behavior with time. TIle grid plate assembly, the 
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reactor cover and any intermediate lockup devices are less 

critical but excessive deformations in them alter the behav

ior of the flow ducts. Once the accuracy of the analytical 

methods are verified, the analytical methods can be applied 

to the prototypical structure without further experiments. 

Test Facility 

The fluid elastic loadings on the prototypical ducts can 

be separated from the thermal effects. The two individual 

results can later be superimposed to indicate the overall 

behavior. The mass density of the coolant should have little 

influence on the deflections of the flow ducts. Hence, a 

heated-gas model is sufficient to establish thermal effects. 

The fluid elastic forces arise from two sources: 

1) Cross flow induced vibrations of the flow ducts 

2) Lateral hydraulic pressures on the grid plate 

assembly. 

The magnitude of the vibration deflections will be established 

by experiments suggested in Core Vibration. The hydraulic 

pressure acting on the grid plate assembly can be simulated 

by either hydraulic jacks or dead loads in the gas heated 

mockup. 

To summarlze, a partial, full scale model is required to 

check linearity expansions with temperature changes. A non

prototypical structure model, subscale and partial, is the 

minimum required to confirm the analytical methods. The core 

model will be subjected to prototypical temperature gradients 

and to simulated hydraulic loadings. 

Alternates to Performing the Proposed Analysis and Experiments 

The alternates to the proposed plan are: 

1) Eliminate experimental work 

2) Eliminate integral core analysis. 
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Eliminate the Experimental Work 

The experimental work can be eliminated. Sole reliance 

on analytical methods can be argued cogently on the basis of 

successful applications in the aerospace industry. Analysis 

is mue:, less expensive than experiments. Furthermore, an 

expeYJ i;lental model is not necessarily more accurate than an 

analytical model. 

But not all loadings can be predicted by analysis. Also, 

the proposed analytical methods have not been applied to 

integral core structures; we cannot say at this time that a 

conservative design based on analytical methods alone is 

adequate. As experience is gained in analyzing integral core 

structures, the need for proof tests will diminish. This 

alternative lS less expensive but less conservative than the 

proposed work. 

Eliminate the Integral Core Analysis 

Conversely, the integral core analysis can be eliminated. 

The traditional approach--analyzing components in detail fol

lowed by proof tests in the components--can be taken. This 

approach is necessary but not sufficient. 

This alternate does not assure compatibility of the 

individual analyses. ~or does it provide the flexibility and 

speed to assist preliminary design. Nor does it provide a 

means to perform system analyses of operational transients. 

~ost important, it does not bridge the gap between non

nuclear and prototypical behavior. 
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CORE ACCIDENT MECHANICS (E-5) 

Design Problem and Requirements 

Behavior of the reactor vessel and top cover under design 

basis accident (DBA) conditions has a vital effect on the 

design of blast shields and containment spaces within the 

containment system. Knowledge of this behavior is necessary 

for the proper design of the top cover and its hold-down 

mechanism or other energy absorbing devices to control the 

top cover. This knowledge is also necessary to predict pres

sures, temperatures, and missile hazards in surrounding 

containment spaces. The maximum energy equivalent of the 

explosive disassembly of the FFTF core is believed to be in 

the range of 750 to 1500 lb of TNT~l) Continued effort is 

necessary In developing an analytical model that defines the 

nuclear explosion, its magnitude and characteristics. In 

addition, an analysis of the effects of the DBA energy release 

on the containment system is necessary to justify the safety 

of the reactor. Because of the many assumptions in such an 

analysis, experimental testing using FFTF configurations and 

conditions is proposed. Existing model test data can be 

correlated to the FFTF to some extent but these data do not 

fit all FFTF conditions. 

Damage Mechanisms 

The damage mechanisms may be attributed to two effects 

which are separated based on the time scale of events. The 

shock effects which occur within the first few milliseconds 

after the explosion and the gas bubble effects which occur 

later. 

Shock Induced Effects 

In the radial and downward direction, the shock wave 

provides a virtually instantaneous load for a short period 

of time on the containing structure and causes permanent 
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deformation of the structure. The shock wave propagating 

upward through the sodium coolant may be reinforced by 

reflected shocks from the vessel wall. When the shock 

reaches the gas gap between the coolant and vessel cover, 

an expansion wave will reflect back through the coolant. 

Spray and jets of sodium will impinge on the bottom of the 

vessel cover and induce a high impact pressure. This pres

sure will be a function of the shock deformation in the core 

region. Shock waves transmitted along subassembly tubes 

induce an additional load to the vessel cover. 

Gas Bubble Induced Effects 

After the passage of the initial shock wave and reflec

tions, vaporized fuel, stainless steel cladding, coolant, and 

other core materials pressurize the reactor as another damag

ing mechanism. The gaseous bubble causes vessel deformation 

if the pressure is sufficiently high. Also it will acceler

ate a portion of the sodium against the vessel cover. The 

damage potential of the gas bubble is a function of the blast 

energy which remains after shock deformation and heat absorp

tion by the coolant and the reactor internals. It may be 

postulated that a small sodium slug will also occur inside of 

some subassembly ducts. 

The required design information to satisfy this problem 

is the characterization of the nuclear excursion as a 

pressure-time effect in the core and the characterization of 

the reactor vessel response to the excursion. The information 

must be In the form of analytic expressions confirmed and cor

related to the extent possible by experiment. 

Current Technology 

A theoretical analysis of the loadings induced on the con

taining structure has been performed for spherical geometries. 

(12) The model consisted of an explosive core surrounded by 
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water with a small gas gap between the water and a rigid wall 

biological shield. Actual reactor designs are not one dimen

sional systems in either spherical or cartesian coordinates. 

The shock may initially tend to be spherical but mUltiple 

reflections from the vessel will modify this if they overtake 

the initial shock as it moves up toward the vessel cover. 

Physical uncertainties of mathematically solving the three 

dimensional problem with the appropriate shock-surface inter

actions soon lead to scale model tests. 

Experience with explosives has demonstrated scale models 

may be used to simulate explosion effects in full size tests 

provided the proper scaling laws are followed. (13) The most 

appropriate scaling laws are known as Hopkinson scaling where 

the linear dimensions of the model and reactor are related by 

a constant factor. Velocity and accelerations due to gravity 

do not scale but other quantities such as mass, specific 

impulse, stress, etc., are simply multiples of the scale 

factor. (3) This is convenient for nuclear containment studies 

as long as the explosion characteristics may be properly simu

lated. The energy equivalent in TNT is often used to simulate 

the nuclear explosion although the nuclear explosion is known 

to generate smaller pressures and in general causes less 

deformations. (2) TNT provides an extremely rapid conversion 

of energy and generates a severe shock wave and impulse 

loading. Conversely, a slow burning source of chemical 

energy such as a propellent produces relatively small defor

mations because there is no shock wave. Therefore, a charge 

of TNT simulates the maximum vessel deformation and maximum 

shock loading on the vessel cover from spray of coolant at 

the sodium-gas interface. Seemingly, a propellent should 

produce the largest vessel cover loadings from sodium hammer 

because of the relatively smaller vessel deformation volume 

where explosion gases may be accommodated. However, 
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experience at N.O.L. (4) indicated the maximum plug jump for 

the model of Enrico Fermi reactor occurred for TNT type explo

sives if rigid wall vessels were used. 

Extensive experimental work has been performed at 

~.O.L. (3.4) on containing explosions with single-walled 

cylinder~ and measuring the height of a blast driven shield 

plug, called "plug jump." The containment potential of single 

walled cylinders has been measured and correlated into "con

tainment laws" with reasonable material law assumptions. 

Based on these laws, the shock induced deformations for a 

single walled cylinder at least two diameters in length may 

be calculated, and allowable blast energies predicted with 

confidence. For composite vessel walls, however, analysis 

and theory is very limited. Reasonable methods are needed to 

predict shock induced deformations where the walls of concen

tric cylinders are separated by a layer of sodium. However 

shock loadings on the lower portion of the pressure vessel 

are not the prImary design difficulty as will be explained 

later. 

The shock induced loadings for an unsecured vessel cover 
have been experimentally measured; (5,6) however, analytical 

models have not been developed for reactor geometries. The 

FFTF design uses a bolted down cover which provides more 

loading time for spray effects. This mechanism should be 

investigated experimentally and analytically. 

The sodium slug effect has been investigated to a small 

degree. (7,8) An analytical model has been proposed(7) which 

explains the SL-l accident but should also be applied to 

British results(5,6,8) where possible for verification. 

Information Gained from Current Technology 

The vessel wall material will receive neutron fluence up 

to 10 20 nvt. Conventional tensile testing(9) has shown a 
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marked decrease in material ductility for neutron exposures 

in the range of 10 20 . Reasonable estimates of allowable 

design ductility are 3 to 5%. (11) There is some degree of 

uncertainty regarding the degradation of material properties 

over the 20 year life of the vessel and its ability to con

tain a TNT type explosion. The reactor system must be 

designed to retain the sodium and radioactivity in a secon

dary containment. Note: The term primary vessel refers to 

the pressure retaining stainless steel structure around the 

reactor core while secondary containment refers to the con

crete structure outside the primary vessel. If the primary 

vessel fails, the sodium slug loadings on the vessel cover 

would be greatly reduced because of loss of driving pressure. 

There are at least two reasons why the vessel might not 

fail from ductility loss. Experience with explosive defor

mations have shown that brittle material may deform In a 

ductile manner under very rapid loading conditions. Thus, a 

ductile material model may not be unrealistic. There is not 

sufficient experimental data for blast deformations of irra

diated stainless steels to determine the answer. Therefore, 

blast containment calculations must consider the effect of a 

ductile material under shock loadings also. Secondly, 

nuclear explosions do not have the shock deformation charac

teristics of TNT. The deformation seems to occur from the 

overpressure effect and is relatively small. 

Applying the existing theories to a present conceptual 

design (SK.3.12574) is informative. The factor method of 

assigning percentages of blast energy to mechanical damage, 

loss to coolant and vessel internals, gas bubble, etc., has 

not been used since this does not reflect the specific reactor 

conditions such as coolant temperature and may not be realis

tic. The primary vessel and inner core vessel walls are 

assumed to be 2 in. thick AISI 304 annealed stainless steel. 
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The first set of considerations are for the containment 

potential of the primary vessel and inner core vessel separately 

for a TNT type exposion. At reactor temperatures of 550 of, 

the uniaxial strain to rupture is approximately 40%. (9) Based 

on tests at N.O.L. (3) a safe allowable strain is one-third the 

strain to rupture. Applying the containment laws with these 

factors showed the outer pressure vessel would safely with

stand 172 lb of TNT and the inner core vessel would withstand 

112 lb. These figures are not additive for total vessel con

tainment, however, because of inertia of the sodium annulus 

between walls. Also the laws were correlated for water as the 

medium between the explosive and wall so the containment 

potential will be reduced somewhat. (10) These values of 

acceptable explosions indicate that an explosion of 750 to 

1500 lb of TNT, which must be considered for the FFTF, will 

not be contained within the primary vessel even considering 

ductile materials. 

The second set of considerations are for a propellent 

type of explosion which has no shock wave and causes deforma

tion only through overpressuring the vessel. The propellent 

was assumed to have a quantity of gas generation equivalent 

to 750 lb of a TNT type explosion. The slug of sodium above 

the core is accelerated by an isothermal(4,7) expansion of 

explosion gases and impacts the vessel cover. The validity 

of using an isothermal expansion was based on test data for 

model reactors with coolant and internal structure which indi

cated the gases rapidly approached the coolant temperature 

after blast. Immediately after propellent is burned, the gas 

bubble retains the original explosive volume of 7.9 ft 3. The gas 
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rapidly approaches the coolant temperature as the vessel is 

deformed. The equilibrium position was located for the com

posite wall consisting of the inner core vessel and outer 

primary vessel with sodium in between. This is calculated 

by balancing the pressure of the explosion gases which 

decrease with vessel strain with the pressure containing 

ability of the vessel which increases from strain hardening. 

The resultant gas bubble pressure was 1450 psi with a strain 

of 6.1% in the inner core vessel. This provides an addi

tional volume of 272 ft 3 for gases to be accommodated. The 

sodium slug is accelerated through a 2 ft gas cover space 

until it reaches a speed of 166 ft/sec and impacts the top 

cover. The remaining static pressure in the gas bubble is 

about 650 psi. Subsequent events depend on the type of 

impact invoked. 

The most favorable containment situation is an inelastic 

collision where a large portion of the energy is dissipated 

during the collision process. This situation imparts a veloc

ity to the cover of 82 ft/sec and the energy of the fluid

metal system is dissipated in the top ten feet of the vessel 

(single wall region) with a strain of 4%, which appears 

credible. 

However, the validity of assuming an inelastic collision 

is not apparent and a more conservative approach would take 

the kinetic energy of the sodium slug, subtract the energy of 

deformation, with the remaining energy lifting the vessel 

head. The difficulty of this occurs in accounting for the 

energy of deformation. The deformation may be approximately 

considered as circumferential and axial strains. The axial 

strain energy was approximated by a plastic flow stress of 

48,000 psi straining the upper 10 ft of the vessel 5%. 

For zero circumferential strain, the remaining energy 

goes to potential energy which could lift the head 160 ft. 
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There will be circumferential strains; however, they are not 

easily calculated. The wall and head respond to a varying 

sodium pressure loading caused by their own motions. 

The example energy balance has not accounted for a large 

portion of energy in the gas bubble which becomes available 

for accelerating the sodium and vessel cover if the vessel 

fractures. Most of this energy will not be transferred to 

the head, however, because the sodium must also be acceler

ated and the gas bubble will have displaced all the sodium in 

the vessel before it has fully expanded to atmospheric pres

sure. Therefor~ it would not continue to transfer energy to 

the sodium. Extensive analytical work will be required to 

calculate these loadings which should be verified by tests. 

Test Program 

Test Method and Purpose 

In addition to the work for developing an analytical 

model which defines the nuclear explosion in terms of maximum 

energy release, release rate, and gas bubble pressure 

build-up; an analytical model is needed which predicts the 

effects of the nuclear explosion on the reactor vessel. The 

analytical model must be based on the FFTF reactor vessel 

configuration which is difficult to correlate with existing 

test data. Results from this program will be used for veri

fication of expected pressures, temperatures and missile 

hazards within adjacent containment spaces of the containment 

system. 

To proceed in this direction, the following test sequence 

IS recommended: 

1) Development of an analytical model which defines the 

character of the nuclear explosion. This includes 

the maximum energy release, energy, release rate, 

and gas bubble pressure build-up. 
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2) Develop an analytical model for the deformation 

characteristics of a composite wall with a propel

lent type explosive. The approach will apply the 

techniques of Reference 3 (which examined thin 

walled cylinders) to composite walls. This will 

require an experimental program to explosively 

dilate about 50 cylindrical models with diameters 

ranging up to 20 in., different wall thicknesses, 

various types of composite walls, size of explosive 

charge, etc. This information will allow prediction 

of minimum wall deformations so that maximum sodium 

slug loadings can be calculated. 

3) Develop an analytical model for the vessel head 

loading imposed by the sodium spray and the sodium 

slug. The flow equations for continuity, momentum, 

and energy plus the equation of state will be solved 

numerically along with the Rankine-Huginot shock 

equations for one dimensional flow in both spherical 

and cartesian coordinates. This will provide lower 

and upper limiting values for the head loadings. 

The vessel cover motion will be considered in the 

boundary conditions as this will affect the impulse 

the cover receives. Experimental results will pro

vide guidance for determining where reactor explo

sions fit between the upper and lower boundaries. 

4) The information gained in recommendations 1, 2, and 

3 will be applied to the subassembly ducts so their 

role in vessel cover loadings can be assessed. 

Mechanisms to be examined include shock loading 

transmitted to vessel cover through subassembly 

ducts, sodium slug phenomena within a single duct, 

and the effect of the subassembly ducts on the 

sodium slug motion. 
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5) Establish a test program to improve definition of 

cover loadings within boundaries determined in recom

mendation 3. A model which is about one-tenth as 

large as the FFTF will be used. The coolant will be 

sodium at 900 of, the nominal outlet temperature for 

the FFTF unless otherwise specified. Four tests are 

proposed to obtain specific information: 

a) Test without vessel cover to obtain appearance 

times of sodium spray and sodium slug. This will 

aid interpretation of the data by indicating when 

the different loading mechanisms occur for the 

closed vessel tests. 

b) Test with fixed vessel cover and reinforced lower 

wall near the core to obtain maximum sodium spray 

and slug effects. This will provide an upper 

limit for loadings on the vessel cover. The 

strain rates of the upper region of the vessel 

will be measured. Pressure cells will record 

sodium impact pressures on vessel wall and head. 

c) Test with fixed vessel cover and allow about 6% 

deformation of lower core vessel which will 

result in more realistic vessel head loadings. 

This will be accomplished by a rigid wall vessel 

which surrounds the model and stops its wall 

motion after the required strain. This defor

mation absorbs some of the blast energy and helps 

accommodate the gas bubble so that less pressure 

is available to accelerate the sodium. Test data 

will be identical to test b). 

d) Repeat test c) with 1200 of sodium. This pro

vides a different gas bubble temperature and 

reduced the sodium slug loading. The measured 

loadings will be used to check the fluid flow 

model established in recommendation 3. 
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Information from Test Results to be Applied to Design 

When analyzing the damage from nuclear explosions, know

ledge of the explosion energy release rate is important to the 

analyst in addition to the total energy release. This would 

aid comparing effects of nuclear explosions with calculations 

for TNT type and propellent explosions. Early analytical 

results showed a TNT explosion would not be contained within 

the primary vessel and, therefore, the sodium slug loadings on 

the vessel cover would be minimized. The 750 lb propellent 

type explosion releases will make rupture in the vessel wall 

near the core more probable. The maXImum sodium slug loading 

on the vessel cover occurs with energy releases that do not 

quite cause rupture. The prediction of the sodium slug 

loading is limited by inadequate fluid impact models. The 

approach shown previously indicated the vessel cover could be 

torn free of the vessel and still possess sufficient energy 

to impact the roof of the hot cell which is inside the con

tainment dome. Refined analytical techniques are necessary 

to determine more accurate impact energies so that proper 

energy absorbers can be designed. 

Alternates 

If the analytical studies described in recommendation 3 

were completed, the vessel head loadings could be calculated 

on a conservative basis so that a safe design could be 

obtained. The procedure would be as follows: 

1) Perform analytical studies of recommendation 3. 

2) Check validity of analytical studies with existing 

experiments in References 3, 4, 5, 6, 7, 8, and 10. 

3) Calculate maximum sodium spray and sodium slug 

loading on the vessel head. 

The advantage of this approach is elimination of the 

testing program, but, this leaves a large number of uncer

tainties in the response of the vessel to the explosion. 
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VESSEL, NOZZLE, AND PIPING MECHANICS (E-6) 

Design Problem and Requirements 

The design problems for the FFTF main reactor vessel, the 

removable core vessel, the sodium inlet and outlet nozzles, 

and the prjmary nuclear piping can be solved, for the most 

pa rt, \vi tl! in the current techno logy. In general, the de sign 

procedures must satisfy the requirements of the ASME Boiler 

and Pressure Vessel Code, Section III, 1965.(1) \lot all of 

the theoretical solutions for stresses in the two vessels, the 

nozzles and piping are in forms amenable to routine design. (2) 

In addition, analytical results are not always conservative 

and often should be checked experimentally. (3) Thus, combined 

analytical and experimental stress analysis methods are 

requireu. 

The FFTF main reactor vessel is a large diameter to 

thickness ratio (thin walled) cylindrical shell with a tori

spherical head at the base.* The main reactor vessel is sus

pended by its support flange at the top. The removable core 

vessel, suspended inside the main reactor vessel, is basically 

a thin walled cylindrical shell with a conical section and 

shell at the top. Attached to the base of the core vessel is 

* See FFTF project drawing SK-3-12579~ SpZit Core Reactor 
Arrangement V. 
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the toroidal shaped high pressure plenum. Both shell configur-

ations have several discontinuity regions (i.e., abrupt changes 

1n geometry), particularly in the support flange areas. 

The main reactor and removable core vessels must with

stand primary and local bending stresses due to the pressure 

in the main vessel plus the suspended weights of the vessels, 

core, and coolant, and secondary stresses due to thermal 

gradients. (1) Each stress classification mentioned is 

redundant or indeterminate in the discontinuity regions. Also, 

in the discontinuity regions, peak (cyclic) stresses due to 

differential expansion may cause fatigue but not shell dis

tortion. An accurate detailed stress analysis of these two 

vessels will be essential in their design program. Design 

conservatism obtained by merely increasing the wall thick

nesses of the FFTF main reactor vessel, and the removable 

core vessel is not a preferred alternate. It is desirable to 

keep the walls of these vessels as thin as practical to limit 

the stresses due to the suspended weight of the vessels and to 

minimize the thermal stresses from gamma heating and nonuniform 

or cyclic sodium temperatures. 

The main reactor vessel configuration shows eight 12 in. 

inlet nozzles and four 24 in. outlet nozzles for the sodium 

coolant. Stress concentration factors will exist at these 

openings for membrane and local stresses and for secondary 

thermal stresses. These stress concentration factors could 

approach a value of three of that on the edge of a small 

circular hole in the center of a rectangular plate subjected 

to axial tension. The nozzle walls could also be subject to 

cyclic fatigue stresses: thermal fatigue could arise from 

rapid changes in coolant temperature and mechanical fatigue 

could arise from cyclic external loads. 

In summary the design procedure of the FFTF main reactor 

and core vessels and the coolant nozzles is: to determine the 
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stresses at all vessel uiscontinuities, to adequately compen

sate for stress concentrations at the nozzle openings, and 

to do a fatigue evaluation of the vessel shells and nozzles. 

The following is a list of representative loads or 

loading mechanisms which will exist, to at least some extent, 

in the FFTF primary nuclear piping. (5) 

1) Internal Pressure 

2) Gross Thermal Expansion anu Restraint, or Imposeu 

Moments anu Forces. 

3) Steady State and Transient Local Thermal Stresses. 

4) Impact 

5) lIydraulic lIammer 

6) Dead and Live Gravity Loads 

7) Forceu or Self-excited Vibration (Including earthquake 

loads) . 

Generally only a few of the above listed loads will be 

significant in any specific component of a power piping 

system. A design stuuy of the primary nuclear piping system 

is necessary to completely unuerstand all possible failure 

mechanisms. Auequate analysis methous for computing local 

stresses and strains in common piping components such as 

tees, wyes, anu laterals must be found if the fatigue behavior 

of the piping system is to be predicteu. 

The uesign of any nuclear pressure vessel must satisfy 

the requirement of the ASME Boiler anu Pressure Vessel Code, 

Section III. ASl'-IE, Section III contains rules for the design, 

fabrication, material specifications, anu inspection of 

nuclear vessels. 

The stresses ln axisymmetric cylinurical, pressure 

vessels witll abrupt changes in geometry (discontinuities) may 

be determined analytically by a discontinuity analysis, (1) or 

by experimental stress analysis. (6,1) 
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The discontinuity analysis is initiated by separating the 

vessel into individual shell elements of a simple geometric 

shape for which the structural behavior 1S known. The pres

sure, mechanical, and thermal loads are applied to the shell 

elements along with a system of forces required to keep the 

static equilibrium of each element. These loads and forces 

cause individual element deformations which, in general, are 

not equal at adjoining edges. Therefore, a redundant shear 

and momellt must exist at each discontinuity to have compati

bility of deformations. Equations for the redundant loads 

are written in terms of each element's influence coefficients, 

i.e., edge deformations due to a unit shear and a unit moment. 

Several computer programs are adaptable to the discontinuity 

analysis of an axisymmetric shell. After the equations are 

solved for the redundant loads, the stresses at the edge of 

each element or discontinuity are calculated by conventional 

means. The procedure and information required for a dis

continuity analysis are given in article 1-7 of ASME, Section 

III. 1'he rules for the strcss classification and stress 

allowablcs in nuclear pressure vessels are given in paragraph 

~-414 of ASME, Scction III. 

Thc tori spherical head at the base of the ma1n reactor 

vessel is relatively flat and the vessel shell is relatively 

thin. The head to shell junction (knuckle) can be a region 

of high stress (both tension and compression) with the result 

that the material in this region may yield. A limit analysis 

will be needed for this junction because, for such a head and 

shell configuration, elastic stability theories could indicate 

buckling even before yielding, (2) i.e., the stability of the 

head must be insured. 
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The coolant inlet anu outlet nozzles penetrating the FFTF 

main reactor vessel must be adequately reinforced to compen

sate for their increaseu membrane and local stresses due to 

pressure, and their increased secondary thermal stresses 

(stress concentration factors). ASME, Section III satisfies 

this require~ent with the code rules for design and fabrica

tion of nozzles given in paragraphs N-452 to N-456. (7) The 

design technique proposeu in the coue for the reinforcement 

of the penetrations is the area replacement method. The 

amount of reinforcement placed around openings by this 

method is considered reasonably conservative. The reinforce

ment areas required, by ASME, Section III, for the conceptual 

outlet and inlet nozzle configurations are, 7.5 in. 2 and 

5.5 in. 2 , respectively. The effective reinforcement areas 

available for the outlet and inlet openings are 47.8 in. 2 and 

41.0 in. 2 , respectively. Therefore the ASME, Section III 

nozzle reinforcement requirement is satisfied by the conceptual 

design. 

The critical or governIng stresses at the discontinuity 

regions and nozzle penetrations may be found by experimental 

stress analysis. This is accepteu by the ASME, Section III 
nuclear vessel design code if the code's general require

~ents given in Article 1-10 are met. 

An experimental stress analysis of a pressure vessel 

may be necessary if the shell has a complex configuration, 

i.e., the manipulative uifficulties of the discontinuity 

analysis may be prohibitive. For example, the upper region 

of the FFTF main reactor vessel is difficult to separate into 

simple shell elements. These simple shell elements can 

only be approximated at some of the uiscontinuity areas, and 
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the number of elements will become large. The number of 

reuundants and equations necessary for their solution, associ

ated with numerous shell elements, is also large and tends to 

complicate the discontinuity analysis greatly. The accuracy 

also lessens because of the approximations. 

The stress distributions around the nozzle openings in a 

shell may be uetermined with good accuracy by experimental 

methods. (6,8) Such experiments could probably best show the 

adequacy of the ASME, Section III reinforcement requirements 

for the nozzles penetrating the FFTF main reactor vessel. 

Two types of tests for determining pressure vessel and 

nozzle stresses coulu be useu here. They are strain 

measurement tests and photoelastic tests. Strain gage data 

may be taken from the actual vessel or from a model vessel. 

Both two-dimensional or three-dimensional photoelastic 

techniques may be useu. 

Preliminary design calculations show the maximum alter

nating stress (S ) in FFTF main reactor vessel, for a radial a 
thermal gradient of 6T = 300 of, to be 16,500 psi. (9) This 

thermal gradient and potential fatigue stress represents a 

fast scram from full power with full pump flow condition or 

the most severe fatigue condition possible. The numbers of 

FFTF fast scrams or fatigue cycles may be as high as 1000. 

The present method of evaluating fatigue for a nuclear 

pressure vessel is discussed in paragraph N-415.2 of ASME, 

Section III and the code's design fatigue curves based on 

strain-controlleu fatigue tests. (10,11) The fatigue curve 

applicable to the FFTF main reactor vessel is Code Case 13-31 

(1200 OF). The assumptions necessary to make the present 

code's fatigue rules anu curves apply to the FFTF design are: 

the irradiation of the vessel uoes not change the vessel's 
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material properties, and the rapid cycle fatigue test data, 

from which the design curves were compiled, are representa

tive of the vessel's actual fatigue cycling (potential 

damage at 1200 of would actually result from a combination 

of fatigue and creep phenomenon). 

Preliminary fatigue stresses (S ) for a 200 of step-
a 

change at the nozzles were found to be 22,900 psi and 

24,075 psi maximum for the outlet and inlet nozzles respec

tively. (9) The ASME, Section III fatigue curves, using 

these preliminary data, indicate that fatigue failure in 

the nozzles is not imminent until 40,000 cycles (S = a 
24,075 psi controls). Further calculations show that the 

code, stress limit (3 Sm) will not be exceeded in either 

nozzle region for a 200 of step-change. (Sm = the allowable 

stress for the vessel material, ASTM A-240 TP 304 SS.) 

The design of the FFTF primary nuclear piping system 

will also rely on the ASME, Section III code. The code 

requires a detailed stress analysis and a fatigue evaluation 

of the system. (5) The possible load sources for the piping 

are listed in Part I of this code. The code also includes 

rules to guard against brittle fracture. The stress analysis 

cannot be handled analytically for many of the piping systems 

unsymmetrical shell-like discontinuities such as tees, wyes, 

laterals, etc. (5) The code allows for expeiimental stress 

analysis methods to be use~ however. Photoelastic analysis 

or correlation with existi'1g experimental data is recommendeu. 

Proposed Experimental Programs and Expected Results 

The following photoelastic model tests are recommended 

for the FFTF main reactor vessel and the removable core 

vessel design program. 
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Two-Dimensional Models 

1) Upper Region of Main Reactor Vessel Shell 

2) Upper Region of Removable Core Vessel 

3) Inlet Nozzle 

4) Outlet Nozzle. 

Three-Dimensional Models 

1) Inlet Nozzle Region 

2) Outlet Nozzle Region 

3) Torispherical Head.* 

The results of these photoelastic experiments can be combined 

with analytical stress analysis methods to readily distinguish 

between primary, secondary, and local stresses. This capa

bility is important because each stress classification has an 

applicable code limit. 

The proposed two-dimensional models would be used to give 

the primary and local bending stresses due to suspended ves

sel, core, and coolant or mechanical loads at the gross dis

continuities and nozzle regions. The stresses due to pressure 

and thermal gradients, determined analytically, could be 

superimposed on the model stresses to give the overall stress 

picture at these regions. 

Three-dimensional models 1 and 2 could be used to 

accurately predict local peak and fatigue stresses in the 

nozzle regions due to stress-changes in temperature or from 

other external loads transmitted to the nozzles from the 

piping. (6.8) These two photoelastic experiments would, in 

* Suitable experimental data may be available in the 
literature. 
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effect, show tlle adequacy of the ASME, Section III reinforce

ment requirement for the nozzles penetrating the FFTF reactor 

vessel. 

Three-dimensional model 3, would give the elastic stress 

distribution in the head to shell junction (knuckle). With 

this distribution known, the limit analysis of the head can 

be readily performed. 

As previously noted, some photoelastic stress experi

ments, etc., are anticipated for the discontinuties of the 

primary nuclear piping system. The details of this portion 

of the experimental program can be readily worked out when 

the piping system configuration becomes fixed. 

An important reactor vessel design problem has been 

identified for which a development program has not yet been 

defined. In the design of the FTR vessel, strong effort is 

directed toward the use of design features and design con

cepts which are amenable to theoretical analysis with the 

least need for experimental correlation. In effect, this 

design approach should permit development of analytical 

models of the reactor structure which may be used to predict 

steady state and transient response under virtually all modes 

of operation. To the extent that valid analytical structural 

models can be developed, the performance of the reactor system 

may be predicted at any time during the life of the reactor, 

even after the occurrence of severe (not destructive) 

accidents. 

Assuming a nearly ideal structure characterized by a 

practicable analytical model, there is a high incentive for 

correlation of the physical system response to the analytical 

model. Expected correlative data to be obtained are struc-

tural strains and displacements as a function of imposed 

mechanical or thermal loadings and time. In jts present 
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status, the CCTL at ANL has been structurally characterized 

by analytical models with correlative instrumentation for 

strain and displacement affixed to the loop piping and com

ponents. It is expected that operation of the CCTL will 

yield valuable information concerning 1) our ability to 

establish valid analytical models which are confirmed and 

improved by experimental data acquired from the physical 

system, and 2) the state-of-art capability of strain sensors 

to withstand long time environmental conditions at or near 

1200 of. The results of the CCTL structural program will 

assist in definition of the FTR vessel structual response 

development program. 

Design Alternates 

Nozzles Stresses 

An analytical solution for the state of stress in a 

cylindrical shell with a circular hole has been proposed by 
. (12) A. C. Erlngen. The solution is applicable if the open-

ing has parameters within the following limits: d /D < 
1/2 m m-

0.35; D /T > 20 and 0.155 < (d /D ) (D /T) < 3.90 (see end of m - - mm m -
section for notation). However, the solution does not account 

for the reinforcing effect of the nozzle, i. e., (t/T = 0). 

The stress concentration factor for a single opening 

reinforced by a nozzle can be calculated by hypothetically 

replacing the cylindrical shell with a plate. (13) This 

solution becomes less accurate as the vessel radius 

decreases. 

The major value of either of the two above solutions 

for nozzle stresses is to check the safety of the ASME, 

Section III nozzle design. Most likely these methods could 

not reduce the code reinforcement requirements. 



5.47 BNWL-6l4 

The stress components in the nozzle walls at their junc

tion to the reactor vessel, due to possible external thrust, 

moments, torsion, and shear, can be calculated with the aid 

of a set of nondjmensional curves plotted in terms of nozzle 

to shell parameters. These nondimensional curves are the 

results of analytical work by P. P. Bijlaard. (14-16) Reference 

14 gives equations, also derived by Bijlaard, for the various 

stress components in terms of the external loads and appro

priate values from the nondimensional curves (Table 5, 

Reference 14). The external loads would be those derived from 

temperature step-changes, gradients, etc. 

The accuracy of the above solution is highly dependent 

upon the selection of certain stress concentration factors 

for membrane stresses and bending stresses. (14) These stress 

concentration factors are selected from curves plotted in 

terms of (r 2/T), where (r 2) = the outside filled radius and 

(T) = the vessel wall thickness. These curves conform to 

empirical formulas that were drived from experimental 

data. Also, the nondimensional curves, used in the method, 

have been adjusted to suit certain experimental data,(14) 

i.e., the solution lS configuration dependent. This indicates 

that for unique nozzle configurations subjected to external 

loads, the stresses should be found experimentally. 

Fatigue Evaluation 

As pointed out in a previous section, some assumptions 

that may not be truly realistic have to be l'1ade to do a 

fatigue design of a nuclear vessel operating at 1100-1200 of, 

with the present ASME, Section III code. The recommended 

alternative is that the problem of high fatigue or cyclic 

stresses from thermal gradients be "designed around." 

Thermal fatigue stresses in the vessel and nozzles can be 

reduced to a minimum by use of thermal liners and by 
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immediately reuucing the coolant flow from the pumps during 

a ;:fast scram." Also most emergency shutdowns probably can 

be handled with an "intermediate scram" which would not pro

duce an extreme fatigue condition. 

A postoperative inspection capability should be uesigned 

into the FFTF reactor vessel and nozzles to allow the early 

detection of any fatigue cracking that may occur. The non

destructive test methods available for early detection of 

fatigue cracking are the eddy current and the ultrasonic 

tests. Such tests would be performed routinely during reactor 

shutuown. 

If necessary the fatigue testing of critical vessel 

components could be included in the previously proposed 

experimental stress analysis program. In many cases such 

tests uemonstrate higher allowable peak stresses than the 

fatigue design curves. (1) 
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Notation 

The following letter symbols, used in Sections E-I through 

E-6, conform essentially to Standard Letter Symbols adopted by 

the Pressure Vessel Research Committee, PVRC. 

D Outside diameter of pressure vessel o 
D. Inside diameter of pressure vessel 

1 

D Mean diameter of pressure vessel m 
d Outside diameter of nozzle 

o 
d. Inside diameter of nozzle 

1 

d Mean diameter of nozzle m 
R Outside radius of pressure vessel o 
R. = Inside radius of pressure vessel 

1 

R Mean radius of pressure vessel m 
r Outside radius of nozzle o 
r. Inside radius of nozzle 

1 

r Mean radius of nozzle 
II) 

T Wall thickness of vessel 

t Wall thickness of nozzle 

r3 Inside fillet radius 

r 2 Outside fillet radius 

p Internal design pressure 

S Stress allowable for pressure vessel material m 
S Alternating or Fatigue Stress. 
a 

DRIVER FUEL TOP FACE HARDWARE (E-7) 

Design Problem and Requirements 

The major problem related to top face hardware is the 

selection of sealing methods for prevention of cover gas and 

sodium vapor leakage. Current design concepts indicate that 

there may be several joints required to provide the necessary 

capability for removal and replacement of driver fuel assemblies 
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and the associated instrument jumper connectors. During 

removal of fuel, joints will very likely be exposed to 

liquid sodium. Mechanical seals are a logical considera

tion, but the 1imiteu experience with them in a sodium 

vapor environment restricts their use where a high degree 

of reliability is required. Gray10c and Conosea1s have 

been used in applications that are accessible for manual 

removal of seals, clean-up of mating, surfaces, and manual 

fit up and replacement of the new assembly. An insufficient 

number have been employed to make a realistic evaluation of 

their statistical reliability under conditions to be expec

ted in the FFTF where removal and replacement will be 

by remote means. A further complication is the lack of space 

available for seal locking devices. Galling of threads in 

such uevices is certain to be a serious problem. Conven

tional locking device approaches are ruled out for the most 

part because of the lack of space and the galling problem. 

Since the primary purpose of the FFTF project is to 

proviue reliable testing facilities, it follows that 

auvance testing of hardware is justified. 

Experimental Program 

Seal testing will involve proof-of-principle tests on 

mechanical seals prior to uesign of a hardware prototype, 

fo11oweu by statistical reliability testing of the proto

type and uesign verification testing of the final uesign 

prior to installation of final hardware in FFTF. The first 

two tests are primarily uirected at the seals while the 

thiru test evaluates a final design of the complete hard

ware. It shou1u be anticipated that available mechanical 

seals and locking devices may prove to be unsuitable. For 

this reason, it is important that a backup sealing method 

be investigated concurrent with the above program. 
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The sealing method or methods that survive the proof-of

principle testing would be incorporated in a hardware proto

type design for statistical reliability testing. This would 

involve repeated making and breaking of seals under condi

tions expected in actual service. Environmental conditions 

between seal replacement would be essentially the same as 

those employed during feasibility testing. The number of 

tests performed would be based on the level of statistical 

realiability and confidence desired. For example, if the 

joint employing the seal were connected and disconnected 

100 ti~es in succession without producing a leak under the 

condition listed above, there is 90% confidence that the 

statistical reliability would be 97.7% or higher. 

The sealing methods which survive the above test would 

then be incorporated in a final design of top face hardware 

for design verification testing. These tests would involve 

the same environment as the feasibility tests, but would also 

involve dimensional fit and distortion, fretting and galling 

and interface with the fuel handling machine. 

The tests needed to establish feasibility will involve 

subjecting the sealing methods to static and dynamic pres

sure, thermal expansion, and external forces as well as 

vibration in an inert gas and sodium vapor environment. 

Test Facilities 

The facilities required for the feasibility tests should 

allow testing full scale seals and joints in nonflowing He, 

H20, and Na vapor environments. Water testing may be a means 

of rejecting seals in advance of sodium vapor tests. The 

helium test anticipates that certain seals may not be suitable 

even in a gas environment at FFTF conditions. The facilities 

required for final testing would involve a full scale system 

in terms of nonflowing sodium capability. 
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Alternates 

Since evaluation of alternates in this case is largely 

a matter of pointing out the consequences of not performing 

certain tests, it is important for purposes of this discus

sion that the objectives of the various levels or types of 

tests are defined. In general, testing of components falls 

into five general categories: 

1) Proof-of-principle tests or tests which demonstrate the 

feasibility and/or characteristics of a particular 

approach 

2) Design verification tests which demonstrate that certain 

design characteristics have been provided 

3) Statistical reliability and/or endurance tests which 

demonstrate that functional and materials requirements 

will be met, throughout the predicted life of the 

component 

4) Materials testing 

5) System operability tests. 

System testing may involve 1-3 above, but as a rule, lS 

intended to demonstrate compatibility and operability of 

individual components when integrated into a complete system. 

Tests 2 and 3 are usually the basis for acceptance or rejec

tion of individual components developed, while test 5 is 

the basis for integrated systems. 

In the case of top face hardware development, alter

nates could involve anyone, a combination of several, all 

or none of the tests. The plan described above involves 

tests 1, 2, and 3. Tests 4 and 5 are part of a 

separate program. If proof-of-principle tests (1) on 

several sealing and fastening methods are not carried out 

in advance of the first prototype hardware design, it is 

possible that a complete prototype would eventually have to 
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be built and tested for each type of seal available (and there 

are many). This is true because the hardware design is 

dictated largely by the particular seal employed, and if the 

seal selected fails, the complete prototype also fails. 

Proof-of-principle testing of seals and sealing methods per 

se does not require a complete hardware prototype, and as a 

consequence, could eliminate considerable unnecessary expense. 

Statistical reliability testing (3) of seals and sealing 

methods could be eliminated with the possible consequence that 

top face hardware would leak after several loop changeouts 

and a new design would have to be developed and installed 

after start up, including appurtenances permanently attached 

to the reactor cover. This would be costly and could result 

in considerable delay in reactor start up. 

Elimination of the design verification tests (2) in 

advance of start up could result in the same consequences 

mentioned above, but for different reasons. The tests above 

have dealt with seals and sealing methods only and have not 

considered, for example, routing of electrical jumpers and 

interface with other top face hardware and handling systems, 

or any of the many other functional and materials requirements 

specified for top face hardware. Failure to meet anyone of 

these requirements could put in jeopardy achievement of the 

major goals of the FFTF project. 
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F. MECHANICAL FIT TESTING 

The assembly, disassembly, and reassembly of the reactor 

system cover and internal components are being subjected to 

detailed analytical, graphic, and model evaluations. Although 

these efforts yield no evidence of unsurmountable problems, it 

is strongly indicated that supporting test work to assure the 

adequacy of fit up of the many components, both at the reactor 

cover and in the vessel, are essential. 

The problems associated with the normal fit up result 

from the pure mechanical considerations of the compactness 

of the core and close tolerance requirements, as well as the 

auxiliary effects of chemical, metallurgical, and hydraulic 

behavior on the components. 

The area of mechanical fit is directed toward providing 

development support of design and design verification. 

REACTOR COVER ARRANGEMENT (F-l) 

Test Requirements and Objectives 

With the exception of the primary sodium coolant lines, all 

penetrations into the reactor vessel pass through the vessel 

cover. The principal penetrations consist of more than 150 

nozzles which accommodate the driver fuel shrouds, safety rods, 

shim rods, regulating rods, closed loop tubes, reflector rods, 

oscillating rods, and neutron source. These nozzles are 

located within a circle of approximately seven-foot radius and 

are arranged on about a ten-inch triangular pitch pattern 

resulting in a compact array. 

The space between and around the nozzles is used for 

routing many auxiliary components. These components include: 

gas coolant piping, closed loop piping, electrical power cables 

or conduit, instrumentation jumpers, sample lines, purge lines, 
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and leak monitor lines. All of the components in this crowded 

area must be carefully arranged to avoid interferences and to 

ensure practicality of assembly, compatibility with the fuel 

handling machine, and relative ease of maintenance. 

During the reactor design, a good deal of work will be 

devoted to the layout of the cover area; however, many disci

plines are involved and dimensional errors, interferences, and 

awkward configurations can corne about to cause interference 

problems. Background information for design is needed with 

respect to required clearances, shape and size limitations, 

handling problems, assembly sequences, accident fault analyses, 

mechanical loads developed by handling equipment or component 

interactions, shielding limitations, and thermal problems. 

The information required by design is the parametric data 

listed in the preceding problem description. The data are 

required during the course of design to avoid technical or 

schedule failures that may jeopardize the project. The penal

ties for failure to provide an acceptable arrangement are 

summarized as follows: 

Technological Failure 

Awkward cover configuration. 

Failure to locate interferences 

or dimensional errors. 

Failure to establish assembly 

sequence. 

Tradeoff 

Increased assembly time, 

completion delayed, 

increased maintenance. 

Assembly delays, component 

rework, field changes, 

inability to use ordered 

parts, extra cost. 

Dismantling of adjacent 

components to install other 

new components, delays, 

increased construction 

costs. 
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Failure to confirm assembly 

drawing information. 

Failure to define locations 

requiring special tools. 

Schedule Failure 

Failure to define shielding 

problems. 

6.3 

Design development confirmation 

and refinement not completed 

before ordering components. 

Test Program 

Test Method and Purpose 

BNWL-6l4 

Limited fuel handling capa

bility, redesigned FHM tools, 

lengthened startup program, 

assembly rework. 

Delays in assembly. 

Tool development delayed, 

tools not available for 

reactor assembly. 

Tradeoff 

Operational limitations, 

streaming problems, excess 

shield loads, delays and 

extra costs resulting from 

rework. 

Changes to contracts, delays 

and extra cost. 

The "test" VJill consist of assembling the full Slze com

ponents of a reactor cover complex. In order to cover all 

combinations and relationships of components, the cover mockup 

will include all of the different kinds of shroud and closed 

loop nozzles and all types of auxiliary parts such as instru

mentation leads, electrical runs, coolant piping, remote con

nectors, etc. The test plan will be conducted to: 

1) Evaluate design for practicality of assembly, proper 

fit, accessibility, and ease of maintenance. 

2) Define areas which will require special tools for 

assembly, disassembly, and maintenance. 
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3) Check layout for interference, dimensional errors, and 

inefficient or awkward arrangement. 

4) Refine and optimize the arrangement of components and 

the routing of connectors, instrumentation leads, elec

trical runs, etc. 

5) Confirm operational clearance and compatibility of con

figuration with the fuel handling machine. 

6) Determine preferred or mandatory assembly sequence. 

7) Confirm adequacy of assembly information given on the 

design drawings. 

Test Facilities 

This test will requIre a full size mockup of the reactor 

cover and associated components. The cover can be simulated 

by a mild steel flanged and dished head. The nozzles and 

auxiliary components can be made from mild steel or other 

common easily worked material. However, the related applica

tion of this mockup to sodium environment evaluation of top 

face hardware suggests that the cover be designed and fabri

cated for sodium service. 

Alternates for Performing Experiments 

Alternates 

1) Use smaller scale model 

2) Rely on drawing overlays on composite drawings 

3) Rely completely on design drawings. 

Evaluation of Alternates 

Use Smaller Scale Model. This test could be carried out 

using a reduced scale mockup. This approach would probably be 

a little less expensive because it would require less material; 

however, since most of the cost will be for labor, no great 

savings would result. 
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If a smaller scale model is used, the test will be less 

meaningful. Areas having close fitting components may appear 

as points of interference when using the reduced scale, whereas 

in full size the clearance is adequate. Situations requiring 

special tools would not be as clearly evident; also, testing 

of tools would not be as realistic. In general, dimensional 

accuracy and tolerance testing loses significance when per

formed at less than full size. 

Rely on Drawing Overlay or Composite Drawings. Dimensional 

and configurational checks could be attempted by making drawing 

overlays or composite drawings of all cover components. How

ever, when an arrangement is complex, composite drawings 

become cluttered and are not a very reliable check of a dense 

three dimensional array of components. 

Rely Completely on Design Drawings. Dimensional and 

configurational checks could be eliminated, placing full 

reliance on the accuracy and completeness of the design draw

ings. However, interferences, errors and omissions do occur 

even in well engineered designs and these would almost cer

tainly lead to difficulties, delays, and extra expense during 

construction and possibly to reduced operational capabilities 

after startup. 

CONFIGURATION OF REACTOR INTERNAL COMPONENTS (F-2) 

Test Requirements and Objectives 

The reactor fuel ducts and closed loop tubes are assembled 

in a compact array fitting closely together at the bottom of 

the active zone. During assembly, the subassembly ducts and 

tubes are aligned by the reactor cover guide tubes and are 

lowereJ and inserted into the inlet plenum tube sheet. Since 

all ducts are not vertical, they will tend to deflect as they 

are lowered. TIlis deflection may create an alignment and 

insertion problem at the inlet plenum tube sheet. 
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Accordingly, the sequence of assembly may prove to be very 

important. If subassembly duct or tube deflection is excessive, 

the core may have to be assembled by first placing the outer 

reflector tubes, then proceeding toward the center using pre

viously placed subassemblies as guides. In addition, after the 

assembly is complete, it may be found that only one subassembly 

in a cluster can be removed and inserted at a time in order to 

use surrounding ducts as a guide. 

The alignment and compactness of the subassembly arrays are 

affected by thermal expansion of the vessel and ducts. Four dif

ferent temperature ranges require consideration: room tempera

ture, refueling temperature, operating temperature, and temperature 

differentials across the duct. The reactor will be initially 

assembled at room temperature. Fuel handling operations take 

place at a temperature in the vicinity of 400 of. Reactor 

operating temperatures will be 500 of to approximately 1200 of 

with temperature differentials up to IOU of from one side of the 

duct to the other. 

The dimensional changes resulting from the above temperature 

changes will be relatively large (in the neighborhood of three 

inches vertically, 3/16 in. horizontally, and up to 1.0 in. bow). 

The reactor cover guides and inlet plenum tube sheet holes must 

be aligned well enough at the refueling temperature to allow sub

assembly removal and insertion without damage or excessive time, 

and the preload device must maintain the desired core configura

tion at operating temperatures. 

The required design information IS 1) the definition of 

acceptable clearances between core components under the full 

range of operating temperatures and 2) confirmation of core 

assembly design under full range of operating temperatures. 
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The penalties for failure to resolve adequately the 

problems are summarized as follows: 

Technological Failure 

Failure to define dimensions 

and tolerances required for 

proper fit. 

Failure to eliminate dimensional 

errors and interferences. 

Failure to determine assembly 

sequence. 

Failure to confirm or refine 

lead-in device design. 

Failure to establish 
feasibility of random assembly. 

Failure to eliminate areas of 

potential damage. 

Schedule Failure 

Design confirmation and refine

ment not complete before ordering 

components. 

Test Program 

Tradeoff 

Fuel handling problems, 

damage, high maintenance. 

Delays in assembly, rework, 

extra cost. 

Delays in assembly 

Fuel handling problems. 

Potential fuel handling 

problem, jamming, high 

maintenance 

High maintenance, extra 

cost 

Changes to contract, delays 

and extra cost 

The test program will be directed to: 

1) Evaluate design for practicality of assembly, proper 

fit, and alignment. 

2) Check arrangement for dimensional errors, inter

ferences and suitability of tolerances. 

3) Determine preferred or mandatory assembly sequence. 

4) Confirm adequacy of the size, configuration, location, 

and orientation of the lead-in device at the inlet 

plenum tube sheet. 
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5) Determine the practicality or limitations of random sub

assembly removal and insertion. 

6) Define areas of potential damage to the reactor internals 

while raising and lowering subassemblies. 

7) Verify the compactness of fit in the active core zone. 

8) Confirm the effectiveness and adequacy of the preload and 

hold-down mechanism. 

9) Develop maintenance procedures for repaIr of failed 

components. 

The program will be divided into three phases: 

Phase I 

A preliminary test will be run using seven full sized 

subassembly ducts. The test assembly will be a cluster consist

ing of a simulated control rod surrounded by six fuel ducts 

arranged to simulate seven adjacent ducts in the reactor. These 

ducts will be assembled in fixtures representing seven positions 

in the reactor cover and inlet plenum tube sheets. 

The purpose of this initial experiment will be to evaluate 

quickly the feasibility of the basic design concept and gain 

experience and information in the early stage of design. Gross 

errors or formidable obstacles will be exposed and can be elimi

nated before advancing to the more comprehensive second and 

third phases of testing. 

Phase II 

This test will consist of assembling the full size components 

of a sector of the reactor core. In order to duplicate the 

relationships of components, the representative sector will include 

all the different kinds of subassembly ducts. About twenty ducts 

will be required. 
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The core sector will be assembled and disassembled ini

tially in various sequences at room temperature to simulate 

the initial fueling. A simulated reactor cover, inlet plenum 

tube sheets and subassembly duct will be used. Visual and 

measured data will be obtained to determine the complex inter

action of the core behavior. 

Gross evaluations of the core behavior to increasing 

temperatures of start up refueling and operation will be 

made by simulating the axial thermal expansion of the ducts 

by increasing the distance from the cover to the tube sheet. 

Elongation of the ducts can be achieved by adding to their 

lengths. Changing spacers at the duct penetrations through 

the cover and tube sheet will simulate radial expansion. For 

each simulated condition, the mechanical fit effects will be 

determined. At refueling temperature simulation, the selected 

ducts for fuel, control elements, reflectors, etc. will be 

removed and reinserted to evaluate the refueling sequence. 

Withdrawal and insertion forces required for the fuel 

assemblies will be determined. 

The information from these tests will be integrated with 

core heat-up tests needed for integral structural analysis. 

Phase III 

Design verification will be completed by evaluating fit 

parameters in a static sodium pot. The seven-duct assembly, 

as described for Phase I, will be used. The evaluations will 

be concerned with the effect that sodium may have on inser

tion and removal of tile ducts. The sodium will be heated to 

refueling temperature, the duct inserted, sodium temperature 

cycled bet\veen refueling and reactor operating temperature, 

the ducts removed and reinserted. The forces necessary to 

remove and insert ducts will be measured and the surfaces of 

the ducts will be examined for wear or severe sliding contact. 
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The procedure employed for the evaluation will be to insert 

and remove each element of the seven duct units, and to observe 

and measure the degree of difficulties associated with the 

mechanical fit. 

Test Facilities 

The required facility for Phase I is a test assembly 

arranged to simulate seven adjacent ducts In the reactor. 

These ducts will be supported by a simulated reactor cover sec

tion and its hardware, tube sheet(s) and a restraining ring 

near the top of the core. 

The assembly will be made up of full SIze subassemblies. 

The assembly will be located in unheated air, requiring only 

mechanical supporting auxiliaries. 

The required facility for Phase II testing will be a simu

lated reactor cover, inlet plenum tube sheets and subassembly 

ducts. Only about a quarter of the core assembly will be simu

lated. The cover will be situated above the tube sheet to 

represent the actual reactor arrangement. No vessel configura

tion is required but capability for providing temperature gradients 

will exist. This open arrangement, without a vessel, will allow 

direct observation of tube insertion and easy visual inspection 

of the core area in some of the succeeding tests. 

Phase III tests require sodium environment in a pot 2 to 3 ft 

diam by about 35 ft long (reactor vessel height). Internally, 

the pot will contain a simulated core support tube sheet, and 

reactor cover guide tubes. The "cover" will be fitted with 

nozzles and other simulated hardware. The pot will be heated 

to provide up to 1200 of temperature sodium. A small circula

tion will be required to provide purification and to provide 

a means for slow temperature cycling in the vessel. 
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Alternates to Performing Experiments 

Alternates 

Use an enclosed mockup vessel for dry tests (for Phases I 

and II) 

Use a reduced scale mockup 

Use only seven subassembly ducts for performing tests 

Eliminate testing. 

Evaluation of Alternates 

Use an Enclosed 1,lockup Vessel for Dry Tests. The test 

could be run by assembling reactor components into a vessel 

mockup. The thermal expansion effects could then be achieved 

by hot gas heating of the vessel. This is a good final check 

of the reactor configuration: however, this arrangement would 

not be well suited for early development work because of the 

complexities of instrumentation and test setup. Vessel system 

testing for integral structural analysis is covered elsewhere 

in this report. 

Use a Reduced Scale Mockup. The test could be carried 

out using a reduced scale mockup. However, here again, as in 

the reactor cover mockup, dimensional accuracy and tolerance 

checking loses significance when performed at less than full 

size. 

Use Only Seven Ducts for Performing Tests. Testing 

could be terminated after the proof-of-principle experiments, 

uSIng seven ducts (Phase I). This test is of limited signi

ficance, however, because it does not explore the interfaces 

of all the different kinds of subassemblies. 

Eliminate Testing. Testing could be eliminated. The 

reactor internals could be fabricated from the design draw

ings without mockup verifications. 
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If, however, errors, omissions, interferences, 1mproper 

tolerances, poor fits, etc., are present, shop or field changes 

would be costly and wasteful and long delays in assembly would 

result. It cannot be assumed that the components will fit cor

rectly because they appear to do so in the drawings. It must 

be known that they will fit and function as intended. 

SELF-WELDING OF REACTOR COMPONENTS (F-3) 

Design Problems and Requirements 

Various components of the reactor must be capable of 

separation after long periods of stationary contact in liquid 

sodium. Because of the "cleansing,,(l) action of liquid sodium, 

these parts are subject to possible self-welding. 

Self-welding potential is known to be reduced by minimiza

tion of the true contact area and minimization of the adhesive 

bond strength in the true contact area. Surface hardness 1S 

the property most effective in decreasing self-welding 

potential. 

Areas within the reactor that are subject to potential 

self-welding are: 

1) [[olddown mechanisms at the inlet plenum tube sheet 

2) Preload mechanism above the active core zone 

3) Shroud assemblies at the inlet plenum tube sheet 

4) Safety and control rods. 

The conditions leading to self-welding, which could lead 

to lockup of holddown and preload mechanism, inability to 

remove shrouds without damage to tube sheet, seizure of safety 

and control rods, must be identified and eliminated. 

Program 

Tests to establish the adequacy of design to prevent self-

welding will be needed. The principal variables involved are: 
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1) Surface hardness 

2) Surface finish 

3) Sodium temperature 

4) Length of time In contact 

5) Contact force 

6) Sodium purity. 

Representative contacting components of the reactor inter

nals will be tested in a liquid sodium environment which 

simulates reactor coolant temperature conditions. The com-

ponents will be assembled and held in static contact under 

loads which correspond to the forces present within the 

reactor Juring operation. 

These assemblies will be immersed in liquid sodium and 

the force or torque required to separate the components will 

be measured at various time intervals. The time interval 

between measurements will correspond to the most likely con

tact period in actual reactor operation. 

Initially, component type testing will be performed to 

obtain early indication of the self-welding potential for 

the general geometric and fluid environments of the FTR. 

Component tests must be viewed as lead in screening tests, 

since the long duct and core assembly reaction forces to 

heat up way introduce somewhat different behavior. Thus, 

eventual confirmation lS necessary that self-welding does not 

pose problems to the FTR operation. A seven shroud geometry 

will be used to test those parameters which were identified 

as the potential problems in the "component" tests. 
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Facilities 

A heated sodium system with a pot large enough to hold the 

contacting portions of full SIze reactor components will be 

required. The pot will be In the neighborhood of 2 ft long 

and about 2 ft In diameter. The pot will be fitted with an 

access port and force or torque applying and measuring mech

anisms. This arrangement will be located in an inert gas filled 

glove box. 

The verification test using full lengths of the reactor 

shrouds will require a vessel capable of holding seven shrouds 

in prototypic sodium environment with simulated internal sup

port structure. The vessel will be 2 to 3 ft in diameter by 

about 3S ft long, and contain simulated reactor cover nozzles. 

Alterr..ates 

Perform ~o Experimental Verification 

Experimental verification that self-welding conditions 

are not present could be eliminated. A review of the litera-

ture inJicated that some authors feel that there 

lem; (1) others, however, state that self-welding 

definitely a potential source of trouble. (2,3) 

IS no prob

IS very 

In view of these contradictions, it would appear that 

experimental work should be Jane to be assured that the sur

face hardness, finish, anJ materials of construction are 

adequate to prevent self-welding ill the FFTF. 

1. ReactoY' fiandbook~ 2nd edition~ vol. IV, p. 330. 1964. 

2. J. M. Davidson~ et al. PY'ogY'ess RepoY't Conceptual Design 
Fast Flux Test ReactoY'~ BNWL- CC-175~ vol. 3~ Section 
3.4.11. Pacific NOY'thwest LaboY'atoY'y~ Richland~ Washington. 

3. W. J. Fy'eede~ et al. Static and Sliding Contact BehavioY' 
of MateY'ials in Sodium EnviY'onments at Elevated TempeY'a
tUY'es, NAA-SR-12446~ SeptembeY'~ 1967. 
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GALLING OF REACTOR COMPONENTS (F-4) 

Design Problems and Requirements 

The reactor vessel contains many moving components and 

mechanisms which operate in the liquid sodium environment. 

These parts are made of austenitic stainless steel which is 

notorious for its tendency to gall and seize. The sodium 

environment tends to make galling worse because of the 

!: C 1 e an sin g II act ion 0 f 1 i qui d sod i urn . Sur fa c e h a r dn e s sis 

the property most effective in decreasing the tendency to 

gall. 

The areas that are subject to galling are: 

1) Holddown mechanism 

2) Preload mechanism 

3) Shroud assemblies at the inlet plenum tube sheet 

4) Safety rods, shim control rods, and regulating rods. 

Galling or seizure of the mechanisms or components would 

result in unreliable operation of central mechanisms, seizure 

of holddown or preload devices, damage to shrouds and vessel 

and high maintenance. The galling locations and materials 

must be identified and eliminated prior to reactor 

construction. 

Experimental Program 

The purpose of this test is to confirm the adequacy of 

design to prevent galling. The following variables are to 

be considered: 

1) Surface hardness 

2) Surface finish 

3) Sodium temperature 

4) Con tac t force. 
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Representative components of the reactor internals which 

are in sliding contact in liquid sodium will be tested. The 

components will be assembled immersed in sodium and subjected 

to loads (estimated subassembly weight at 700 lb; loads 

hundreds to thousands of pounds) and motion that correspond 

to those present in actual reactor operations. 

The number of motion cycles given the test components 

will correspond to cycles the parts can be expected to undergo 

in their design life within the reactor. The sodium tempera

ture will simulate that found in the reactor vessel in the 

area in which the components operate. The force or torque 

requireu to produce motion will be measured and the condition 

of the sliding contact surfaces will be inspected periodically. 

These component tests will provide the proof-of-principal 

information for the design of the reactor internals. However, 

final verification of tIle design adequacy will require the 

prototypic forces which characterize tIle inserting and remov

ing of shrouds in a packed bundle of adjacent shrouds. These 

data will be obtained in conjunction with other tests which 

evaluate the mechanical problems of refueling. 

Facili~ies 

The basic facility required will be a heated sodium pot 

large enough to hold the galling sections of the reactor 

components. Motion generating mecllanisms and additional 

force and torque measuring equipment will be required. 

Final verification tests require a sodium filled vessel 

capable of holding at least seven full length, full size 

shrouds (one control rod), with simulated internal support. 
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Alternates 

Eliminate Testing 

Experimental work to insure adequacy of design and mate

rial selection could be eliminated. The reactor components 

could be installed without testing. If, however, galling 

developed after the reactor was assembled, considerable extra 

expense and lost time would result. This condition would be 

even more serious if damage was done to a large permanent 

part of the reactor such as the inlet plenum tube sheet 

DUCT FLUTTER DURING INSERTION (F-5) 

Design Problem and Requirement 

As a duct is being inserted into the reactor during 

refueling, the leading end of this long slender cantilevered 

member must move down through the flow of coolant streaming 

up from the vacant opening in the inlet plenum tube sheet. 

Potentially, a condition of instability could be produced 

causing the duct to flutter as it approaches the tube sheet. 

Such an occurrence would make insertion into the tube sheet 

more difficult and damage could result from the duct flut

tering against neighboring components. Potential damage can 

be postulated for the duct, control rods, or tube sheet 

during the fuel handling operation, with attendant downtime. 

Additional cllanneling and crossflow, the latter from outlets 

of surrounding ducts, could affect the duct being inserted. 

Assurance tllat damaging flutter does not exist is necessary. 

Presence of flutter potential would require design modifica

tions to bring this disturbance within acceptable limits. 

Test Plan 

Full sized ducts, representative of the varlOUS kinds 

ln the core, will be lowered into a channel with water flow 

to simulate the actual reactor coolant flow velocity at 
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refueling conditions. The shape of the channel will represent 

the configuration of ducts surrounding a position in the 

reactor core array. 

The fact that various ducts are tilted at different 

angles will tend to influence their dynamic behavior because 

some are hanging virtually plumb while others with greater 

slant are acting partially as cantilevers carrying their own 

dead weight during insertion into the core. Accordingly, 

tests will be run with the ducts inclined at different angles 

which represent various positions in the reactor. 

Duct behavior during insertion and extraction will be 

observeJ. Design modification will be implemented, if flutter 

poses serious problems to the reactor design. 

Test Facility 

This test will requIre a full SIze mockup of a reactor 

channel with a simulated inlet plenum tube sheet penetration 

and a reactor cover guiue tube. The duct will be surrounded 

by a prototypic envelope of simulated subassemblies. The 

channel will Le fitted with viewing ports and will be trunnion 

mounteu to allow tilting at different angles. 

A circulating water system with a pump, instrumentation, 

and associated piping will be required to produce and measure 

variable flow to the test channel. 

Alternate 

Eliminate Testing 

Experimental stability verification could be eliminated. 

It could be argued that there IS insufficient reason to suspect 

the possibility of fluttering to justify testing. 
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Indeed, it is very difficult to state with complete 

assurance that the duct will become unstable and flutter 

during inserting. Conversely, failures due to mechanical 

instability have happened all too frequently when this 

problem was ignored during design. The history of many of 

the operating failures of the past attests to this error. 
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G. CONTROL MECHANISM DEVELOPMENT 

The control rod mechanism for the Fast Test Reactor (FTR) 

although treated as a separate entity in this section of the 

development and testing program document must, by necessity be 

integrated not only into the reactor and core design, but also 

the fuel handling and maintenance concepts. The following dis-

cusslon IS limited to the control mechanism mechanical and 

electrical aspects of the design and development and does not 

include material properties, possible chemical reactions nor 

nuclear physics criteria. The source of electrical energy to 

actuate the control mechanism is not considered in this dis

cussion. One of the basic criteria for the control mechanisms 

is that proven components of operating reactor systems will be 

used whenever possible. Since the FFTF is by design at the 

forefront of current technology, thorough evaluation is required 

even where near identical components are selected to verify 

components and establish high confidence levels required for 

safe and efficient operation of the FTR. 

The tentative criteria for the FTR control mechanisms 

includes three types of devices: 1) in-core safety rods, 

2) in-core shim-scram rods, and, 3) reflector shim rods. Each 

control rod occupies one complete reactor lattice position and 

contains a neutron poison material which is lifted out of the 

active core region by the drive mechanism. It has been further 

proposed that some or all of the in-core rods have a materials 

test section follower and the reflector rods have a follower 

composed of reflector material. 

The control mechanism development and evaluation test 

program is subdivided into three areas. The first is a series 

of component evaluations. The second is testing of the assem
bled prototypes and the final phase is preoperational testing. 
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The first phase of testing is the component development 

and testing program. The control mechanism component evalua

tion program is required to provide data for the timely comple

tion of preliminary design. To provide a safe and efficient 

integrated control system, not only must the design objectives 

of the individual components be complied with, but the inter

relationships of other control system components and reactor 

systems must be considered. The proposed component evaluation 

is outlined in the following sections of this development plan. 

The order of the component discussions which follow is not 

intended to convey the relative importance of these components 

as all individual parts are equally important to attain a func

tional unit. Initial component evaluation will be in the ver

tical attitude, with the final tests performed at inclined 

angles simulating the typical FTR control element guide tube 

orientation. Generally, the component evaluation program will 
initially use water and air to simulate the reactor environment 

with following use of sodjum and cover gas as required. 

The second evaluation phase will use the assembled proto

type control mechanism. Initial vendor plant tests will be 

performed in air and water to model the reactor gas and coolant. 

Complete prototypical conditions will not be attempted at the 

vendor plant because of the large expense and additional safety 

hazard imposed to heat and circulate sodium. After the control 

mechanisms have passed an acceptance test in water, they will 

be installed in the prototypical sodium test facility, (probably 

the CRTT at LMEC). In this facility, the prototype control 

mechanism will complete the life test conditions. The life 

test will, by necessity, be accelerated. This acceleration 

will be accomplished by reducing the test periods to minimum 

values and maintaining the drive and travel rates as required 

in the FTR design. The prototype evaluation will be conducted 

at the typical FTR inclined attitudes. The evaluation testing 

will be divided between hot isothermal flowing sodium and stag

nant sodium with the predicted axial temperature gradient. 

The additional small risk of not testing the prototype control 
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mechanism simultaneously in both hot flowing sodium and at pre

dicted temperature gradients is offset by the added complexity 

and increased cost of providing the necessary facilities, which 
would involve large heaters, heat exchangers and a relatively complex 

control system. 

The final phase is the preoperational checkout of the pro

duction control mechanism. This phase will begin with testing 

of the prototype in the seven-duct test facility. This facility 

will contain an opening in the central position for the control 

rod. The preoperational tests in the seven-duct facility will 
include an extensive operational evaluation, including measur-

ing drive rates and scram times. The accuracy and reproduc

ability of the control element position readout devices will 

be checked. The preoperational test data will be recorded 
for each control mechanism to establish a baseline for future 

operational checks to detect incipient failures. The compati

bility of the control mechanism with the driver assembly and 

driver closures will be checked. 

Upon completion of this final mockup test series, the 

control mechanisms will be transferred to the FFTF. In the 

FFTF, the relationships of the reactor vessel and cover head, 

closed loops, driver assembly closures, gamma shields, elec

trical and instrumentation leads, and fuel handling machines 

to the control mechanism will be checked. A series of demon

strations will be performed to evaluate preliminary replacement, 

handling, and maintenance procedures using prototype equipment. 

The need for additional handling equipment will be verified. 

The following discussions are directed to component design 

development testing only. 
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DRIVE MECHANISM (G-l) 

Design Problem and Requirements 

Requirements for the control mechanism drive component for 

the FTR, include accurate and predictable movement of the con

trol elements. The control signal may be derived from the 

automatic control circuit, from the automatic safety circuit, 

or from the manual control panel. This control signal is trans

lated into physical movement of the control element, which in 

turn changes the reactivity of the core in the desired direc

tion. Many types of control rod drive mechanisms have been 

designed, built, and operated on nuclear reactors. Since the 

most common control energy is electrical, a majority of drives 

have utilized electric motors. Some designs, however, use 

alternate power sources such as pneumatic or hydraulic actua

tors because of physical size limitations on power requirements 

or need for either high control element velocity and/or high 

actuating force. Both the pneumatic and hydraulic systems use 

electricity as the prImary power, however, all include stored 

energy Jevjces. 

Pneumatic drive mechanisms are relatively simple and ful

fill the requirement in light duty applications. With proper 

selection of the actuating gas, leakage through seals would 

not be a problem nor a safety hazard. Due to the compress-

ibility of the gas, accurate positioning of the actuator at a 

given intermediate location is not practical. However, drive 

for a two-position actuator may be easily accomplished with a 

pneumatic system. In the pneumatic type system the compressed 

gas may also be used to provide the scram accelerator force 

and drive force to free a stuck rod. 

Hydraulic actuators have the advantage of extremely high 

speed capability and infinite position control. Hydraulically 

actuated drives provide large driving forces and can be locked 

in any position if the fluid is trapped in the actuating cylin

der. In addition, an advantage of the hydraulic control system 
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IS that the cylinder is relatively small in diameter. Electri

cal control systems are generally used in conjunction with 

servo and/or solenoid valves to complete the hydraulic control 

loop. The disadvantages are the requirement for a high pres

sure fluid system, fire and safety hazards when leaks occur 

and possible rapid actuator movement in the event of a compo

nent failure. 

Electrical control element drive units have been developed 

to many specifications and have been powered by both alternating 

or direct current. Alternating current motors are generally 

preferred because of ease of directional control and limited maxi-

mum output speed in the event of a component failure. Other 

requirements of a drive component are minimum inertia or over

travel and limited maximum force which can be transmitted to 

the control element. Several motors have been developed which 

combine these functions with the drive function. One such 

motor is the stepping ~otor which requires a series of elec

trical pulses to step the motor a given number of degrees. 

These motors have essentially zero overtravel because each 

step is, by design, a stable position. This same quality pro

vides a static brake as long as the electrical power is applied. 

Since the stepping motor's torque is limited by the size, an 

additional clutch is unnecessary to protect other parts of the 

system. The output torque of the stepping motor decreases as 

the speed (pulse rate) increases; therefore, in addition to the 

electrical pulse rate to limit the maximum speed, the drive 

will slip pulses even if the pulse rate could increase above 

the design value. 

Two proven designs in pressurized water reactor systems 

have been developed which could be utilized in the FTR if 

engineering studies prove favorable. These designs have the 

drive coils and positioning devices external to the pressure 

vessel and the actuating mechanism internal in the reactor 

environment. In the FTR it would appear that the reactor 

environment would be deleterious to the drive mechanism 
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actuating functions; therefore, additional seals would probably 

be required. The Westinghouse magnetic iack drive consists of 

two groups of pawls, one stationary anJ the ot~cr movable. 

These pawls grip a central grooved rod which is moved or jacked in a 
series of steps by sequentially energizing three electromagnet 

coils. The step length is determined by the spacing of the 

grooves. This system has excellent reproducibility, but the 

large step length may make control of the reactor difficult. 

The most accurate position indication is counting the jacking 

pulses. Removing all electrical power allows the rod to drop 

under the action of gravity. 

The ~larbel Schebler rod drive system utilizes four roller 

nuts which ride on a lead screw to shim the control element. 

Two roller nuts are mounted on each rotor half. The magnetic 

force developed by the stator winding attracts the upper sec

tion of the rotor outward and forces the roller nuts to engage 

the lead screw. The control circuit sequentially energizes the 

stator windings to rotate the magnetic field, which in turn 

shims the control element. 

trol element by gravity. 

Removing all power scrams the con-

In the FTR, the drive component will be located near the 

reactor vessel head to permit ready removal, adjustment and 

maintenance. The total travel of the drive mechanism will be 

uesigneu to move the control element from its least reactive 

position to its most reactive position plus any additional 

travel required for latching or drive mechanism removal opera

tions. The maximum smallest control element jog increment will 

be consistent with the control element worth and reactor kinetic 

nuclear properties. Since the control drive IS critical to 

reactor safety, a thorough testing program must be conducted to 

prove the principle, verify the design, and assure the high 

requireu reliability. 
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Test Program 

The drive mechanism component tests will be performed in 

air at ambient conditions. The drive unit will be mounted ver

tically with provision to operate at small inclined angles to 

simulate the FTR control rod guide tube orientation. A weight 

will be added to simulate the extension rod and control element, 

and to apply representative forces to the drive mechanism. 

To evaluate the drive mechanism, travel rates will be 

measured. Also, the maximum insertion and withdrawal forces 

of which the drive is capable will be measured along with the 

input power and temperature rise of the drive motor. Position 

readout accuracy and reproducibility will be recorded and the 

minimum jog step and overrun will be measured. A complete life 

test will be performed during the prototype evaluation test 

series to establish the reliability and expected life of 

components. 

Test Facility 

The drive component test stand is mounted in the PNL 314 

Building. The drive is mounted vertically with provision for 

testing at small inclined angles to simulate the control ele

ment guide tube. The tests will be performed in air at ambient 

conditions. A weight to simulate the control element will be 

attached to evaluate drive rates, jog increment, and overtravel. 

The maximum available force to free a stuck rod will also be 

measured. 

Alternates 

Alternate drives will be evaluated if the above proposed 

drive mechanisms are not acceptable for the FTR. Initially 

several drives will be considered and the most attractive fol

lowed thru complete development with the second most attractive 

held as a backup. 
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SCRAM LATCH AND EXTENSION ROD (G-2) 

Design Problem and Requirements 

The scram latch and extension rod couple the control 

poison element to the drive mechanism during operation and 

decouple the safety control element during emergency safety 

action. In EBR-II, SRE and Hallam sodium reactor designs, the 

extension rod always remains connected to the control element. 

In the FERMI, the poison section is decoupled during the scram 

cycle. The major advantage of not uncoupling the pOlson ele

ment from the drive assembly or the extension rod is that 

without decoupling the ability is maintained to accurately 

determine the rod position or that the rod has been fully 

inserted following receipt of the scram signal. One advan

tage of disconnecting the control element from the extension 

rod are that the element can be scrammed in the unlikely event 

that sodium surface crud binds the extension rod. Another 

advantage is that the drive seals do not have to experience 

rapid relative motion. 

The FTR conceptual design lS based on the use of an 

electromagnetic latch with the armature connected directly to 

an extension rod similar to the FERMI design. The electro

magnet will be located below the drive mechanism in the 

cooler reglon of the control rod guide tube. This rod con

figuration is consistent with current fuel handling machine 

refueling concepts. This concept will provide an indication 

that the rod is fully withdrawn from the core. The scram 

delay time will be minimized because the latch magnet armature 

is attached directly to the extension rod, eliminating add

itional mechanical Ijnkages. 

The certainty of the operation of the electromagnetic 

latch ln the proposed configuration lS not assured. The 

latch must securely hold the rod to prevent spurious scrams, 

at the same time the latch must be capable of reliably 
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dropping the rod on scram demand. The problems in operability 

and reliability associated with crud buildup from dirt or 

failure of a sodium seal must be explored. If the resulting 

FTR design calls for a rod latch in the sodium environment 

the crud buildup of sodium becomes of critical importance to 

the operability, therefore, testing must be performed to assure 

that the most severe conditions can be accommodated by the final 

design. The armature of the electromagnet must be designed 

such that residual magnetic flux will not interfere with 

prompt dropaway of the control element. 

Test Program 

Electromagnet tests will be conducted to determine the 

scram release time. Time from breaking magnet current to rod 

breakaway will be measured with a recording oscillograph. 

Initial testing will be done ln air because the current 

conceptual design locates the magnet external to the cover 

gas. If the concept changes to include a latch mechanism 

located below the sodium free surface, the latch will be 

evaluated in stagnant sodium. The sodium will be heated to 

predicted operating temperatures (up to 1200 OF) during the 

latch and unlatch operations. The latch will be subjected 

to predicted external forces imposed by the weight of the 

control element and accelerating spring (approximately 600 

lb). Axial forces through 1000 lb in both compression and 

tension will be imposed on the latch to simulate freeing a 

stuck control rod. The compression and tension thrust 

capability of the rod will be determined. The complete 

extension rod and latch assembler will be life tested during 

testing of the assembled prototype. The latch magnet com

ponent evaluations are required to verify that scram mechani

cal release times can be achieved under all conditions within 

the design requirements of the FTR. 
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Test Facility 

The test facility for the electromagnet evaluation will be 

mounted vertically. Since the conceptual design located the 

magnet above the reactor head, the electromagnet will be tested 

in ambient air. Provisions will be made for recording coil 

temperature, electrical current, magnet separation force, and 

release delay from interruption of the energizing current to 

dropaway. Plans do not include component testing of the 

extension rod but exhaustive tests will be conducted during the 

prototype test under prototypical conditions. 

Alternates 

If, during preliminary reactor design, the advantages of 

a mechnical latch outweigh the disadvantages, an evaluation 

program will be started. The FERMI design appears to offer 

several advantages and is proven In sodium service. Component 

evaluations will be conducted in 1200 of sodium in the vertical 

orientation with a weight to simulate the control element 

weight and initial accelerating spring force. 

SEALS (G-3) 

Design Problem and Requirements 

Control mechanism seals are one of the important com

ponents that contribute to the reliability of the control 

mechanism design. The major functions of the seals are to 

separate the reactor cover gas and sodium vapor from the drive 

mechanism, reduce leakage of cover gas to a minimum and reduce 

contamination of the cover gas from in-leakage of hot cell 

atmosphere. These functions must be met in a manner that will 

mInImIze frictional drag and reduce the potential for binding. 

The selected seal must meet as nearly as possible the 

following requirements: 
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1) Have zero leakage 

2) Be capable of 36 to 48 in. axial motion 

3) Add a minimum of diameter to the parent assembly 

4) Have minimum potential for binding 

5) Have low frictional drag 

6) Capability of accommodating high acceleration, 

deceleration and high axial velocity 

7) Must be simple and easily replaceable 

8) Have potential for high reliability 

9) Be impervious to sodium and sodium/gas atmospheres 

10) Have ability to operate over long periods of time 

in the 250 to 1200 of temperature range. 

Size of components in the FTR is of critical importance 

and SInce the reference concept seal, which is a bellows seal 

IS inherently space consuming, great attention must be given 

to acquiring a seal that meets all the above requirements 

within a minimum diameter. 

Experience at both ANL and FERMI indicate that for long 

bellows life, the seal should be located in the cool region 
of the system. Sodium freezes at 208 of. The temperature in 

the bellows region should not span this temperature because 

excessive stresses will be developed In the bellows with 

frozen sodium in the convolutions. 

Test Program 

Seal component evaluation tests must be performed in 

sodium test stands because testing at other than prototypical 

environmental conditions will not evaluate the design problems 

nor indicate incipient failures. 

A simulated section of the control element guide and 

extension rod will be mocked up. The test section will have 

capabilities of maintaining predicted temperature gradients. 

The seal/extension rod assembly will be cycled in hot sodium 
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up to 1200 of. The cover gas will be supplied at the appro

priate interface location. The mechanism will be operated at 

design conditions of acceleration, deceleration and velocity 

of the FTR control element, including scram cycles. Acceler

ated tests must be performed to complete the required number 

of life cycles within a relatively short time; therefore, the 

normal rest periods will be reduced. 

The seal components tests must, of necessity, be full 

scale to adequately evaluate problem areas. Initially, the 

test temperature gradients will be based on the best conceptual 

design information. These selected gradients may change as 

the preliminary design progresses, with a resultant base of a 

more severe operating condition. The seal will be subjected 

to predicted operating stresses imposed by both the operational 

requirements, physical orientation and thermal gradients. The 

effects of chemical corrosion and grain boundry defects will 

be evaluated by metallurgical examination and destructive test

Ing at the successful completion of the component tests. 

The reference seal concept is the nesting bellows. All 

known vendor/manufacturers of this type of seal will be con

tacted to determine their capability and interest in providing 

test bellows seals for this application for evaluation. Con

currently, other potential sealing techniques will be reviewed 

and several of these with high potential will be examined as a 

back up concep t. 

If, during the preliminary design, the space required for 

a nesting bellows seal is found to be not compatible with the 

other design features, effort will be concentrated on evalua

tion of alternate seal techniques. Cyclic life testing based 

on a 20 year design life of the seals will be performed under 

prototypical conditions in the prototype testing facility. 
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Test Facilities 

The test stand will consist of a pot which contains 

sodium and cover gas above the sodium. Individual heaters will 

be provided to allow the sodium temperature to be raised to 

1200 of, and temperature gradients to be applied axially over 

the test specimen. 

Alternates 

Two alternate seal designs are under consideration which 

require only minimum volume requirements. The two types are 

the labyrinth seal and the cheveron packing seal. Of these 

two, the labyrinth type is preferred because of the low fric

tional drag. The major disadvantages of the labyrinth design 

is the requirement of a buffer gas flow to minimize sodium 

vapor diffusion back into the drive mechanism area. This gas 

flow may introduce oxygen and other contamination into the 

cover gas. A pump and filter system is required to circulate 

the seal buffer gas. In addition, as the control mechanism 

moves, the control element extension rod penetrating the seal 

will transfer deposited sodium across the seal area. Pre

liminary calculations indicate that high buffer gas velocity 

is required to prevent back flow. The second alternate seal 

design is the cheveron packing type seal which will minimize 

sodium transport on the control element extension rod because 

of the wiping action; however, this wiping action also 

increases the frictional drag. The gas leakage problems of 

the labyrinth seal are reduced in this concept but not elimi

nated. 

Failure to develop a suitable nesting bellows located in 

the cool top region of the control rod guide tube to seal the 

control mechanism from the reactor cover gas will requIre the 

use of a possibly less desirable seal design with increased 

control envelope above the reactor cover. 
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ACCELERATOR (G-4) 

Design Problems and Requirements 

A control rod accelerating device 1S required in the FFTF 

safety control mechanism to rapidly insert the control poison 

element into the core to shut down the reactor. Possible 

acceleration methods include gravity, springs, compressed gas, 

flywheels and clutches, hydraulic motors or cylinders, or a 

combination of these. Stored energy must be available for 

acceleration in case a loss of normal system power occurs. 

Gravity is assessed as not being adequate for the safety rod 

application since initially required acceleration is 2 to 3 

"g's" to meet conceptual safety criteria. 

Springs are a recognized stored energy device that do not 

rely on an external power source. Springs have two major dis

advantages: 1) they may relax when subjected to high tempera

tures, and 2) they may break if operated in a corrosive 

atmosphere that weakens grain boundaries. An advantage of 

springs is that they can generally be positioned concentric to 

other components in a mechanical assembly, thus, the overall 

dimension of the control rod drive mechanism can be minimized. 

However, since space limitations on the top cover of the FTR 

are so restrictive, design of the spring to perform the desired 

function within a small envelope becomes critical. The spring 

cross section, outside and inside diameter, free and compressed 

lengths are of prime importance. 

Compressed gas has good stored energy potential. However, 

1n the FTR with quite a restrictive space limitation, the gas 

accumulator or pneumatic storage vessel becomes a problem in 

the height of the overall assembled mechanism. If the accumu

lator were placed in a less congested location, the piping from 

the storage to the control mechanism would still be a major 

deterent to good space utilization due to the relatively large 

pipe size required to avoid a high pressure drop during scram. 
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Springs have been selected as the reference stored energy 

source for the FTR control drive mechanisms. They will be used 

to provide the initial acceleration requirements of between 

2 and 3 "g's" for the safety rod insertion. 

Mechanical accelerating mechanisms, such as flywheels, 

weights with mechanical advantage, etc., will not be considered 

at this time due to their inherent size and relative complex

ity. Hydraulic systems are not considered due to the safety 

disadvantages of most hydraulic fluids in relation to the 

sodium environment. 

Test Program 

The basic spring design using Inconel as the reference 

material will be tested in air for basic properties. The 

integrated dynamic force over the extension length will be 

measured by use of load cells. High stress points will be 

located by use of the Stresscote process. Strain gauges will 

be placed at high stress points to measure the strain at 

stress concentration locations through the spring cycle. A 

simulated, representative load will be used and acceleration 

will be measured using a calibrated accelerometer and light 

beam oscillograph. These data will be reviewed in relation 

to existing data in the literature on creep, strain rate, 

fatigue, yield and ultimate strength of the material. 

The above test will provide verification that the spring, 

as designed,will meet the basic mechanical requirements. A 

series of tests specifically aimed at material performance 

will be conducted. Initial tests will be conducted in inert 

gas at elevated temperatures up to 1200 of to evaluate spring 

relaxation rates. The spring material will be pre-stressed 

during this test and the temperature will be held constant 

for several thousand hours. During this test, the reduction 

in spring force versus time will be measured. The second 
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material test phase will be an investigation conducted using 

the spring in hot (to 1200 OF) stagnant sodium to evaluate 

intergranular corrosion. Spring relaxation rates will also be 

measured in this sodium test. 

Final testing of the selected accelerator design will be 

performed during the testing program for the assembled proto

type control rod. During this testing, life cycle tests will 

be performed, as well as periodic measurements to determine 

incipient failure, ability to maintain required force through

out the required travel and ability to continue to maintain 

required acceleration rates. 

Test Facilities 

The initial design verification tests will be performed 

in a simple vertical spring test jig. 

The materials testing will require an inert gas electric 

furnace capable of continuous 1200 of operation. The furnace 

will require modification to provide a preload of the spring 

to approximately 600 lb and appropriate force measuring 

instrumentation to monitor relaxation. 

The sodium phase of testing will be done in a sodium pot 

heated to 1200 of. The spring in the pot will be preloaded 

during this portion of the test to 600 lb and monitored for 

relaxation. 

Alternates 

If an acceptable spring design cannot be achieved from a 

space, materials, or performance standpoint, a pneumatic sys

tem will be evaluated. The pneumatic system will be similar 

to that used in the EBR-II and FARET design. 
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POISON ELEMENT (G-5) 

Design Requirements 

The poison element must maintain a high degree of 

integrity throughout its life. In both the proposed FTR and 

FERMI designs, the control element is located within the con

trol guide tube in the pressure vessel. Sodium coolant flows 

up around the control element to remove the heat generated 

within the element and structural members. Previous experi

ence with similar flow geometries have shown that flow induced 

vibration can result in material fatigue or fretting wear. 

Flow testing in water to simulate sodium at various flow rates 

will reveal if any flow instabilities or induced vibrations 

are inherent in the FTR design. The proposed design has an 

advantage in that the poison IS contained in six individual 

tubes; therefore, failure of any single tube will not result 

in complete loss of poison from the cluster. 

Test Program 

Test Plan 

Component flow tests on the poison section will be con

ducted in hot (250 OF) water to simulate kinematic viscosity 

of reactor sodium at 900 to 1200 of. The flow system will be 

pressurized to 50 psig to prevent boiling of the water. 

Although normal coolant flow will be approximately 20 gal/min, 

the flow will be varied from zero to 100 gal/min to investi

gate a wide range of induced vibrational frequencies. 

Test Facility 

The poison element component will be tested in the EDEL 

loop #1 at PNL. The test rig will not only be instrumented 

to detect element vibrations, but also the pressure loss of 

the flowing fluid to provide hydraulic data for the prelimi

nary design. The test setup will be full scale and will be 
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able to simulate all operating modes including scram cycles. 

Final testing under prototypical conditions will be completed 

during the prototype life test cycle using hot circulating 

sodium at LMEC. 

Alternates 

If design studies indicate that additional poison volume 

IS required for adequate reactor control, the redesigned poison 

element will be evaluated as outlined above. 

DECELERATOR (G-6) 

Design Problem and Requirements 

A decelerator or snubber is required to reduce resultant 

stress level within the control element and guide tube during 

the scram cycle. Several decelerator designs using gas, oil, 

or sodium for the operating fluid have successfully been used 

on sodium cooled reactors. In the SRE and Hallam reactors, 

the control element is contained within a thimble. This 

thimble is filled with gas and, therefore, gas was the logical 

fluid for the snubber. The snubber is located in the shield 

assembly above the active core and consisted of a piston on 

the control element extension rod and a dash pot in the guide 

tube. 

The EBR-II decelerator is located above the reactor vessel 

head to allow ease of inspection. Vertical space above the 

EBR-II is not at a premium as is the case in the FTR design. 

The decelerator is filled with oil and consists of a hollow, 

cylindric tapered piston and an annular dash pot. This design 

was also proposed for the FARET concept. 

The FERMI design uses a sodium filled dash pot arrangement 

located below the active core region because the control ele

ment separates from the extension rod during the scram cycle. 

The use of a hydraulic dash pot decelerator, using reactor 
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coolant fluid below the active core is preferred due to the 

extreme difficulty in installing any other type in the core 

region. The design minimizes the space requirement in the 

region of the reactor head. 

The reference design for the FTR is similar to the FERMI 

design in respect to method and location. The tapered dash 

pot section will be attached to the control rod and can 

therefore be changed by removing the rod as required by 

future design changes. Loss of snubber fluid is not possible 

because the dash pot is submerged in the reactor coolant. 

However, the design calculated piston cylinder relationship 

and flow annulus of the dash pot must be confirmed. 

Test Program 

The effects of mechanical forces imposed by acceleration 

will be investigated on a full size model of the dash pot. 

The control element will be mocked up to simulate the flow 

passages in the dash pot and the weight of the extension rod. 

The dash ram, control element, and weight simulator will be 

accelerated by a spring to simulate the required initial 

acceleration and velocity as the ram enters the dash pot. 

Design changes in the ram will be made as necessary to achieve 

a uniform deceleration near the end of the stroke. 

If, during the preliminary design, the proposed method 

of deceleration proves to be not compatible with the core 

design, alternate methods will be investigated to provide 

the required decelerator design data for preliminary design 

activity. Life testing will be conducted during the proto

type test program using hot flowing sodium. The effect of 

sodium buildup on the dash pot will be checked although this 

is not anticipated to be a major problem. 
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Test Facility 

A water test rIg has been assembled at PNL. This assembly 

uses hot water (250 OF) to model the sodium hydraulic condi

tions. The simulated control element is accelerated by a 

spring to the designed velocity of 10 ft/sec upon entering the 

dash pot. 

Alternates 

If the below core location becomes unacceptable from a 

materials and/or radiation damage criteria, an above core 

design will be investigated. The alternate snubber design 

would likely be a gas filled cylinder. 
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H. CLOSED LOOP PROTOTYPES 

The closed loop systems push current materials technology 

because of the combination of high neutron flux and high tempera

ture to which they will be subjected. They also interact 

strongly with other reactor components and systems. Specific 

closed loop hardware design is highly dependent upon details of 

the selected reactor concept and also upon functional testing 

requirements. The functional testing requirements will be the 

subject of continuing studies. Without a firm reactor concept 

or functional basis at this time, it is possible only to assess 

development testing requirements on a typical or representative 

basis. It can be expected that the actual development activi

ties required will vary in scope and depth in proportion to and 

in phase with future changes in design requirements. 

CLOSED LOOP TOP FACE HARDHARE (H-l) 

Design Problems and Requirements 

The major problem related to top face hardware is the 

selection of sealing methods for prevention of liquid sodium 

leakage. Current design concepts indicate that there may be 

between three and five joints required to provide the required 

capability for removal and replacement of test specimens or 

fuel, removal of complete loops, and replacement of coolant 

j um per s . ~ Ie c han i cal sea 1 s are a log i cal con sid era t ion, but 

the limited experience with them in a sodium environment 

restricts their use where a high degree of reliability is 

required. Grayloc and Conoseals have been used in loops 

that are accessible for manual removal of seals, clean up of 

mating surfaces, and manual fit up and replacement of the 

new assembly. An insufficient number have been employed to 

make a realistic evaluation of their statistical reliability 

under conditions to be expected in the FFTF where the removal 
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and replacement will be by remote means. A further complica

tion is the lack of space available for seal locking devices. 

Galling of threads in such devices is certain to be a serious 

problem. Conventional locking device approaches are ruled 

out for the most part because of the lack of space and the 

galling problem. 

Since the primary purpose of the FFTF project is to pro

viue reliable closeu loop testing facilities, advance testing 

of haruware is require0. 

Consiuerable work has been uone on programmed and remote 

welding and cutting of pipe anu tubing in a wiue range of 

sizes uown to I in. rD. The work to uate apparently has not 

involveu systems containing liquid sodium or sodium vapors. 

The effects of souium and/or vapors on arc behavior, weld 

penetratioll, welu quality, anu the possible need for prIor 

clean up of the joint neeus to be investigateu. Also welu 

joint design will very likely be extremely important. 

Experimental Program 

Seal testing will involve proof-of-principle testing of 

mechanical seals prior to des ign of a haru\vare prototype, 

followeu by statistical reliability testing of the prototype 

anu uesign verification testing of the final uesign prior to 

installation of final haruware in the FFTF. The first two tests 

are primarily directed at the seals while the third test 

evaluates a final uesign of the complete haruware. It should 

be anticipated that available mechanical seals anu locking 

uevices may prove to be unsuitable. For this reason it is 

important that a backup sealing method be investigateu con

current with the above program. 

The sealing method or methods that surVIve the proof

of-principle testing woulu be incorporateu in a hardware 
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prototype design for statistical reliability testing. This 

will involve repeated making and breaking of seals under 

conditions expected in actual service. Environmental condi

tions between seal replacement will be essentially the same 

as those employed during feasibility testing. The number of 

tests performed will be based on the level of statistical 

reliability anu confidence desired. For example, if the 

joint employing the seal were connected and disconnected 

100 times in succession without producing a leak under the 

conuition listed above, there is 90% confidence that the 

statistical reliability would be 97.7% or higher. 

The sealing methous which surVlve the above testing will 

then be incorporateu In a final uesign of top face hardware 

for design verification testing. These tests would involve 

the same environment as the feasibility tests, but woulu 

also involve evaluation of the effects of flow reaction, 

dimensional fit and uistortion, fretting anu galling anu 

interface with the fuel hanuling machine. 

Feasibility tests on both the mechanically driven TIG 

and the PIGME arc weluing processes shoulu be initiateu and 

if successful be followeu by reliability and design verifica

tion testing. Cutting equipment uevelopment should parallel 

this activity. 

The tests neeued to establish feasibility will involve 

subjecting the sealing methous to static anu dynamic, pres

sure, thermal expansion, anu external forces as well as 

vibration anu hydraulic anu thermal shock in a liquid sodium 

environment. 

Test Facilities 

The facilities requireu for the feasibility tests should 

allow testing full scale seals anu joints in nonflowing 
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He, H20, and Na environments. Water testing may be a means of 

rejecting seals in advance of sodium tests. The helium test 

anticipates that certain seals not suitable for sodium may be 

entirely suitable for cover gas or sodium vapor applications, 

perhaps for driver hardware. The facilities required for 

final testing amount to a full scale prototype of a complete 

closed loop system. This facility is described in more 

detail under the complete closed loop system testing 

description. 

Alternates 

Since evaluation of alterpates in this case is largely a 

matter of pointing out the consequences of not performing 

certain tests, it is important for purposes of this discus

SIon that the objectives of the various levels or types of 

test be defined. In general, testing of closed loop components 

falls into five general categories: 1) proof-of-principle 

tests or tests which demonstrate the feasibility and or 

characterizations of a particular approach, 2) design verifica

tion tests which demonstrate that certain design character

istics have been provided, 3) statistical reliability and/or 

endurance tests which demonstrate that functional and mate

rials requirements will be met througllout the predicted life 

of the component, 4) materials testing, and 5) system oper

ability tests. System testing may involve 1) through 3) 

above, but as a rule, is intended to demonstrate compati

bility ana operability of individual components when inte

grated into a complete system. Tests 2) and 3) are usually 

the basis for acceptance or rejection of individual components 

developeu, while test 5) IS the basis for integrated systems. 
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In the case of top face hardware development, al ternates 

could involve anyone, a combination of several, or all 

of the tests. The plan described above involves tests 1), 

2), and 3). Test 4) is part of a separate program, and test 

5) is part of the complete closed loop test discussed later. 

If proof-of-principle tests 1) on several sealing and 

fastening methods are not carried out in advance of the first 

prototype hardware design, it is possible that a complete 

prototype would eventually have to be built and tested for 

each type of seal available (and there are many), and for 

each location of seals (3-5) in the hardware. This is true 

because the hardware design is dictated largely by the 

particular seal employed, and if the seal selected fails, 

the complete prototype also fails. Proof-of-principle test

ing of seals and sealing methods per se does not require a 

complete hardware prototype and if performed as an initial 

phase can eliminate considerable unnecessary expense. 

Statistical reliability testing 3) of seals and sealing 

metllOds could be eliminated wi th the possible consequence 

that topface hardware would leak after several loop change

outs and a new design would have to be developed and installed 

after start up, including appurtenances permanently attached 

to the reactor cover. This would be costly and could result 
in considerable delay in the irradiation testing programs for 

which the reactor is being constructed. 

Elimination of the design verification tests 2) ln 

advance of start up could result in the same consequences 

mentioned above, but for different reasons. The tests above 

have dealt with seals and sealing methods only and have not 

considered, for example, freeze-up and thaw-out problems, 

flow consideration, or any of the many other functional and 

materials requirements specified for topface hardware. 

Failure to meet anyone of these requirements could put ln 

jeopardy the timely achievement of the major goals of the 

FFTF project. 
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CLOSED LOOP IN-REACTOR HARDWARE (H-2) 

Design Problems and Requirements 

One of the major problems that may be encountered with 

in-reactor hardware including the closed loop tube, 

meltdown cups, fuel hangers, and data readout instrumenta

tion, is vibration of the in-reactor duct and inter-

nals due to flow of the coolant. Because mechanical fatigue, 

galling, and frettingmayforeshorten the useful lives of these 

components, vibration must be minimized. It is important that 

the forcing frequency set up by fluid flow not be in the same 

range as the natural mechanical frequency of the components. 

For the complex shapes and distribution of masses that are 

proposed for tIle incore components, it is very likely that 

analytical methods will not suffice, and experimental deter

mination will be required. Since a wide range of flow velo

cities, temperatures, and mass flows may be involved to 

accommodate the variable testing function of FFTF closed loops, 

an even greater number of experimental determinations than for 

driver ducts may have to be made to guarantee reliable opera

tion. ~Iechanically induced vibration due to coolant pumps 

and thermal shock also deserve consideration. 

Experimental Program 

In order to make a realistic evaluation of the problems 

involved, it will be necessary that the test be as nearly 

prototypical as possible. Initial tests with water can be 

run to simulate flowing sodium, however, final evaluation 

should be made on the basis of actual coolant variables. 

Typical test data will include graphs showing vibration 

amplitudes as a function of flow at various temperatures. The 

deflections can be converted into stress levels, and with 

frequencies known, a design can be developed which has 

a reasonable life expectancy. In order to provide reliability 
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assurance on these components, it will be necessary to carry 

out endurance tests to verify design and fabrication methods. 

The tests will involve subjecting the in-reactor hardware 

to prototypical conditions in terms of pressure, temperature, 

flow induced vibration, thermal shock, hydraulic shock, 

mechanically induced vibration and dynamic external forces. 

Effects of flow-induced vibration created by liquid sodium 

streams both inside and outside the in-reactor closed loop tube 

and internals will be of interest. 

Test Facilities 

The facilities required to carry out these experiments 

involve a full-scale closed loop system having flowing water 

for initial tests and sodium for final verification. A more 

complete description is given under the section on Complete 

Closed Loop System. 

Alternates 

The experimental tests with water could be eliminated 

and design be based on very limited theoretical analysis. 

This could lead to failures in the endurance testing phase 

and cause considerable delay in the overall development pro

gram. Both phases of testing could be eliminated with the 

consequence that the testing and development would be carried 

out after reactor start-up. If failures occur after 

reactor start-up, in all probability it would be necessary 

at that time to initiate a testing program similar to that 

described above. 

CLOSED LOOP INTERCONNECTING PIPING AND DISCONNECTS (H-3) 

Design Problems and Requirements 

The closed loop interconnecting piping has design prob

lems related to piping dIsconnects, containment of sodium in 
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case of leaks, heating apparatus for thaw-out of sodium during 

replacement of loop components, anu electrical and instruments 

with respect to mechanical fit-up and routing. 

The primary problem has to do with developing leak tight 

joints for the requireu uisconnect points which will withstand 

the routine operating conditions, as well as thermal, hydraulic, 

and mechanical transients anu vibration. A means must also be 

found to contain the sodium uuring removal of piping. Reten

tion of souium anu containment of rauioactivity in case of pipe 

failure is another consideration. This may involve a double

walled piping system. :Iethods for fabricating, replacing, 

and inspecting the double piping will be required. It is 

important that a means of detecting leaks be developed. 

Experimental Program 

Development of components will involve building one or 

more full scale prototype pipe anu uisconnect arrangements 

anu subjecting them to the conuitions typical of closed loop 

operating parameters. Feasibility tests on these components 

will also incluue removability, anu methous for inspecting and 

uetecting leaks. Water, helium, anu souium at temperatures 

of 200 of for water and 1350 of for gas anu sodium, anu up 

to 250 psig pressure will provide the test media. The test 

specimen will be subjecteu to various steauy static anu tran

sient thermal, hyuraulic anu mechanical loauings. 

The above tests will provide a basis for final uesign 
of interconnecting piping components, but will not provice 

assurance that the uesigneu haruware will be realiable. For 
this reason, enuurance testing of the final hardware will 

also be requireu. 
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Test Facilities 

As in the case of in-reactor hardware, endurance tests on 

inter-connecting piping components will require a complete 

closed loop system. 

Alternates 

The above tests could be eliminated and design be based 

on theory, extrapolation of other applications, and judgement. 

In all probability, it would lead to some sort of failure after 

start-up and considerable delay in the irradiation testing 

program. 

CLOSED LOOP COMPONENTS EXTERNAL TO REACTOR VESSEL (H-4) 

Design Problems and Requirements 

Closed loop components external to the reactor vessel 

include pumps, valves (shut off and check), cold traps, heat 

exchangers, sodium sampling and purification systems, system 

instrumentation and fission product transport and decontamin

ation systems. The development effort discussed below does 

not discuss traps, sampling or purification devices. Pumps 

and heat exchangers are discussed only because they relate 

strongly to the facility requirements. 

In spite of the numerous liquid sodium facilities that 

are ln existence at the present time, there has been very 

little experience involving check valves and shut off valves 

in the 3 in. range and above. '.lost sodium valves have been 

custom built and tested prlor to actual service. It follows 

that a similar approach is needed in this case, particularly 

since reliability in closed loop components is the primary 

objective of the FFTF Project. 
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The pumps as conceived for the closed loop system are 

beyond current technology. The anticipated temperature of 

1200 of, coupled with a high head requirement of 175 to 200 

psig make the pumps unique. 

Heat exchangers are also of questionable reliability 

since difficulty with internal flow distribution has been a 

problem in sodium systems. 

Experimental Programs 

The development plan for the valves, pumps and heat 

exchangers would involve: 1) proof-of-principle or feasibility 

testing, followed by 2) construction of prototype for statis

tical reliability tests, and finally, 3) design verification 

testing of the final design in the complete closed loop system. 

The performance in sodium over wide flow and temperature 

ranges neeu to be verified. The pump and heat exchanger 

characteristics need to be determined. 

Test Facilities 

The facilities required for this testing should be full 

scale water where suitable followeJ by full scale sodium at 

the closed loop operating conditions of flow, pressure and 

temperature. Temperatures will range from 1100 to 1350 of 

at flows from lOO to 700 gal/min under pressure rangIng 

between 150 and 250 psig. 

Alternates 

As in the case of top face hardware, the various alter

nates available involve elimination of one or more of the 

proposed development tests described above. The possible 

consequences are similar since in each case elimination of 

tests can result In failures after start-up and delays in the 

irradiation testing programs. 
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COMPLETE CLOSED LOOP (H-5) 

Design Problems and Requirements 

The major requirement of the complete closed loop test is 

to evaluate the performance, operability, and compatibility of 

all the individually tested closed loop components after they 

are integrated into a complete system. Each of the component 

categories will have had some feasibility or characterization 

type tests followed by endurance and/or design verification 

tests, but none will have been tested on a system basis. A 

system test is required to demonstrate compatibility and 

operability of individual components when integrated into a 

complete system. The various levels of testing of individual 

components dictates the use of a complete closed loop under 

completely prototypical conditions. 

The maintenance or maintainability problems with closed 

loop components need to be determined as thoroughly as pos

sible prior to reactor installation. The adequacy of pump 

speed control, the efficiency of the heat transport system, 

the cover gas control and pipe reactions of the closed loop 

system must be determined in the complete system prototype 

test. 

Experimental Program 

The closed loop system will be operated under typical 

reactor operating conditions, and off-normal events will be 

simulated. The operating mode will be directed toward the 

evaluation of performance, operability and compatibility 

of the total system, the interfaces to the system and indi

vidual component performance in the system. 



8.12 BNWL-6l4 

Test Facilities 

These tests require a full-scale prototype of a complete 

FTR closed loop. This should duplicate the closed loop in

reactor duct plus the geometry of adjacent driver hardware, 

with a sodium pumping system and heaters capable of produc

ing flow conditions around the closed loop tube equal to 

that expected in actual service. Adequate space above the 

pot will be required for removal and insertion of in-reactor 

hardware. Capability for simulation of fuel handling 

apparatus should be incorporated. Lay-out of the facility 

should also provide space for the length of inter-connecting 

piping that is prototypic of the final reactor concept. In 

addition, a separate pumping and heat-exchange system will 

be required to provide the flow conditions expected inside the 

closed loop system. In each, flows will be in the order of 

100 to 700 gal/min at temperatures up to 1350 of, and at 

pressures between 150 and 250 psig. The facility should 

be planned on the basis of exclusive use by closed loop test

ing activities. 

Alternates 

The alternate to the complete system test described above, 

IS to carry out the test after reactor start-up. The possible 

consequences are that individually proven components would not 

prove satisfactory when integrated into complete systems 

because of mechanical fit-up and interferences. Also, inter

face with the fuel handling equipment could cause problems 

anu delays In getting underway with the irradiation testing 

program. 
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I. INSTRUMENT DEVELOPMENT 

Detailed analyses have been carried out for power excursions, 

loss of flow, release of fission products, and surveillance 

instrument needs to establish the technical basis for the FFTF 

driver fuel instrumentation. (1) Reference 1 reviewed the pres

ent technologies as applied to fast sodium-cooled reactors for 

temperature, flow, failed fuel, coolant pressure, in-core neu

tron flux, and signal transmission and data reduction with 

respect to such characteristics as response time, sensitivity, 

and reliability. 

The primary need and, hence, the goal of the instrument 

development and testing program is to improve the life and 

reliability of the sensors in FFTF service, rather than improve

ment in some characteristics such as response time compared 

with the values usually associated with that particular type of 

device in customary applications. 

Since the state-of-the-art experience seldom describes 

sensors that have been stressed by environments comparable to 

those expected in-core and near core in the FFTF, comparisons of 

present performance in other applications and predicted per

formance in the FFTF are not practical to make in a realistic, 

quantitative manner. The first problem faced by the developer 

for the FFTF is to make the sensor perform at all reasonably in 

the unprecedented environment and confined space. Following 

this, the development effort strives to approach the performance 

achieved in existing, less demanding applications and to provide 

an acceptable lifetime in the FFTF environment. The following 
is a list of instrument development programs presently underway 

under PNL direction: 

1) Gas Chromatograph Fuel Failure Detection 

2) Delayed Neutron Fuel Failure Monitor 

1. R. E. Peterson. Technical Basis for FFTF Driver Fuel 
Instrumentation, BNWL-555. Pacific Northwest Laboratory 
Richland, Washington, September, 1967. 
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3) Gas Disengagement for Failed Fuel Monitoring 

4) Pressure, DP Flow and Level Sensors for In-Reactor Sodium 

Service 

5) In-Core Sodium Flowmeters 

6) In-Reactor Coolant Temperature Sensors 

7) Reactor Environmental Effects on Signal Cables 

8) Signal Connector for Sodium Service. 

These efforts, as well as others which are known to 

require development and testing support, are discussed in this 

section. This program is consistent with attainment of 1400 of 

in the closed loops. 

IN-REACTOR COOLANT TEMPERATURE SENSORS (1-1) 

Design Problem and Requirements 

Technical bases are needed for the specification of FFTF 

coolant-temperature thermocouples whose response in the FFTF 

environment has been determined and whose reliability has been 

statistically established. ~o attempt will be made to develop 

a new type of thermocouple wire alloy. 

One major design problem is to accommodate or circumvent 

the differential expansion of the 304 stainless steel sheath 

and the Chromel-Alumel thermocouple wires. 

The environment will be about 10 14 n/cm 2-sec, 10 8 R/hr, 

in 1200 of (and possibly to 1400 OF) flowing sodium. The 

effects of fast neutron exposures of the flux and fluence 

magnitudes expected have not been measured. 

Experimental Program 

Test Purpose and Methods 

The test program IS a repetitive one in that the data from 

the tests will cause new specifications to be written and more 

tests performed on the improved thermocouples. An outside con

tractor will be given a contract to write specifications based 
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on ASTM-E-235 and his own experience with reactor grade thermo

couples. A quantity of short (30 in.) thermocouples will be 

purchased, using an extensive manufacturing inspection, quality 

control and acceptance testing program. 

Thermal cycling and thermal shock testing In the range of 

600 to 1200 of (and possibly to 1400 OF) will be performed. 

Radiographs, calibration, speed of response measurements, dye 

tests, and insulation resistance measurements, will also be 

performed. 

Uncycled thermocouples will be placed in EBR-II to obtain 

radiation damage effects information and data on decalibration 

due to radiation. Full length thermocouples, on the order of 

35 ft. in length, will be ordered and tested. Destructive test

ing will be undertaken if the thermal tests show a large failure 

rate. Corrective specifications will then be written and the 

above tests will be repeated. The fast neutron fluence will 

be limited by the time operating efficiency of EBR-II and the 

flux level In the core positions made available. 

The number of couples that require testing for statistical 

verificatio]l of five-cycle lifetime in FFTF with an acceptable 

failure rate will probably not be achieved before FFTF operates. 

Therefore, the Coola]lt temperature sensor development program 

may continue for several years after FFTF goes into operation, 

using FFTF as the testing facility. 

A destructive testing program will be undertaken to identify 

causes of failures due to radiation exposure. Since no fast 

flux facility exists that allows measurements to be taken during 

irradiation, pre- and postirradiation calibrations, speed of 

response and insulation resistance measurements will be made. 

Possible instantaneous errors due to extreme gamma and neutron 

fluxes are being investigated in gamma pit and pulsed-reactor 

facilities. 
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Range of Parameters 

The calibration temperatures will range from 400 to 1400 of. 

Neutron exposures will be as great as can be obtained during the 

development period. Speed of response will be measured from 800 

to 1200 of. The number of couples tested will be limited to 

about 200 in the initial program due to funding. 

Variables to be Measured 

Speed of response, insulation resistance, change in wire 

resistance, changes in calibration as a function of neutron expo

sure, and lifetime are to be measured. Other measurements will 

probably be made as the program develops. 

Information from Test to be Applied to Design 

The specifications and technical backup information will be 

formally reported as bases for ordering FFTF construction thermo

couples. 

Test Facilities Required 

The only facility for radiation exposure in a typical fast 

neutron spectrum is EBR-II, where sample thermocouples are now 

being irradiated. There are many hot cell facilities for doing 

postirradiation calibrations and metallographic examinations, 

including two at PNL. The thermal shock testing will require 

a small, specially built loop. Several laboratories have space 

available and equipment in storage to build the loop facility. 

Alternates 

Present state-of-the-art thermocouples could be used at 

the risk of an unacceptable lifetime and perhaps false tempera

ture indications. Since FFTF is a test facility, knowing the 

environment is of prime importance. No acceptable alternate to 

testing is known. 
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PRESSURE, DP FLOW, LEVEL SENSORS (1-2) 

Design Problem and Requirements 

The objective of the development and associated tests is to 

produce a pressure transducer capable of measuring the coolant 

pressure above and below the FFTF core while immersed in the 

sodium coolant and subject to the flux and temperature environment 

near the core. 

The testing and development program is required because 

commercial pressure transducers are not rated for operation 

immersed at temperatures to 1200 of, the effects of sodium corro

sion on diaphragms are not completely determined, and the effects 

of radiation at the levels predicted for FFTF are not known. 

The pressure transducers will also be developed and tested 

for use in measurlng flow of the sodium coolant in the fuel 

channel by measuring the differential pressure of a venturi

type flowmeter. This is a backup effort for permanent magnet, 

turbine and eddy current flowmeters being developed by ANL. 

Development must also be directed toward miniaturizing the 

units as required to fit in the allowable space of an FFTF fuel 

channel. 

Pressure transducers will also be developed for measuring 

pressure out-of-vessel in other parts of the primary loop. In 

this less stringent temperature and radiation environment, a 

different, more inexpensive transducer may be specified. 

Level measuring transducers will be required with both a 

narrow range of a few inches for level monitoring and control, 

and with a range up to approximately 30 ft for drain and fill 

monitoring. No activities are planned in FY-1968. Long range 

proof testing will be done when specific design requirements are 

known, provided sufficient uncertainties exist at that time to 

justify such activities. 
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Experimental Program 

Selected candidate pressure transducers will be procured 

from commercial vendors for tests in the sodium pot facility at 

PNL. 

Initial tests are screen tests whereby the transducer is 

immersed in sodium while temperature and pressure are gradually 

increased to the manufacturers' maximum rating. Accuracy, sensi

tivity and zero drift will be measured and recorded. 

In the second stage, the transducers will be modified ln 

cooperation with the vendor in order to improve tolerance to high 

temperature and radiation. The materials and construction of 

each transducer will be examined in detail. Alternate materials 

for the diaphragm, bonding, insulation, and other components will 

be incorporated until a unit is developed to meet the following 

specifications as a design goal: 

Pressure range 0-15 psi through 0-250 PSl both gage and 
absolute 

0-20 in. through 0-400 in. water column 
differential 

Temperature range 77 to 1200 of 

Radiation In-reactor 10 16 n/cm 2/sec fast neutrons 
23 2 10 n/cm (total fast fluence) 

10 9 R/hr gamma 

Piping system 5 x 105 R/hr gamma 

Nonlinearity Less than ] 'lo . a of full range 

Hysteresis Less than O. 5 % of full scale 

Thermal zero shift Less than 0.03% of full range/oF 

Response time Less than 0.1 sec 

This specification is a design goal and defines a very good 

commercial instrument. It is not a documented FFTF requirement. 

It is expected that the tolerances will be sacrificed in a trade

off to procure a unit which will operate in the high temperature 

and flux environment of the FFTF. 
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In a final test phase the transducers developed in the 

sodium pots will be tested in flowing sodium at 1400 of and 

250 psi to simulate, as nearly as possible, the FFTF in-reactor 

conditions. These tests should reveal the effects of flow on 

the corrosion rate and fatigue of the transducer diaphragms. 

Radiation tolerance will be achieved by replacing ques

tionable materials with other material of known radiation 

tolerance. Transducer components or the completed units will 

be irradiated in a facility such as the EBR-II. 

The Instrument Design Section will be informed of the 

performance parameters of the developed transducers. 

Proof testing will be required as follows: 

• The development program will continue until a specifica

tion for procurement of a suitable pressure transducer is 

completed along with identification of qualified vendors. 

The units produced by these vendors for use in FFTF 

require proof testing before installation in the reactor. 

Proof testing would only require tests for accuracy, 

sensitivity, and related parameters in a facility capable 

of varying only temperature and pressure. 

• This assumes that the corrosion effects and radiation 

effects on the transducer have been determined and com

pensated for during development. 

Additional design testing may be required. 

Operation of a developed prototype unit in its designated 

location in a fuel channel could be affected by other param

eters not present during development testing or proof testing: 

• Locating the signal lead wires in a conductor with other 

power or signal leads may cause error signals to be 

induced in the pressure signal lines. 

• The particular flow and turbulence pattern of the coolant 

across the transducer face, and vibration may cause error 

or transient signals to be generated. 
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• Similarly, the placement of the transducer may introduce 

error in the readouts of other types of instrument sensors. 

For these reasons, it is desirable to place a prototype 

transducer in the complete configuration of instruments in a 

prototype fuel channel. These instruments should then be tested 

to the temperature, pressure, and flow in the presence of sodium 

coolant simulating FFTF conditions, as nearly as possible, to 

proof test the complete instrument package. 

Test Facilities 

Pressure transducers will be tested in an existing sodium 

pot facility at PNL. The facility consists of four pots, approxi

mately 2 ft high and 1 ft wide, with a removable cover on each 

pot. Sodium with controllable level and temperature to 1400 of 

may be introduced into each pot separately from a reservoir. 

The cover gas pressure may be adjusted to 250 pSI. Small 

differential pressures may be obtained with a standpipe or by 

use of two separate pots with different pressure settings deter

mined by commercial differential pressure instrumentation. 

The following describes a suitable flowing sodium test loop 

simulating the FFTF: 

• ~Iaterial: all 304 SS on both hot and cold sides 

• Duplicate the flow of the FFTF fuel channel for the 

diameter of the instrument under test 

15 ft/sec) 

(Approximately 

• Four test pots In hot leg and one test pot In cold leg 

• Loop pressure to 250 psi 

• Temperature: to 1400 of 

• Include hot carbon, hot oxygen, cold traps and plugging 

meter to insure sodium purity as near FFTF as possible. 

Anticipated test facilities for liquid level measurement 

development will consist of a vertical tank of flowing sodium 
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approximately 30 ft high and 12 in. in diameter. The flow rate 

may be lower 

be stagnant. 

lar to FFTF. 

than in the FFTF vessel, but the sodium should not 

Cover gas type, pressure and flow should be simi

Sodium purity will be similar to FFTF. The 

facility should include sodium level control over the vertical 

range of the tank and a secondary standard for making a refer

ence sodium level measurement. The vertical tank shall have 

access to the top for introducing level sensors undergoing 

testing. 

Alternatives to Performing These Experiments 

No Testing Program 

Without tests and development to withstand high tempera

ture and radiation, the chances of a commercial pressure trans

ducer surviving in the FFTF in-vessel environment are very 

small, and the degree of confidence in the accuracy of a pres

sure readout signal is unacceptable. 

Modifying Commercial Units, But Without Testing 

Materials In commercial units may be investigated and 

replaced for high temperature or radiation tolerance. However, 

the effects on the unit's performance could not be quantita

tively assessed, and the confidence in the pressure signal of 

an in-vessel unit becomes very small even though the unit may 

surVIve In tile environment. 

Tests to Temperature and Pressure Without a Sodium 

Environment 

This alternative does not test the effect of sodium 

corrOSIon on the thin diaphragm of tile instrument. Changes In 

the properties of strength, ductility, and creep rate could 

only be estimated. A unit so tested might survive in the FFTF 

In-core environment with some initial accuracy. ]]owever, con

fidence in the unit would decrease as the length of time the 

unit was immersed in sodium increased. 
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Entire Prototype Assembly Not Tested In Radiation 

Environment 

BNWL-6l4 

Due to unavailability of test thimble access In fast test 

reactors SUCll as EI3R-II or due to size restrictions, the entire 

assembly may not be tested in a radiation environment. If each 

component material is examined and selected for radiation toler

ance separately, with irradiation tests of individual components 

performed as required, then the confidence in the assembly made 

up of these components remains high. 

Tests in Static Sodium Pots and Radiation But Not In a 

Flowing Sodium Facility 

Pressure transducers tested In static sodium without flow, 

6T or sustained purity, will not necessarily experience corro

sion rates identical to those in FFTF. The result will be a 

transducer with proven operation in high temperature and radia

tion, but with a corrosion rate interpolated from static corro

sion data. Confidence in the pressure signal is thereby reduced 

as the period of use in the FFTF increases. 

However, confidence in this unit is greater than in the 

unit \;,hich is not tested In sodium at all. 

Irl-CORE SODIUf'1 FLOWr1ETERS (1-3) 

Design Problem and Requirements 

A discussion of the need for individual channel flowmeters 

is shown in BNWL-555, Technical Basis for FFTF Driver Fuel 

Instrumentation. 

The objective of this task is to develop and test magnetic 

and eddy current type flowmeters which can be used to measure 

the flow in individual FTR channels. Other types will be con

sidered if they show sufficient promise. 
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Flowmeter Requirements: 

1) The time response of the flowmeter must be rapid enough 

to allow for the timely protection of the reactor core in 

the event of a rapid flow reduction. 

2) The flowmeter shall have sufficient accuracy and sensi

tivity to determine: 

• Significant changes in the hydraulic characteristics 

of the fuel channel assembly 

• Heat generation rate information of usable quality 

when combined with coolant temperature data 

• Significant differences in heat generation rates 

between fuel channels caused by such things as fuel 

element loading errors. 

3) The flowmeter shall be designed to operate reliably in 

the defined FFTF environments for a minimum time interval 

of one fuel cycle. 

4) Measure flow of about 450 gal/min at temperatures to 

1400 of while interfaced with sodium. 

An additional design problem is the effect on calibration 

of magnetic flowmeters when they are operated in close prox

imity as in the FFTF channels. 

Experimental Program 

Basic testing of magnetic materials and coil structures 

will be made in order to determine their performance in the 

predicted FFTF environment. Depending on the results of the 

material tests, one or more of the flowmeter types will be 

developed for FFTF use. 

The following represents a brief itemized summary of the 

proposed work: 

1) Dete rmine expe r imen tally the sign if ican t changes in the 

properties of several selected magnetic materials as the 

result of temperature, thermal and mechanical shock, and 
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radiation. The magnets will be placed in a mockup 

of a hot cell which includes a furnace. The magnets 

will be temperature cycled and the magnetic flux will 

be measured with a magnetometer. The magnets will then 

be irradiated in a capsule in EBR-II. After irradia

tion, the magnets will be placed in a hot cell and mag

netic flux again measured under conditions identical to 

the preirradiation tests. 

2) High temperature coils will be developed and tested for 

use in turbine an~ eddy current flowmeters. These coils 

will be temperature cycled In a gas furnace and later in 

a flowing sodium loop. 

3) A prototype of each candidate flowmeter type will be fab

ricated and tested. ANL is now operating a prototype 

permanent magnet flowmeter in a flowing sodium test facil

ity with limited flow capacity and temperature. The tem

perature capability of this facility is being increased 
to 1200 of. Additional tests rated at about 450 gal/min 

will require a larger flow facility. 

The eddy current flowmeter, a prime backup to the proto-

type, will be fabricated and tested. In these prototype 

tests, the following characteristics will be determined. 

• Flowmeter sensitivity in sodium temperatures up to 1200 of 

• Flowmeter impedance and field noise signal levels 

• Temperature compensation methods 

• Long term signal stability and reliability 

• Flowmeter accuracy and calibration. 

4) Report the performance limits and capabilities which can 

be expected of an FFTF flowmeter and prepare the material 

specifications, drawings and fabrication information 

needed to procure commercial flowmeters for installation 

in the FFTF. 
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Test Facilities 

Feasibility studies, conceptual design, and prototype fab

rication and testing are being performed for permanent magnet 

and eddy current flowmeters. ANL is performing this work and 

providing the following development test facilities: 

1) Sodium flow test facility with limited flow at 1200 of. 

2) Mockup which simulates the magnetic properties of the hot 

cell that will be used for postirradiation measurements. 

This mockup saves a great deal of hot cell cost during pre

irradiation testing. 

3) Hot cell magnetic flux measurement facility with electric 

furnace where flux is measured with a magnetometer. This 

facility tests irradiated magnets for permanent magnet 

flowmeters. 

4) Gas furnace facilities capable of 1400 of. 

A larger sodium flow facility, not now available at ANL, 

capable of about 450 gal/min flow, at 1200 of, will be 

required to complete the development testing, and for proof 

testing of production flowmeters. Tests at 1400 of will 

require a closed loop prototype. 

Alternates to Performing Experiments 

No Test Program 

Without testing and calibration at high temperatures in 

sodium, and in radiation, the confidence in an in-vessel FFTF 

flowmeter signal will be very low. It is not possible to pre

dict the performance of magnetic materials at temperatures 

higher than those for which adequate test data are available. 

Eddy current flowmeters are still in a developmental stage. 

Mathematical means of predicting performance and optimizing 

design have not been developed to the extent necessary. 
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GAS DISENGAGU1ENT FOR FAILED FUEL t10lHTORIrJG (1-4) 

Design Problem and Requirements 

The fission gas monitor technique must be used if failed 

fuel detection and/or location is required when the reactor is 

not operating. Several reactors have used fission gas monitors 

of the cover gas with various degrees of success, but not as a 

rupture location technique. The major design problems with the 

fission gas monitor are insuring the efficient disengagement of 

a sample of released fission gas, accumulating it, and trans

porting it out of the reactor vessel for detection. The plug

gIng of sample lines is a major problem. 

The tentative requirements for the disengagement device 

are that it must fit into a 5 in. process channel along with 

coaxial cables and tubes, withstand 1200 of, withstand the FFTF 

nuclear environment near the top sllield, and work in liquid 

sodium. 

It IS required that experiments be performed early so the 

design of a failed fuel monitor will not delay reactor startup. 

Sufficient space needs to be available inside the driver fuel 

sllYoud, in the reactor building for shielding of detectors, and 

for routing of sample lines. The space required will be learned 

as a result of a successful testing program. 

Experimental Program 

Test Purpose and Methods 

An experimental program will be performed with several dif

ferent sampling and disengagement devices to determine which IS 

most effective, which will work in a confined space, and how to 

trap the sodium vapor before entering the gas lines. The 

approach is to incorporate a gas injection unit and several gas 

disengagement units in a sodium loop at ANL. Known volumes of 

gas will be injected, and the disengagement effectiveness measured. 
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Various gas disengagement techniques will be tried such as, 

increasing surface area, gas sparging, temperature gradients, 

and a stilling tank. 

Various techniques for getting the fission gas sample 

out of the reactor will be evaluated, such as the use of a 

continuously flowing carrier gas, the application of pressure 

on demand, and bringing the gas sample out of the reactor 

along with a sodium sample and disengaging outside the reactor 

vessel. 

Range of Parameters 

The range of parameters to be tested 1S not well enough 

known to be stated at this time. 

VariQbles to be Measured 

The major variable to be measured is the effectiveness 

of the disengagement device. Also measured will be the per

formance of the sodium vapor trap, the most effective size 

and location of sample line within the simulated subassembly, 

and the threshold of sensitivity of the system. 

Information from Test to be Applied to Design 

The data on performance of the various disengagement tech

niques will tell the designer which technique to use. The loca

tion and size of sample tubes will be known. The technique of 

reliably transporting the fission gas sample out of the reactor 

vessel will be known. Some operational data may be available. 

Test Facilities Required 

A small loop being modified at ANL will be used with 

sodium at the temperature, pressure and velocity expected 1n an 

FFTF subassembly channel. 

A second fQcility will be required for design testing of 

FFTF prototype components. This facility has been described 

under the Instrumentation Subassembly discussion. 
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Alternates to Performing Experiments 

The tests could be performed on the reactor at the expense 

of delaying the startup date and perhaps additional expense of 

developmental modifications shown to be necessary by the startup 

tests. 
Some of the tests could be performed in water if the solu

bilities of various gases in sodium and water were known. In 

some cases, it would be easier to work with water as the flowing 

media, but the results, as applied to sodium, would be uncertain. 

The demonstration of the validity of the water experiments could 

be more difficult than the actual performance of work in sodium. 

Reactor operation could be delayed if modification were required 

after testing in sodium In the reactor. 

DELAYED NEUTRON FUEL FAILURE MO~ITOR (1-5) 

Design Problem and Requirements 

Failed fuel monitoring is a two fold problem of detection 

and location. The detection of a few neutrons in the presence 
4 of a large gamma background (10 Rlhr and up) and at elevated 

temperatures has not been reliably solved. 

It is complicated further by the presence of tramp uranium 

In the sodium sample, high temperatures and the short decay time 

of the neutrons. A sodium sample must be obtained from each 

major fuel assembly to locate the fuel failure. There are prob

lems of maintaining fixed time delay from core to detector, 

keeping the sodium temperature high to avoid plugging of sample 

lines, valving to reduce the number of detectors, and of getting 

the sodium sample out of the core through the vessel. The 

requirements are to develop a reliable operating system which 

shall detect and locate a failed fuel subassembly and operate 

in the thermal-nuclear environment of the FFTF sodium. 



9.17 BNWL-6l4 

Experimental Program 

Test Purpose and Methods 

One major effort will be directed toward testing the 

present off-the-shelf detector and electronic components beyond 

the manufacturer's specifications rather than develop new 

devices. This effort will include measuring the response of 

neutron detectors at high temperatures and in high gamma 

fluxes, and t;le response of preamplifiers to their temperature 

and radiation limits. The response stated above includes sen

sitivities, stability, gamma pile-up rejection, signal to 

noise ratios, cable length effects on signal, unwanted signals 

due to gamma interaction with the cable, and the ability to 

operate after being subjected to excessive temperatures for a 

period of time (simulating the loss of cooling). 

Analytical studies \vill be performed to determine the 

optimum thicknesses of thermal and gamma shielding, and the 

optimum size of the sodium sample as a function of specific 

activity of the sodium. 

The plplng and valving required to provide sodium samples 

to a minimum number of detectors consistent with acceptable 

sample transport time and minimum pump capacity will be tested. 

The minimum acceptable sample line size, and the effects of 

intermittent flow will be determined. 

Range of Parameters 

The final values must reflect the FFTF design. IImvever, 

until that is finalized, the following is being used as a 

guide: 
Neutron flux 

Gamma flux 

Preamplifier 
environment 

Sodium sample 
temperature 

2 l-IU n/cm /sec At 250 keY 

10 4 to 10
6 

R/hr 

20U to 400 OF 

6UO to 1000 OF 
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Variables to be Measured 

The variables to be measured will include but not be 

limited to: 

1) Detector neutron sensitivity as a function of gamma back-

ground at several temperatures 

2) Pulse height stability versus temperature 

3) Noise pickup as a function of cable type and length 

4) Lifetime of electronic components in the FFTF environment. 

Information from Test to be Applied to Design 

Design will receive data on the optimum size, shape, and 

materials of shielding and moderator, the sodium sample size, 

the choices between detector and preamplifier combinations, and 

the effects of temperature on components. 

Test Facilities Required 

The following facilities are required: 

1) A test facility is needed to determine the tendency of 

sodium sample lines to plug as functions of line size, 

sodium purity, line temperature and temperature gradients, 

flow rate, flow duty cycle, and related parameters. 

2) A gamma facility lS needed where one can expose a heated 

neutron detector to a small neutron source in the presence 

of intense gamma fluxes. 

3) A facility is needed to test the design of a sampling 

valve which: 

• Can select one of several sample lines 

• Be remotely operated 

• Operate at temperatures up to 1000 of 

• Be compatible with sodium 

• Be radiation resistant 

• Have no leakage to the outside 

4) A facility to show proof-of-design and to check any inter

actions of one system with another is described under the 

Instrumentation Subassembly discussion. 
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Alternates to Performing Experiments 

A system can be designed without further inputs from test

Ing programs. The probability of its being adequate is small, 

and the cost of a new design and the replacement of components 

in relatively inaccessible locations would be great. 

INSTRUMENTATION SUBASSEMBLY (1-6) 

Design Problem and Requirements 

The instrumented section of the driver fuel channel may 

include thermocouples, a flowmeter, a flux monitor thimble, 

pressure transducers, straightening vanes in the stream below 

the flowmeter, fission gas disengagement section, and sodium 
sample lines. 

All these items will be developed and tested in separate 

programs. Additional testing of the assembled group of instru

ments is required to assure their compatible operation. Needed 

information includes: 

1) Effect of wiring tubes and flux monitor tubing on the 

sodium flow straightening section below the flowmeter 
2) Effect on flowmeter calibration 

3) Adequacy of assembly to withstand the vibration, temperature 

and flow conditions typical of those expected in the reactor 
vessel 

4) Assurance that the sodium sample lines will acquire an 

adequate sample of sodium plus fission products with 

other instrument obstructions in the channel. 

S) The coolant pressure drop across the assembled instrument 

should be measured. This affects flow and thus the heat 

removal efficiency. 
6) Testing is needed to determine whether the close 

proximity of wire routing in the fuel channel will cause 

signal crosstalk and whether there are grounding or shield

ing problems. 
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After reactor startup, the design of future instrument 

assemblies or experiment assemblies should also be tested for 

operation in simulated reactor conditions before being placed 

in the reactor. 

Experimental Program 

Assemble the instruments above a fuel section mockup in a 

fuel channel prototype which is installed in a flowing sodium 

test loop to simulate reactor temperature and flow. 

1) Introduce a ~T between simulated fuel pins and read the 

difference between in-channel thermocouples to determine 

the efficiency of coolant mixing. 

2) Adjust the distance of the thermocouples above the simulated 

fuel pins to study thermocouple response and determine 
optimum thermocouple locations. 

3) Introduce partial and full blockage of the coolant in the 

fuel zone as functions and determine flowmeter, thermo

couple, and pressure instrumentation response. 

4) Introduce inert gas for test purposes from simulated fuel 

pins, then operate the fission gas disengagement system 

to test the collection, separation, and detection of the 

gas. 

5) Instrument the tube to measure pressure drop across the 

instrument package. 

6) Operate the flux monitor traveling probe througIl the thim

ble at 1200 of to determine any adverse affects due to 

thermal expansion, sticking at high temperature, or sodium 

leakage. 

7) Vary the liquid sodium level above the channel outlet by 

±5 ft to observe the effects on flow. This capability may 

also be used to test liquid level instrumentation. 

8) Disassemble the instrumented duct after operational test

ing and inspect for corrosion points, fatigue, sodium 

leakage or other design deficiencies. 

Data from the above tests will be used by the design group 

to correct the instrument assembly designs as required. 
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Test Facilities Required 

A flowing sodium test facility is required to simulate as 

near FFTF conditions as possible. The loop should include a 

test section ~12 in. diameter and high enough for a full size 

fuel channel with access from the top. Sodium flow will be 

about 450 gal/min through the fuel channel, at 1200 of. 

The loop should be capable of producing 120 psi coolant 

pressure at about 450 gal/min at the bottom of the test sec

tion for entry to the prototype fuel assembly. 

The loop should be constructed of all 304 SS in contact 

with sodium, and should include a sodium purification system 

similar to FFTF. Secondary standard instrumentation for tem

perature, flow and pressure measurements should be included. 

The test section should have a controlled sodium level to 

correspond with FFTF reactor sodium level and cover gas pres

sure ('-'25 psig). 

Alternates 

1) Each in-core instrument is developed and tested individ

ually. Without testing of the assembled instruments as 

described, confidence in the instruments operation 

in-reactor is reduced. Unknown error due to instrument 

interaction in the final assembly may be introduced. 

2) Some of these tests could be performed less adequately 

ln a water facility. 

VIBRATION AND STRESS MEASUREMENTS IN-CORE (1-7) 

Design Problem and Requirements 

Development of sensors such as strain gages, accel

erometers, and Linear Variable Differential Transformer 

(LVDT) type instruments, to be used to measure vibration, 

stress, movement or displacement of in-vessel elements 
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IS needed. The major development problems are to improve high 

temperature tolerance, radiation tolerance, and tolerance to 

immersion in sodium in order that the sensors may survive for 

a useful period in the vessel. 

Sensors for use in a vessel surveillance program are also 

needed. This broad program for FFTF calls for the monitor of the 

vessel, in-vessel components, primary piping, heat exchangers, 

and similar components for such parameters as cracks, wall thick

ness, vibration, stress and strain, visual observation, tempera

ture expansion, and corrosion rates as required by metallurgy, 

fuels, and sodium chemistry groups. 

Both short term surveillance (instrumentation In fuel chan

nels which can be removed and replaced), and long term surveil

lance using permanently mounted transducer systems are planned. 

Nondestructive testing techniques using conventional eddy cur

rent devices, ultrasonics, acoustic emission, and noise analysis 

techniques will be studied for application to t~e FFTF vessel. 

It is presently planned to develop a suitable surveillance 

program for the FFTF vessel. It is also planned to make base 

reference records of structures and metals characteristics to 

be placed on file for comparison at some future time. Methods 

of remote operation and remote replacement of instruments may 

also be developed as required. 

Experimental Program 

An LMFBR sponsored program for developemnt of high tempera

ture strain gages is underway at the LMEC. Gages have been 

developed which can operate in excess of 1000 of. Methods of 

encapsulating the gages in stainless steel so they can be 

immersed in sodium are slso being developed. At some future 

time, the gages will be developed for use in a radiation environ

ment. This last effort should be moved ahead to aid in the FFTF 

application. 
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Studies are In progress to establish the surveillance 

requirements for the FFTF. Concurrently, the various instru

mentation methods will be studied and proposed along with 

remote operation and replacement methods. The approved instru

mentation prototypes should be assembled and tested in as near 

FFTF operating conditions as possible. The following are 

possibilities which should be considered: 

1) Operate the CCTL to yield valuable information on ability 

to establisll analytical structural models and to determine 

the state-of-the-art capability of strain sensors to with

stand long time environmental conditions at or near 1200 of. 

In its present status, the CCTL at ANL has been structur

ally characterized by analytical models with correlative 

instrumentation for strain and displacement affixed to the 

loop piping and components. 

2) Construct and operate a full- scale model of an ul trasonic 

probe mounted In a wheeled carriage to traverse completely 

around the outside of a test vessel to measure wall thick

ness, cracks and defects. The carriage can also traverse 

vertically to inspect the entire outer surface of the 

vessel. This macnIne is remotely operated. 

3) Mount vibration sensors on studs extending from the test 

vessel sides,on the nozzles of the fuel channels, or on 

internal members, for vibration and noise analysis. 

Stress the vessel or members by filling with sodium or 

otherwise simulating stress, and record the noise level 

and burst of noise. 

4) Place accelerometers or suitable noise sensors at pre

de term i ned poi n t son the 0 u t sid e 0 f the ve sse 1. The n 

stress the test vessel, and locate faults in the vessel 

wall by triangUlation methods. (Aerojet SWAT program) 

5) Place strain gages and LVDT gages at required points in 

the vessel and on In-core members, fill the vessel with 

sodium, circulate at 1200 of with flow at FFTF ratings, and 

measure strains and displacement as required. 



9.24 BNWL-614 

6) Construct and test the prototype equipment for remote 

replacement of in-core, out-of-core, and primary piping 

sensors. 

Test Facilities 

For strain gage development, the LMEC has the capability 

for high temperature tolerance and encapsulation development. 

This work is part of the LMFBR program. LMEC does not do lrra

diation testing and some external facility such as EBR-II may 

be used. 

The test facilities required for the vessel surveillance 
program depend upon the surveillance requirements and the 

chosen instrumentation. Developed instruments such as acceler

ometers or LVDTs could be tested to operating temperatures in 

sodium environment in a sodium pot facility or preferably in a 

flowing sodium test facility. 

Larger systems such as ultrasonic monitoring of the entire 

vessel or triangulation to find fault points may require a full 

size vessel mockup for complete testing and development. 

Full size mockups are also desirable for testing remote 

replacement or remote operating mechanisms in a sodium enVlron

ment at high temperatures. This testing might be done on the 

reactor during the non-nuclear startup period. 

Alternates 

No Testing Prior to FFTF Installation 

If only existing laboratory facilities are used to bench 

test the individual sensors for acceptable operation, then the 

effects of interface with high temperature sodium (if required) 

are unknown along with the effects of radiation. Sensors would 

be subject to initial exposure to high temperature, radiation, 
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and sodium for the first time in the FFTF. With regard to 

remotely operated equipment, if no prior testing 1S done, then 

the first prototype must be tested and developed on the FFTF 

vessel during construction, or later during operation. 

Testing of Sensors to Rated High Temperature and in Sodium 

Environment 

Sensors which are so tested environmentally may not perform' 

correctly in their assigned application. Additional tests should 

be performed with the sensor attached to the member it measures 

to assure the method of attachment, the method of remote opera

tion, and the method 0 f rep 1 acemen t. If pr io r tes ting is not 

done, then successful operation on the FFTF vessel is not 

assured, requiring testing and development on the FFTF vessel 

during construction or operation. For example, vibration pickups 

could be tested individually but the application of the signals 

to triangulation for locating a fault on the vessel could only 

be thoroughly tested on an FFTF vessel in conjunction with an 

appropriate computer program and computer. 

SIGnAL cor~NECTORS (I-8) 

Design Problem and Requirements 

A nozzle connector is reCluired to transmit instrumentation 

information from sensors in the fuel c]lanncl to readout devices 

outside the reactor. One or more connectors will carry ~35 

to 40 electrical lines, two to four gas pressure lines and one 

flux monitor thimble. 

The connector requirements are: 

1) Capable of being remotely separated and joined by the fuel 

handling machine which may be sodium cooled. 

2) A flux monitor thimble of large radius will be coupled 

into the fuel channel making a 90° bend at the connector. 
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3) The design shall fit the space on the top reactor cover 
at 8 to 10 In. center-to-center spacing between connectors. 

4) The electrical connectors with associated wiring termina

tion must be reliable enough to carry reactor safety cir

cuits at 1000 of and maintain an insulation resistance of 

at least 5 to 10 M~. 

5) The connector may be required to carry a sodium sample 
line with no possibility of sodium leakage into the electrical 

contacts or the gas line. 

6) Reliable tubing connections will be made without leakage. 

A second connector may be used in the center of the fuel 

channel to shorten the assembly for interior examination. This 

connector would have similar signal carrying and reliability 

requirements and in addition must maintain a seal while oper

ating under sodium of 1200 OF near the active zone. 

Test Program 

An approved prototype of the nozzle connector will be built 

and tested. Development testing will include tests to prove the 

remote disconnect method using the fuel handling machine, gas 

pressure tests to determine the adequacy of the gaskets, elec

trical insulation tests and introduction of flux monitoring 

instrumentation. I f a sodium sample line passes through the 

connector, the connector should be tested with a prototypical 

sodium sample removal system, similar to that planned for the 

FFTF. The sample line should be heated as required with sodium 

flowing at the temperature and speed of the final reactor delayed 

neutron fuel failure detection design. The connector should be 

mechanically cycled thoroughly In the test to prove the technique 

of remote operation with the fuel handling machine and to prove 

the connector operation after the wear of cycling. 
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The mid-channel connector will undergo similar fabrication 

and testing at ANL. Additional tests will include immersing 

the connector in a sodium pot of 1200 of, temperature cycling 

the connector,and mechanical loading to test the effects of 

tension compression and bending. 

Data from the above tests will be made available to 

design. 

Test Facilities 

The nozzle connector prototype will requlre a mockup of 

the vessel top nozzle with a simulated fuel handling machine 

to test all mechanical compatibilities. Instrumentation for 

measuring electrical conductivity and insulation and pin con

tact resistances is required along with a method of pressurizing 

and monitoring for leaks. 

The flux monitoring thimble should be tested by introducing 

the flux monitor wire or aeroballs to assure that the mechanical 

entry is adequate. 

Prototype testing of the mid-channel connector requlres a 

sodium pot which can be sealed, filled and cycled to 1200 of and 

which incorporates a mechanical loading apparatus for tension, 

compression and bending tests. ANL presently lIas these pot 

facilities or will provide them as part of their performance of 

Task IC-18. 

Alternatives to Performing These Experiments 

No Prototype Testing 

One alternative to adequate development testing of connec

tor prototypes is accepting the risk of maloperation during 

and after reactor construction. Confidence in the connectors 

performing tIle required tasks during operation without exten

sive developmental testing would be low. 
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Testing Only During Construction 

If testing is deferred until the reactor 1S being con

structed then deficiencies discovered 1n the design may cause 

major changes in equipment already built causing expensive 

modifications and associated delays in contruction. 

REACTOR ENVIRONMENTAL EFFECTS O~ SIGNAL CABLES (1-9) 

Design Problem and Requirements 

Technical bases are needed for the specification of signal 

cables whose response 1n the FFTF environment has been deter

mined. The magnitude of interfering signals injected into 

cables by radiation must be determined and methods developed 

to reduce or reject these false signals. The polarity of the 

induced current depends on whether the radiation is generated 

inside or outside the cable. 

The insulation resistance of a cable decreases by six to 

eight decades at the high temperatures and high nuclear radia

tion levels in FFTF. This shunting effect decreases the output 

signal as transmitted by the cable. The reduced signal shows 

up as reduced accuracy, lower signal to noise ratio, and in a 

shifted power spectrum. It requires more circuitry to process 

the already low voltage signals. The environment may be as 

high as 109 R/ hr and 1400 OF. The signal level of most sensors 

is in the mV range. 

Experimental Program 

Test Purpose and Methods 

Theoretical calculations will be made on the expected 

reduction in insulation resistance due to both temperature and 

radiation. 

The amount of induced current as a function of cable 

length and intensity of radiation will be measured to confirm 

the theoretical calculations. 
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Studies and experiments will be conducted on electronic 

processing to minimize the error introduced by the cable in a 

thermal and nuclear environment. 

1) 

2) 

3) 

Range of Parameters 

The radiation levels will be as follows: 

Up to 10 9 R/llr 
16 2 Neutrons up to 10 n/cm -sec fast 

High energy electrons generated both inside and outside 

the cable clue to nuclear interaction of the neutron and 

gamma flux on materials in the reactor. 

The temperature measurements will be made up to 1400 °P. 

Variables to be Measured 

Insulation resistance of several mineral oxide insulators 

as a function of combined temperature and radiation will be 

measured. The effect of wire ancl cable size on the magnitude 

of inducted current generation will be measured. 

Information from Test to be Applied to Design 

The cable size and material and types of circuitry neces

sary to process the signals will be given to the Design Section 

so that the system design can be finalized. 

Test Facilities Reguired 

A gamma field of up to 109R/ hr is required. The gamma 

facility should be capable of irradiating a heated wire. 

Neutron flux of up to 10 16 n/cm2-sec is also required as 

well as a source of electrons. All the needed irradi

ation facilities exist, including a pulsed reactor with 

adequate flux intensities. 

Alternates to Performing Lxperiments 

No alternate to testing is known. 
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SODIUM FLOW MEASUREMENTS IN LARGE PIPES (1-10) 

Design Problem and Requirements 

The purpose of the development and procurement program is 

to produce large sodium flowmeters of 16 to 18 in. diam pipe 

size for flow measurements from 800 to 16,000 gal/min suitable 

for installation and operation in FFTF primary and secondary 

coolant loops. The sodium temperature range is expected to 

be 350 to 1000 of with surrounding ambient air temperature 

of 90 to 120 of. 

The flowmeters will probably be of the permanent magnet 

type, subject to review of design requirements in light of 

the flowmeter state-of-the-art report to be issued by LMEC early 

in 1968. Existing technology will be used with little develop

ment required. 

A major problem IS the calibration of the units. Flow

meter accuracy of ± 1% is desired as a design goal; however, 

± 5% will more probably be realized. 

Experimental Program 

Standard design flowmeters will be fabricated to FFTF speci

fications and tested using sodium In a facility large enough to 

accommodate the pipe diameter and flow. 

Where the FFTF primary or secondary loop design requires 

an elbow, valve, tee or discontinuity to be installed in the 

sodium pipe ahead of the flowmeter, the entire questionable 

section of pipe will be duplicated in the test facility ahead 

of the flowmeter in order to calibrate the flowmeter at proto

typical operating conditions. 

The accuracy, repeatablity and rangeability of the magnetic 

flow system shall be tested against a flow tube differential 

producer or other suitable secondary standard connected in series. 
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The repeatability of the magnetic flowmeter, compared with 

the flow tube sensor, shall be ± 1% of full scale over the range 

of 800 to 16,000 gal/min. 

Each flowmeter shall be checked at a minimum of six flow rates 

(normally 20,40,60,80,100, and 120% of full scale flow). 

Each magnetic flow element shall be thermally cycled a mlnlmum 

of three times and checked for thermal effects. Records shall be 

made of sodium temperature and magnetic flux measurements. Cali

bration curves of flow versus output in millivolts shall be sup

plied for each test run. Data from the above tests will be made 

available to design. 

Test Facilities 

Due to the large size of the flowmeters, the only facilities 

which would be suitable are the proposed Auxiliary Component 

Test Installation (ACTI) or the Sodium Pump Test Facility (SPTF) 

at the Liquid Metal Engineering Center. 

Alternates 

No Tests 

Without calibration curves, thermal shock, and repeatability 

tests, reliance on calculations of the predicted flowmeter 

would be necessary, with further refinement by indirect measure

ments through observations of the overall heat transport system. 

Tests Without Pipe Discontinuities 

In this case, the flowmeters might have been correctly 

calibrated using sodium, but might give erroneous readings 

as installed in the FFTF, due to flow discontinuities. 

Sample Testing 

After initial prototype flowrneters are tested, subsequent 

duplicate flowmeters might be installed without proof testing. 

However, only eight flowmeters are planned for FFTF. The 
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investment to modify or build a test facility for these flow

meters is better justified if all eight are calibrated. Cali

bration of each individual flowmeter will also compensate 

for any manufacturing differences. 

IN-CORE NEUTRON FLUX MONITORING (I-ll) 

Design Problem and Requirements 

Knowledge of the spatial and energy distributions of the 

neutron flux within the core IS necessary for the efficient 

operation of the reactor and for the evaluation of test data 

taken from in-reactor test loops. A monitoring system is 

r~quired that will permit scanning the core in a sufficient 

number of positions to adequately characterize the core. 

Two prImary problems are the provision of thimbles to guide 

the sensors being inserted and withdrawn during operation, 

and the provision of a reliable transporting mechanism for 

the sensors. The thimbles must maintain a seal so the sodium 

cannot leak out of the vessel, and the vessel penetration 

design may require a remotely operated connector. Sensor 

transport tubes that lead to the in-vessel thimbles may have 

to be removable from the reactor top works by remote means 

during reactor charge-discharge operations. The sensor trans

port mechanism must operate at a distance from the reactor 

vessel, moving the sensors through a guide tube that has what

ever bends and joints are dictated by the building structure. 

The difficulty of transporting sensors reliably in this sort 

of device has been shown to be dependent upon several factors 

such as the length of the tube, the number and radii of the 

bends, the length of vertical runs, the tube and cable mate

rials, anu the operating temperature. 01eans must be provided 

for remote handling of activation sensors after irradiation and 

transporting them to a counting facility. 



9.33 BNWL-6l4 

Experimental Program 

This program is based on the knowledge that the actual neu

tron sensors have been or are being developed by other programs. 

Activational techniques have been used with a variety of sensing 

materials in the form of wires, foils, and balls, and miniature 

chambers have been successfully operated in an environment 

approximating that expected in the FFTF at a fraction of full 

power. The remaining problems being treated in this discussion 

are mainly mechanical in nature. 

The conceptual arrangement of sample tubes, connectors, 

thimbles, and related essential parts that is formulated in pre

liminary design will be mocked up in a test facility to demon

strate the system feasibility, and thus to provide an experj

mental base for the improvement of the system during detailed 

design. This mockup shall simulate all the difficult aspects 

of the problem that can be anticipated, including temperature 

effects, material compatibilities, and connections capable of 

being handled remotely. Life testing shall be performed to 

determine the adequacy of the design, and to test the solutions 

proposed to correct the failures observed. 

The detailed designer will be given the results of this 

testing, including dimensions of critical components, materials 

used, drawings, and information needed for the specification of 

a system for operational use. 

Test Facilities Required 

A mockup of the proposed monitoring system 1S required that 

simulates the true size and shape of at least one channel of the 

proposed mapping system. The in-vessel thimble will be heated 

to simulate the reactor environment. A high-bay laboratory will 

be required to accomodate the vertical runs, which will be on the 

order of 40 ft in height. It is anticipated that this work could 

be done by a vendor experienced in this particular type of equip

ment, such as Westinghouse or General Electric. 



9.34 BNWL-6l4 

Alternates To Performing Experiments 

It is possible to design such a system as an extrapolation 

of past work and install jt without having demonstrated that it 

will actually function reliably. This alternate is cor,sidered 

to by very unwise because of the difficulty in predicting the 

performance of unusual mechanical systems of this order, and the 

difficulty of replacing components built into the reactor or 

building structure. 
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DEVELOPMENT FACILITIES 

The foregoing chapters presented many of the reactor sys

tem problems requiring experimental solutions. The general 

characteristics of the test facilities which are required to 

obtain the experimental data were identified in terms of the 

coolant or environmental needs, static or flow conditions, 

temperature, pressures, and special test operation methods. 

In Tables 10.1 and 10.11, specific problems are identified 

and the basic characteristics of the facilities which are needed 

have been tabulated. In some cases, the problems require 

several different types of testing and test facilities. For 

each problem, the many different test facility requirements 

were identified. Test facilities are identified which are 

needed to perform the required testing. The specific considera

tions of the facilities are provided in the following sections. 

A. THERMAL HYDRAULIC TEST FACILITIES 

The Tllermal Hydraulic development program is formulated 

on the basis of partial subassembly testing of 1, 7, and 37 

simulated full size, fuel pins in sodium. The flow require

ments are about 10, 20, and 250 gal/min respectively. (Each 

fuel pin bundle does not necessarily correspond in 1/1 rela

tion of number of pins to flow rate, since the objectives 

in the use of different sizes are not necessarily coincident.) 

Generally, the basic loop requirements are similar to many 

"conventional" sodium loops except that a very large electri-,-
cal power source (up to bMW) with matching heat dump is 

required to permit the simulation of nuclear heat generation. 

PNL is developing a simulated heated fuel pin with the objec

tive of eventually producing a workable mUlti-pin, partial 

assembly heater which would be needed for the thermal-hydraulic 

development program. The 1 and 7 pin tests can be performed 



10.2 BNWL-614 

': .1.B:,:" 1.1. I. Re':Jl .. ir~d Cyr.,J.,.." ,} F -leo': ' it:".IB 

Componen t or Flo ... Temp., Pre~5'Jr('1 Recgmmended FI' iIi t it-s 
Assembl~ ~ Problem Fluid gal/mln OF ~ SEecia! Features Existin& \e,,· 

Fue 1 A-I Fue 1 cl ad temperature Sodium ,0 1500 2110 Electrically heated P;..1L Heat 
subassembly 1 imi t simulated 7 pin Transfer 

fuel bundle, ,00 kW Loop 1 
electrical pO\ie r 

Sod ium 250 1500 200 Electrically heated Lar~e Heat 
simulated 37 pin Transfer 
fuel bundle, 6 ~n\· Loop 
electrical pO\,'eT 

·\-2 Local coolant voiding 
and propagation Sodium 20 1500 200 electrically heated PSL Heat 

5 imulated 7 pin Transfer 
fuel bundle, 200 kW Loop 1 
electrical power 

Sodium 250 1500 200 Electrically heated La rge tlea t 
simulater:! 37 pin Transfer 
fue 1 bund 1 e, 6 MW Loop 
electrical po .... 'er 

A-3 Los s of coolant and po we r Sodium 250 150 200 Electrically heated La rge He at 
excursion simulated 37 pin Trans fer 

fuel bundle , 6 MW Loop 
electrical power 

A- Critical heat fl ux Sod ium 250 150 200 ( as above) ( as above) 
(prooftes t) 

A-4 Pressure drop and cros s 
channel ing h'at e r 500 200 200 Hydraul ic facility PSL 1890 

plus mixing analysis Hydraulic 
equipment Loop 

B-1 CI aading eros ion So 1i um 20 1100 P.~L Small 
Components 
Evaluation 
Loop 

SOdl um SOO 1100 ANL Core 
Components 
Test Loop 
(CCH) 

R-2 Cl adding co rros ion Sodi um 20 1100 PSL Small 
Components 
Evaluation 
Loop 

Sodium ':i00 1100 A~L Core 
Components 
Test [.oop 
(COL) 

i~ _ ,. Fretting corrosion r;ater son 200 Vibration measurements P'\L 1 Rq) 

Ilyd r::iU 1 ic 
l.oop 

SoJium 20 1100 P~L <-;mall 
("-Hnponen t 5 
I'valuatlon 
Loop 

Sod tum 20 11 00 Vibration measurements P\1. Heat 
heated bundle Transfer 

Loop 1 

Sad i urn 2sn 1200 Vibrat ion measu remen t s La rge Ileat 
heated bundle rans ff' r 

Loop 

Sodium 500 1200 An Co re 
Component S 
Tes t Loop 
(ceTL) 

fI - ~ Vihration/h'ear Wa te r snn 20n Vibration measurements PSL 180D 
subas sembI y duct flydraul ic 

Loop 

'-jod i urn jilfl I ~ nn \'ihration measurements ·\\L ('C1I 

subas semb I y cuet 

I~ . S rhe rrna 1 shoe k ~od 1 um 12lH! The rmal shock S! Fnll. 
700 to UOo OF (Cl :\PO) 



: Af<,' j O. I. ( ~'> ,) '1 t ,~' ) 

L'O"lponCn t or Flow, 'lemp. , Pressure, Recommended Facilities 
.. \ssemhlv ~ Prohlem F1ui" ~ of psig SEec ia 1 Features ?xisting .~ew 

In 1 e t Plenum C -1 Char.1.ctcri:c hydraulic \\"3 teT :':50 Room Single tube hydraulic P:-.IL 314 
balance. balance mode 1 . Hydrau 1 ic 

c- Characteri:e inlet p lClllll:' \\"a t £. r -,lilili 2011 Inlet plenum feature Test Stand Hydraulic 
floh heharior. models, a 1/4 scale. Core Mockup 

Core C-2 Cha rae teT i:c L' 0 re and \\";j te r .i[)[)() 200 Core and bypass Hyd raul ic 
reflector [10\'" dIstribution feature model, a 1/4 Core Mockup 

scale. 

(Ipper PIc-ntHn (-1 Char<1cteri:c outlet mi:\ing \\a teT iOIiO 200 Upper plenum and Ilydraul ic 
mixing device feature Core .\.lockup 
models. 

\"c s ~ e 1 C-1 Ve 5 se 1 f I c," distribution \\"a tc r 15,000 250 200 
C - 2 Bypa,s f 1 ,) .... ·5 \\"a te r 1;,000 25(1 200 
[-1 Upper plenum mixing \\ater 15,000 250 ':00 
L -.~ Thermal gradients \\3 ter 15,000 250 200 Reduced scale (1/2 J Hydraulic 

core and vessel mode 1. Core Mockup 

D-j Core \'ibration i\"a te r 1 C ,500 200 200 Full vessel, 1/ ~ HyJraulic 
sector of ducts Core ~!ockup 

C - 4 Loss of coolant 
(.~-:i ) Single assenb1y hea t e J 30dium 250 15UIl 200 Hea ted subassembly Large Heat 

bundle, 6 Hl'i Transfer 
·Loop 

C-4 Single full assembly h'a tf'r 500 200 Full scale subassembly P:-.IL l89D I-' 

fission gas plenum Hydraulic 0 
Loop 

(-4 System loss of coolant \\"a ter 15,000 250 Scale mode 1 Hydraulic l.N 
Core Mocku. 

C-5 CJ.\"itation single Water 500 250 Subassembly P~L l89D 
component Hydraulic 

Loop 
Sodium SOD 1200 ANL CCTL 
Sodium 12,000 1200 Prototype IHX LMEC ACTI LMEC SPTF pump or ACT! 

System hater 15,000 250 Scale mode 1 core Hydraulic 
Core Mockup 

C-b Gas entrainment 
Single component Sodium 12,000 1200 Prototype IHX LMEC ACT! LMEC SPTF 

pump or ACT! 
l'ia ter 15,000 250 Sca le model core Hyd rau 1 ic 

Sy...,ten Core Mockup 
(-; Solids deposition ~;a te r 15,000 2SJ Scale model core, Hydraulic 

simulated solids Core Mockup 
C-R Gas or .:;team closed ria teT 15,000 250 Scale model core, high Hydraulic 

loop rupt ure pressure air injection Core ~loc kup 

Flo" Ducts E - Proof test f 10~ ... · due t de sign Sodium 500 1200 Vertical section for FFTf channel size 
and characterize response reactor flow duct sodium loop, with to to temperature and sod 1 um ch3nnel mockup Z f J ow. 

~ 
Seven-Tube F-5 Confirm ,tde4u3cy of de sign i-later 500 Ambient Simulated envelope of PNL 189 r-" 
Module to prevent flutter seven ducts, center Hyd raul ic Lab 

shroud capable of Pumping System (J\ 

inse rt ing and re- I-' 

moving, vessel model. +"-



Component or 
Assembly 

Control 
and Safety 
rods . 

Proh!em 

G-5 Flow induced vihration 
in poison section 

Fluid 

G-6 \!inimize stress levels Kater 
introduced on the control 
element and rod guide 
tulle during scram cycle. 

TABLE 10. L (contd) 

Flo" 
gal/min 

to 100 

to SO 

Tenp., Pressure, 
of psig 

250 so 

250 so 

Recommended Facilities 
Special Features EXisting New 

Vertical test section PNL EDEL 
1 loop 

~ertical test section PNL EDEL 
1 loop 

G-7 Verify operation, input Water to SO 250 SO Vendor 

Closed Loop 
In-Reactor 
Hardware 

Closed Loop 
Inter
connecting 
Piping 

power, output force 
drive rate. 
(Vendor acceptance tests) 

G-7 Li fe test Sodium to so 1200 
(test stand) 

G-8 Product assurance 
(acceptance) 

I\'a t e r to SO 250 

Sodium to SO 1200 

11-2 Closed loop in-reactor lVater 100-700 250 
hardware i.e., insulated 
pressure tubes and inter- Sodium 100-700 1350 
na1s, whicll involves 
selection of material, 
fabrication methods 
and other design para-
meters dictated by the 
FFTF Environment. 
(pressure, temperature, 
vibration, thermal shock) 

H-3 Develop reliable 
interconnecting piping 

Sodium 100-700 1350 

so 

250 

250 

250 

Closed Loop 11-4 
Components 
External to 
Reactor 

Develop reliable valves, 
pumps, heat exchangers 

Water 100-700 ambient ambient 

Vessel 

Complete 11-5 
C 10 se d Loop 
System 

Sodium 

Compatibility and operabil- Sodium 
ity of individual closed 
loop components when 
integrated into a complete 
System to gain acceptance 
of complete closed loop 

100-700 1350 250 

100-700 1350 250 

Vertical test section LNEC 
Control Rod 
Test Tower 

Vertical test section 

Vertical test section 

Fuel handling 
equipment and asso
ciated components. 

Sodium mockup 
interface 

PNL EDEL
l loop 

Vendor 

Seven Duct, 
Sodium 
Mockup 

Closed 
Loop 
Mockup 

Closed 
Loop 
~lockup 

Closed 
Loop 
Out-of
Reactor 
Components 

Closed 
Loop 
Mockup 

Closed 
Loop 
Prototype 
Mockup 



Component or 
Assembly Key Prohlem 

Inst rument 
Pressure 
Transducer 

Sod i um F 1 01, 
~leasurements 

in Large 
Pipe 

1-2 Pressure transducer 
capable of measuring the 
pressure ahove and below 
core 

1-10 Assure 16-18 in. flol<meter 
for 1000 of operation, 
800- 1 6,000 gal/min 

Gas Disengage-I-~ 
ment for 

Ensure efficient 
disengagement of sample 
from released fission 
gas 

Failed Fuel 
\lon i to r 

In-reactor 
Coolant 
Temperature 
Sensors 

Delayed 
~eutron 
Fuel Failure 
Monitor 

In-core 
Sodium 
FloHmeter 

Instrumen
tation 
Subassembly 

I-I 

1 - 5 

Provide specifications 
for thermocouples 
capable of operating 
in FFTF environment 

Develop reliable operating 
system to detect 
and locate failed fuel 
for FFTF environment 

1-3 Develop magnetic and eddy 
current type flowmeter 

1-6 Assure compatible 
instrument assembly 
operation for in-channel 
location 

Fluid 

Sodium 

Sodium 

Sodium 

Sodium 

Sodium 

Sodium 

Sodium 

Sodium 

TABLE IO.I. 

Flo" 
gal/min 

500 

800-
16,000 

101, 
500 

10 

20 

450 

10 
450 
700 

450 

(contd) 

Temp., Pressure, 
of psig 

1400 

1100 

1200 

1400 

1200 

1200 

1200 
1200 
1400 

1200 

~ 5 (1 

Special Features 

~04 SS, 20 ft!sec 
velocity, four test 
pots in hot leg, one 
test pot in cold leg, 
hot and cold traps 

Thermal cycling 

Gas injection, 
Reactor top nozzle 

and channel mockup 
required 

Thermal shock at 
100 of/min for 3 sec 
and 600 to 1000 of 
in 6 sec 

Valve selection, 
several in-put lines 

Reactor channel mockup 

Instrument package 
in test section 
12 in. in diameter, 
channel mockup 

Re commer de d Fac iIi tie s 
Existing ~ew 

A~L 

Several 
available 

Several 
available 

ANL 
U1EC LCTL 

FFTF 
Channel 
Size 
Sodium LOOD 

(An existing· 
loop modified) 

LMEC ACTI 
(p 1 anned) 
LMEC SPTP 
(design) 

FFTF 
Subassembly 
Size Sodium 
Loop, with 
channel, 
nozzle 
mockup 

FFTF 
Channel 
Size Sodium 
Loop, lvi th 
channel 
mockup 

Closed Loop 
Prototype 
FFTF 
Channel 
Size Sodium 
Loop, with 
channel 
mockup 



Component or 
Assembly ~ Problem 

Fuel B-3 Fretting corrosion 
Subassembly 

FlOl,' Ducts 

Core 
Structure 

Lower Tube 
Sheet 

B-4 Vibration 

E-3 Stresses in geometric 
transition 

Creep rate 

E-4 Confirm analytical model 
of the integral core 
structure 

Determine linearity 
of core structure 
movements with uniform 
temperature 

E-l Establish analytical 
model for tube sheet 
deflection, stresses 

Reactor Cover E-2 Establish analytical 
model for reactor cover 
deflection stresses 

Driver Duct 
Top Face 
Hardware 

E-7 Develop reliable top face 
hardware and seal 

TABLE 10. II. Required Static Facilities 

-" --"Temp:, hessure, 
Fluid of psig 

Water 

Cas 

Water 

Air 

Air 

Gas 

Gas 

Air 

Air 

to 
200 

to 
1000 

to 
200 

Ambient 

850 

1000 

1000 

Ambient 

Ambient 

Gas 1200 

Water 200 

Sodium 1200 

Special Feature 

Air, electromagnetic 
shaker 

Air, elecromagnetic 
shaker fuel duct 
test stand, magnetic 
tape, electromag
netic shaker, fuel 
duct test stand, 
magnetic tape. 

Photoelastic 
equipment 

Burst chamber 

Scale or full scale 
replica of tube 
sheet-ducts-cover 
vessel assembly 

Full scale replica 
of core structure 

Scale model of tube 
sheet, photoelastic 
lab 

Scale model of cover, 
photoelastic lab 

Recommended Facilities 
Ex is t i ng _-''J=e..cw'-___ _ 

P'JL Dynamic 
Vibration Lab 

PNL Dynamic 
Vibration Lab 
h'ith test 
section added 

Photoelastic 
Lab 

314 Bldg. 
Burst Test 
Facility 

Hydraulic Core 
Mockup 

Hydraulic Core 
Mockup 

Static pots 



Componen t or 
l.ssembh' 

Reactor 
co\'er 

Partial 
Reactor 
Core 
Component 

Contact 
surface 

Vessel 

Vessel 

- ----. - .. -------~~~.~- .. 

F-l 

F-2 

Problem 

Evaluate arrangement for 
assemblv; fit, inter
ferences, special tools 
required, etc. 

Evaluate arrangement for 
assembly fit, alignment, 
interference, removal 
and insertion and 
assembly sequence. 

F-3 Determine adequacy of 
component design to 
reslst self-welding. 

F-4 Determine adequacy of 
component design to 
resist galling. 

E-S Core blast analysis 

E-6 Stress concentration 
in vessel nozzles 
and support reaction 

TA3[S' 1il-II. ( :JontdJ 

Temp., Pressure, 
Fluid of psig Special Features 

Gas Ambient Complete reactor cover 
mockup. 

Gas Ambient Seven ducts 

Gas Ambient Partial cover plenum, 

Sodium 1200 

Sodium 1200 

Sodium 1200 

Sodium 1200 

Air Ambient 

and about 20 shrouds. 

Seven duct, sodium pot 
capable of heatup. 

Sodium pot, loading 
and force measuring 
mechanism contact 
location only. 

Sodium pot for full 
length shrouds, sup
ports covers, etc. 

1/10 scale vessel 
model TNT detonation 

Scale model of nozzle 
penetration support, 
photoelastic lab. 

Recommended Facilities 
Existing New 

AI Sodium 
mechanism 

Reactor cover 
mockup. 

Seven ducts, 
dry assembly 

Partial reactor 
assembly mock
up. 

Seven duct 
environment, 
and mechanical 
mockup. 

Seven duct 
environment, 
and mechanism 
mockup. 

Hazards test 
cell 



Component or 
_Assembly Key Problem Fluid 

remp., Pressure 
of psig' Spe,_-i;11 ~eaturcs 

Control and 
Sa fe t)' Rods 

Closed Loop 
Top Fac e 
lia rdwa re 

(;-1 ProviJe reliahle Jri\'c 
mechanism 

l;-2 ~Iinimi:e Sera1'] nlccll:1nical 
time delay 

G-3 Seal drive mechanism fran; 
reactor environment 

~-4 Pro\'ide an initial 
acceleration greater 
than gravity for the 
safety control 

G-7 Verify mechanical fit, 
G-8 refueling maintenance, 

handling procedures 

11- I Top face hardware involves 
development of reliable 
seals and disconnect 
joints which will last 
at least five years. 

Closed Loop H-3 Closed loop interconnect
ing piping and dis
connects involving: 

Interconnecting 
Piping and Dis
connects Leak tight joints 

to contain liquid 
sodium. 

• Methods of removal 
wi thout loss of 
coolant. 

• Containment of radio
activity in case of 
failure. 

• Detection of leaks in 
case of failure. 

• Recovery from sodium 
freele up. 

Sodium 1200 

Sodium 1200 

Gas 
'Yater 
Sod i um 

Cas 
Water 

Sodium 

1350 
200 

1350 

1350 
200 

1350 

Closed Loop 
Componen t s 
External to 
Reactor 
Vessel 

11-4 Develop reliable shut off Sodium 1350 
and check valves for 
components external to 
reactor vessel, involving 
seals in components that 
will withstand the 
liquid sodium environ-
ment for at least five 
yellrs. 

250 
250 
250 

250 
250 

250 

250 

\'crtical test stanJ, 
;lir, simulatcJ rOll 
height 

\'ertical test stand, 
air, simulatcd rod 
weight 

Vertical test stand, 
cover gas, simulated 
rod, simula ted 
temperature gradient 

Sodium pot, provision 
to apply static load 
up to 1000 lb 

Sodium mockup with 
minimum six ducts 
surrounding rod 
position, simulated 
Fl!~1 

Vertical sodium pot 
with glove box above 
later complete closed 
loop 

Closed loop piping 
mockup 

RecommenJeJ I=acilities 
Existing ~~~'e~w~ __ 

1'\1. Test 
Stand 

P\L Test 
Stand 

Seven Duct 
Module Sodium 
Mockup 

Closure Test 
Facility 

Cl osed Loop 
Piping Mockup 

Static Sodium 
Facility 

co 



Component or 
Assembly 

Instrument 
Pressure 
Transducer 

Signal 
Connector 
Mid-channel 

Nozzle 
Connector 

In-core 
Spatial 
Flux 
Distribution 

Prohlem 

1-2 Pressure transducer 
capable of measuring the 
pressure ahove and below 
the core 

1-8 Connectors for service 
in sodium at 1200 of, 
carrying approximately 
35 to 40 electrical 
lines, 2 to ~ gas 
pressure lines, one 
flux monitor thimble 

1-8 Connector for nozzle 
to transmit instrumenta
tion information 
pe r above 

1-11 Provide thimbles to guide 
sensors and reliable 
transporting mechanism 

Vibration 1-7 Improved sensors 
and Stress 
Measurements 

for high temperatures 
tolerance, radiation 
tolerance, and tolerance 
to immersion in sodium 

Signal Cable 1-9 Technical basis 
for cable specifications 

TABLE lO-II. (aontd) 

Fluid 
Temp. , 

of 

Sodium 1400 

Sodi.um 1400 

Sodium 1200 

Sodium 1200 

Gas 1200 

Sodium 1200 

Sodium 1200 

Pressure, 
psig 

250 

250 

Special Features 

Apply small differ
ential pressures 

Vertical pot 30 ft x 
12 in. for level 

Cycling, mechanical 
loading apparatus 
for tension, 
compression 
and bending 

Reactor nozzle, 
fuel handling 
function 

Reactor nozzle, 
partial core mockup 

Reactor nozzle, 
partial core mockup 

Ultrasonic probe 
mockup, full size 
sodium vessel mockup 

Accelerometer 
or LVDT pot. 

Gamma facility 

Recommended Facilites 
Ex is tin g __ -=-N::e~\:: .. ___ _ 

PNL static 
pots 

ANL pots 

Seven Duct Sodium 
Environment 
and Mechanism 
Mockup 

Reactor 
nozzle 
simulated, 
fuel handling 
function 

Reactor 
nozzle 
simulated 

Reactor 
nozzle 
simulated, 
sodium 

Reactor 
vessel 
mockup 

\.D 
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by the use of the existing PNL Heat Transfer Loop No.1, with 

replacement of the circulating pump required for high head 

availability. The second loop having the larger flow and the 

very large power requirements would have to be constructed. 

Current plans are to construct the sodium loop from AEC excess 

loop components such as the LASL Fast Reactor Core Test Facility 

(FRCTF). This assumes availability of the FRCTF for this use. 

B. HYDRAULIC TEST FACILITIES 

The hydraulic test requirements for the FFTF can be divided 

into the following classifications by sizes: 

1) Partial subassembly 

2) Subassemb ly 

3) Reactor. 

Each facility size provides specific and required information 

on the hydraulic character and behavior within the FFTF system. 

They provide the detail of each component and the integrated 

response of the system. 

Partial and Fuel Subassembly Hydraulics 

The program of water and sodium tests for fuel development 

is first concerned with seven pin (full size) assemblies to 

obtain early erosion, corrosion, and vibration wear data ln 

sodium. The tests are presently being performed in the PNL 

Small Components Loop, which provides 25 gal/min sodium at tem

peratures up to 1500 of. The sodium endurance tests will con

tinue on a fuel subassembly using the ANL-Core Components Test 

Loop (CCIL). This program is also supported by water testing, 

first to determine pressure drop characteristics of candidate 

fuel subassemblies, and finally to characterize cross-channel 

mixing. These water tests on the full size fuel subassemblies 

are being performed on existing PNL hydraulic test loops. The 

same water loops, in conjunction with the pressure drop and 

cross-channel mixing evaluation, will be used to provide 
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flow-induced vibration information. These PNL loops to be used 

are tabulated in Table 11.1. 

The fuel development program also includes thermal shock 

tests for fuel pins. The facility would be similar to that 

used for the SEFOR development program. Specific details of 

scheduling the required facilities for thermal shock testing 

are being established. 

Based on the presently identified water and sodium tests 

for the fuel development, facilities presently exist to conduct 

the required testing and for the most part, arrangements have 

progressed to assure the availability of the facilities for 

the tests. 

Core and Vessel Hydraulics 

The hydraulic testing program for the reactor core and 

vessel requires mockups which represent the whole FTR primary 

system flow of approximately 40,000 gal/min. This flow rate 

is needed for such reactor system testing as core flow split, 

bypass flow, upper plenum mixing, gas entrainment, loss of 

coolant accidents, and solids deposition. 

The best results from experiments would, of course, be 

obtained under conditions of complete ideality in which proto

type components serve as the test model and the coolant environ

ment is sodium at the expected operating conditions of the FTR. 

However, certain types of experiments are well suited to other 

techniques less costly and easier to operate. Use of water, 

for example, permits much simpler experimental procedures and 

more data accumulation than sodium. Fortunately, laws of mod

eling provide techniques by which the fluid and the test speci

men scale can be modeled to provide a more appropriate means 
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TABLE lO.III. Partial List of Reactor Model Study Water Flow 
Faci li ties (1) 

Site 

Argonne National Laboratory 

Atomics International 

Babcock and Wilcox 

Franklin Institute 

General Electric APED 

Oak Ridge National 
Labora tory 

Los Alamos 

Westinghouse 

PNL 

FFTF Hydraulic Core 
Mockup** 

Flow, 
gal/min 

2 , 700 * 
750 

4,000 

2 ,500 

1,700 

18,000 

2,500 

8,000 

500 

250 

15,000 

Pressure 
Drop, 
PSl 

110 

100 

95 

500 

200 

Material 

Stainless 
Steel 

Stainless 
Steel 

Coated 
Ca rbon 
Steel 

Stainless 
Steel 

Carbon 
Steel 

Stainless 
Steel 

Stainless 
Steel 

Stainless 
Steel 

Stainless 
Steel 

1. K. D. Hayden. Survey of Hydraulic Modeling Experience 
for Reactor Core Systems~ BNWL-518~ Pacific Northwest 
Laboratory~ Richland~ Washington~ August~ 1967. 

* Proposed system for FARET 

** Proposed system for FFTF 
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for experimentation. The application of modeling to reactor 

core mockups of hydraulic and mechanical problems has been 
examined. (1) 

The study, conducted concurrently with this program evalua

tion, was addressed specifically to the major hydraulic and 

mechanical problems identified for the FTR. The study objec

tives were to resolve answers to the following questions: 

1) What is the most feasible model fluid in each of these 

cases? 

2) Is scaling down model length feasible and if so, what is 

the minimum practicable scale consistent with obtaining 

reliable, comprehensive model data? 

Because of the direct application of the study results to 

the formulation of the concept of hydraulic and mechanical test 

facility criteria, specific conclusions from the study are as 

follows: 

1) Water is the most feasible model fluid. 

2) It is feasible to use a scale model, but the scale should 

not be less than ~O.2 to 0.5. For steady-flow, a model 

scale of ~0.2 is feasible, however, for unsteady testing, 

the scale should be closer to ~0.5. Determination of an 

absolute minimum scale for adequate modeling would require 

more specific details concerning the prototypic design 

than are available at the present time and would require 

a more detailed analysis than is presented in this study. 

3) The model should consist of a full (360°) core as opposed 

to a core solid segment. 

4) In the case of unsteady-flow simulation, the model should 

be geometrically similar in all respects which include 

1. D. S. Trent. Applications of Geometric Models to FFTF 
Hydraulic Core Mockup~ BNWL-575. Pacific Northwest Lab
oratory~ Richland~ Washington~ October~ 1967. 
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scaled tolerances where prototypic characteristic lengths 

are small. 

smooth. 

It is sufficient to make all model surfaces 

S) In the case of steady-flow modeling at or near a pre-

determined reactor flow, the fuel bundles may be SImu

lated with orifice plates. The orifice plates serve a 

dual purpose in that they can be used as flow metering 

devices and at the same time eliminate the cost, time, 

and difficulty of fabricating redundant scaled fuel pins 

which are prototypically small. Orifice plate simulated 

fuel rod bundles are not valid for unsteady flow modeling. 

6) Dynamic similarity is dictated by the Euler number and the 

Reynolds number. If in the final core design there is sig

nificant dynamic interaction between the sodium pool level 

and the core hydraulics, Froude number similarity must also 

be considered. 

7) Ideal or true modeling is unnecessary in obtaining adequate 

model results; that is, it is not necessary to insist that 

Re r = EU r = 1.0. In view of the relatively weak depen

dence of viscous energy losses on Reynolds number (i.e., 

F R -0.2). .. h E I b = e It IS approprIate to assume t at u er num er 

similarity insures sufficient dynamic similarity for ade

quate modeling in all cases, except where Reynolds number 

ratios are small while the model flow is significantly 

viscous dependent. 

Model tests or investigations which are feasible using the full 

core steady flow hydraulic studies model include: 

1) Plenum flow distribution 

2) Plenum pressure distribution 

3) Plenum mixing 

4) Bypass mixing 

5) Gas entrainment (possibly only qualitatively) 

6) Cavitation 
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Model tests or investigations which are feasible using only an 

exact geometry, transient flow, hydraulic studies model include: 

1) Hydraulic hammer (possibly only qualitatively) 

2) Partial or complete pumping failure 

3) Local flow stoppages 

4) Vessel rupture 

5) Closed loop rupture. 

A composite or complete vessel model is needed for the 

hydraulic evaluation of the core and vessel. Some of the pres

ently identified tests are concerned with reactor safety 

requiring transient evaluations. Based on the foregoing infor

mation, a geometric scale of at least 1/2 is required to obtain 

the testing accuracy. This scale will of course satisfy the 

steady state testing requirements in the composite models. The 

model flow requirements for a 1/2 scale model of the 40,000 

gal/min FTR flow based on constant Euler number for the reactor 

and the model is about 10,000 gal/min. Allowing a minimum of 

125 to 150% of normal flow for the test flow range, a water 

supply of from 12,500 to 15,000 gal/min is needed to meet the 

needs of the core hydraulic testing program. Additional require

ments for the test program and the facility are; pump head of 

200 psi, capability to heat water up to 250 of to simulate the 

kinematic viscosity of sodium in the range of 1000 to 1100 of, 

and stainless steel construction to avoid auxiliary system 

corrosion problems. 

~o existing facility will meet the requirements for the 

core hydraulic testing. A summary of various loops available 

or used in past reactor model tests is given in Table 10.111. 

The Table is based on results of a recent survey.(l) None 

1. K. D. Hayden. Survey of Hydraulic Modeling Experience 
[or Reactor Core System~ BNWL-518. Pacific Northwest 
Laboratory~ Richland~ Washington~ August 1967. 
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of the existing water systems have the capability to meet the 

head and flow requirements of FTR. Oak Ridge National Laboratory 

has the required capability in a system used for the High Flux 

Isotope Reactor (HFIR), but the head is inadequate, and the pip

ing is carbon steel. The proposed PNL Hydraulic Core Mockup 

would provide the needs of the FTR hydraulic study program. 

In the program discussion, the use of feature sectional 

models as well as composite models was indicated. The purpose 

of the "feature" or sectional tests is to investigate feasibility 

of concepts of specific flow regions, e.g., inlet plenum geom

etry. These tests will investigate the gross effects of reactor 

arrangement and will be semi-quantitative in nature. The tests 

are intended to screen the various problem areas in the region. 

Such items as the effect of chamber configuration, anti-vortex 

baffles, and inlet pipe arrangement on pressure and velocity 

distribution can be evaluated in this manner. Simple techniques 

such as visual observation and dye injection will be used to 

provide rapid criteria of choice between several candidate inlet 

plenum designs. The intended use allows the model construction 

to be simple and less precise than the later confirming tests 

on more elaborate models. The models will probably be con

structed from plastic. The results of these tests should 

provide preliminary guides to reactor vessel design. 

The above models are not intended to substitute for the 

composite, geometric scale models. The feature models will def

initely not provide the detailed hydraulic information required 

to support and verify the final design of the Fast Test Reactor. 

The question arises whether these feature sectional models can 

be designed and instrumented to provide the accurate hydraulic 

information required to support the reactor design and still 

result in overall savings in time and money. It does not appear 

likely. First, the functional purpose of the models will be 

circumvented since the model design must be more precise, and 
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instrumentation and fabrication effort would prevent these 

models from assisting the early phases of reactor design. 

Second, the hydraulic characterization of the in-vessel system 

is composed of many complex sections, in which integrated per

formance is not easily calculated. Basically, the problem is 

that the hydraulic behavior within the vessel is a highly com

plex process. The core flow split, for example, depends upon 

the characteristics of the inlet plenum, core, and outlet 

plenum. In turn, hydraulics characteristics of each of these 

may vary depending on the characteristic of the others. 

The core hydraulic program needs sodium testing. The 

tests are to provide confirmation data for outlet mixing for 

operation of the core up to 1200 of, mixing of core and par

allel flow streams, gas entrainment, sodium oxide deposition, 

loss of coolant, and long term effects of hydraulic related 

phenomena such as cavitation. Sodium testing on a vessel 

system is considered necessary when the thermal or physical 

property of the sodium coolant would have a significant 

influence on the process behavior. For the hydraulics con

cernlng flow distribution in the core and inlet plenum, sodium 

testing is not considered to be essential. 

Although the need for large composite reactor system, 

sodium testing is indicated, a decision to remove the pre

viously recommended sodium core mockup from developmental 

plans has been made by the AEC. This decision has required 

the consideration of alternate plans to obtain the informa

tion to support design activities. The primary alternate to 

testing in an out-of-reactor sodium core mockup is to utilize 

partial mockups and to perform extensive nonnuclear proof 

tests in the FTR. These reactor tests will undoubtedly delay 

the reactor power operation by as much as a year. The delay 

could be even longer if the nonnuclear testing dictates long 

and costly developmental changes. 
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C. HYDROMECHANICAL 

Flow induced vibrations will be investigated by testing 

subassemblies, and by testing the reactor system including the 

core. The subassembly vibration program will initially define 

the effect of structural design parameters. Flow vibration tests 

will be run in water and sodium. The air tests require a vibra

tion laboratory. The subassembly flow tests in water will be 

performed in existing PNL water loops in conjunction with sub

assembly pressure drop tests. The sodium test is planned to be 

made in conjunction with the fuel development, subassembly 

endurance tests in ANL-CCTL. 

The reactor vibration testing will include vibration evalu

ation of the core unit and reactor internal components including 

baffles, shielding, reflectors, and duct support. The identifi

cation of potential vibration problems and resolution, if required, 

must be made with a geometric model in which all essential struc

tural elements are present. Because the fundamental nondimen

sional parameters in fluid elasticity are not well established, 

the test section should have structural properties, material 

properties and flow channel configuration as nearly prototypical 

as possible. Because of quadrant symmetry, a 90° sector is suf

ficient to establish a cross flow effect in the outlet plenum. 

A 90° sector of the full size reactor is needed. The hydraulic 

requirements for this facility are 12,500 gal/min to provide the 

125% of normal flow stipulated in the program discussion. 

As shown in the previous djscussion, a facility to provide 

the hydraulic conditions cannot be met by existing facilities, 

and the Hydraulic Core Mockup is the logical solution. The 

test unit will be a geometric model of the FTR. This model can 

also be used in thermal-mechanical studies of integral struc

tural analysis discussed later. 
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Sodium testing where parallel and cross flow can be simu

lated is necessary. Tests should be made in prototype environ

ment and conditions of the FTR, viz, during the nonnuclear FTR 

startup period. 

D. i~ECHANICS 

Resolution of mechanical problems requires varied facili

ties. The integral structural analysis requires geometric and 

loading (stress) characterization to assure predictable time 

temperature response of core geometry and to achieve a struc

turally sound core support system. The experimental data 

needed are those resulting from hydraulic and thermal driving 

forces. The fluid elastic loadings on prototypical ducts 

can be separated from the thermal effects. The two individual 

results can be superimposed to indicate the overall behavior. 

The information from vibration experiments will be integrated 

for the integral structural analysis. For the thermal effects, 

a heated gas model is needed to check linearity expansion with 

temperature changes. The core model will consist of proto

type ducts, tube sheet and vessel cover. Only partial duct 

loading will be required, although the number must be suffi

cient to provide a good replica of the core restraint. For 

this, a 90 0 sector would be a minimum with the split core 

geometry. The same model can be used for the hydraulic 

loading. The details are presented in the hydromechanical 

discussion. The model will be similar to that suggested for 

the core vibration study and the same one can be used. The 

facil i ty is as proposed in the lIydraul ic Core Mockup. (1) 

Core accident mechanics require explosively dilating 

1/10 scale cylinders up to 20 in. in diameter under a variety 

of simulated nuclear explosions to predict the effects of 

nuclear explosion on the reactor vessel. 

1. D. S. Trent. Applications of Geometric Models to FFTF 
Hydraulic Core MockupJ BNWL-575. Pacific Northwest 
LaboratorYJ RichlandJ Washington J October 1967. 
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The tube sheet and cover will be initially evaluated by 

the use of reduced scale models, with static loadings applied 

in the member using photoelectric techniques. More proto

typic loadings will be obtained in the full scale thermal

mechanical model with water flow. 

The flow duct will require full size flow ducts including 

photoelastic models of stress joints and burst test models. 

E. MECHANICAL FIT 

The problems in the general category of mechanical fit 

are resolved through spatial mockups for initial evaluations 

and finally integrated testing in a sodium environment. Ine 

reactor cover assembly presents a difficult arrangement with 

the duct nozzles, instrumentation leads, sample lines, purge 

lines, leak monitor lines, closed loop piping, etc. in the 

tight configuration. The basic problem of initial arrangement 

is difficult; the problem is further complicated when it is 

considered that remote handling techniques must be used to 

assemble and disassemble the many components. The reactor 

cover mockup is essential to identify interference points and 

to provide corrective actions. 

The internal fit up of the core components will evolve 

through a dry mockup of seven ducts to identify the major 

problem areas in the basic mechanism of inserting and removing 

ducts from an assemblage, to identify problems of fitup of a 

representative sector of the core, and finally, in a seven duct 

assemblage in sodium to determine the problems which may be 

influenced by the sodium environment. The latter will be inte

grated with sodium mechanism testing in existing off-site 

facilities. 

The purpose of the mechanical fit mockups requires that 

emphasis be given to maintaining tolerance controls which are 

representative of the reactor components. The extremely tight 

fit anticipated on the cover and in the core make the 

use of full scale components for the mockup mandatory. 
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F. CONTROL MECHANISMS 

Tne control mechanisms development program requires the 

use of air and water static facilities to simulate the reactor 

environment, followed by component verification in sodium and 

cover gas. Based on component tests, an assembled prototype 

control mecllanism will be procured, water and air tested in 

t~e vendor's plant, and sodium tested in the existing Control 

Rod Tes t Tower at the U!EC. The p roduc t ion con t ro 1 mechalli sm 

will be tested In a seven-duct test mockup which can provide 

the suitable configuration anll environment to evaluate the 

fit-up, holddown and maintenance aspects of the rod assemblage. 

G. CLOSEU LOOP 

The closed loop development and testing program requires 

a series of helium, water and sodium static testing to evalu

ate tile performance of inciividual hardware components in the 

initial phase of the program. These facilities are generally 

existing, or are not of major investments. 

Iligh performance and availability requirements of the 

closed loop require that the system be adequately proof-

tested before commitment to the reactor. These tests will 

require tlle in-reactor hardware, reactor top hardware, inter

connecting piping, anu the pump, valve, heat exchanger, etc. 

No existing facility can be adapted to provide the essential 

loop system; a llew facility is required. This basic loop 

would also be used to support tile operation of the FFTF by 

testing future closed loop in-reactor hardware for design and 

[or operating characteristics. Such a facility in reasonable 

proximity to the reactor will provide an important support 

capability for effective long-term use of the closed loops as 

prime FIR test facilities. 

ri. II~STRUi~ENTS 

The development of instruments suitable for the FFTF 

ellvironIllent is largely directed to improvements of present 
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techniques. Static sodium pots of both short length ano. full 

vessel length are required for pressure transclucer evaluation. 

Reactor nozzle mockups are needed for connector and in-core 

spatial flux monitor operation. A vessel mockup is clesired for 

vibration and stress measurements tests. The large sodium flow

meter for tne primary or secondary loops will require the pro

posed ACTl or the SPTF located at the U,IEC. 

1\ Jilajor neecl is a subassembly size flow test loop to 

proof test pressure transducers, gas disengagement of fission 

gas, delayed neutron monitor operation, in-core sodium flow

meter, ano. the instrumentation subassembly. Existing facili

ties in this flow range and 1200 of temperature rating are 

limited: larger flow loops arc available but they will be useo. 

in otiler test work for the FFTF. 

R E QUI R E J f~ E W FA C I LI TIES 

Several mockups not now existing are required to carry 

out this overall plan of reactor systerl development and 

testing. These include t:le following: 

Tllermal-!lyd raul ic s 

Large Soo.ium Ileat Transfer Loop, 250 gal/min flow, 

1 5 0 0 ° F, 2 0 0 psi P u mph e ad, 6 1'1 \\' e 1 e c t ric power sup ply for a 

heated pin bundle. 

Core ano. Vessel Ilydraulics 

Ilydraulic Core :'Iockup, 15,000 gal/r.lin water flow rate, 

200 psi heao., 250 of isothermal witn plastic feature test 

models (e.g., inlet plenum), 1/2-scale cOr.lposite model. 

Core Vibration 

Ilydraulic Core iJockup, 15,000 gal/min water flovv rate, 

200 psi head, 250 of isothermal with full-scale vessel and 

1/4 segment of full size core components. 

• 
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;,lechani cs 

1) Pull scale thermal-mechanical and hydraulic mockup (Hydrau

lic Core Mockup) with prototypic loading of 90° sector, 

with reactor cover, tube sheet, ducts, restraints. The 

mockup to be capable of heating up to 1000 0p and variable 

hydraulic loading, simulating up to 125% of bulk flow 

velocity. 

2) One-tentil-scale cylinders for evaluation of nuclear 

explosion effects. 

3) Scale models of reactor cover and plenum tube sheet with 

static loading. 

01echanical Pi t 

1) Pull-scale Reactor Cover Mockup, with complete nozzle 

arrangement, piping, instrument lead. 

2) Seven-duct dry and water mockup for evaluation of inser

tion and removal and shroud flutter. 

3) Partial dry core mockup of approximately 20 ducts, Slmu

lateu cover, tube sheets. 

4) Seven-duct static sodium environment and mechanism mockup, 

with 2 to 3 ft diam vessel about 35 ft long, cover gas 

alld level control. 

Con t ro 1 1\lechani sms 

Seven duct static sodium environment and mechanism 

mockup with simulated control rod in-core position, 1200 0p. 

Cover gas and level control. 

Closed Loop 

A prototype closed loop system including in-reactor 

hardware, reactor cover, interconnecting piping, and out

of-reactor components including pump, valves, heat exchanger, 

1350 °P, 700 gal/min. 
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Instruments 

Single subassembly flow loop, 1200 of, 500 gal/min, with 

prototype simulated fuel subassembly and duct. This facility 

may possibly be modified from existing loops. 

Existing Sodium Facilities 

The reactor assembly testing requires various types and 

sizes of sodium facilities. Requirements for the program 

have been identified and where possible, specific facilities 

have been named. The selection does not imply that other 

comparable facilities do not exist, although this would gener

ally be the case in the larger flow capacity systems. A list 

of the many sodium facilities presently in use or standby is 

given in Table m.N. The table is separated into facilities by 

Slzes. Each facility is identified as to its primary design 

use and the more important secondary use it might serve. This 

listing indicates alternate sodium loops which could be used 

in the reactor assembly development and testing program. 

FFTF Sodium Facilities Building 

The majority of PNL's sodium facilities are concentrated 

In the basement of 324 Building. This area is best adapted 

to small, radioactive loop experiments. The present building 

lS becoming congested, and a steel frame building is needed 

to provide space for the facilities and prototypes recommended 

In the foregoing sections. These equipment items include a 

reactor cover mockup, large heat transfer loop and closure 

test faci Ii ty. The seven duct Environment and 01echanism I,lockup 

would be contiguous to this lmilding. This building is needed 

in mid FY-1969 to house some of the required mockups. 

• 
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Multi-pin 
(dllll gal/min) 

TABU lO.IV. rartial List 0/ ~'xisting Dyr.amic Sod:um Fac1: lities 
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C/) ""' ""'''"' "" C/) ""''tI 'tI (J'tI ""'c/) U . ...., 

""' :::; 
'tI 

1., 
1:1 

Facility (Flow, gal/min) Site $-
Fast Reactor Fuel Cladding Test Loop (25) AI 

Forced Convection Loop (6) AI 

System Quality Sodium Loop (Ill) AI 

Loop 2 

Quality Control Loop 

Components Test Loop (construction) 

High Temp Na-U Paste Flow 

Sodium Endurance Loop 

Sodium Technology Loop 

Loop No.1 

8 

9 

11 

12 

Heat Transfer System 

Pump Development Loop 2 

Heat Transfer System 

Small Components Evaluation Loop 
Large Size Loop (Design) 

Large Potassium System 

Intermediate K System 

FCL-l 

(25) ANL 

(15) ANL 

(150) ANL 

(10) APDA 

(300) APDA 

(7.5) APDA 

(2) GE 

(6) GE 

(6) GE 

( 80) GE 

( -) GE 

(225) MSA 

(200) MSA 

(25) PN L 

(30) PNL 

( ) B&W 

X 

X 

X 

X 

X 

X 

X 

X 

(11) ORNL X 

(8) ORNL 

(5) UNC X 

U .,.., 
""'''"' 'tI:::; 
~'tI 

1., 1., 
01:1 

~~ ::c 
X 

X 

X 

X 
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X 
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u 0 
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1., u 0 u c:: 
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X X 

X X 

X 

X 

C/) 
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""' 0 
'tI ~ .,.., :::; 

1., 1., 
0 "" 

"" C/) 

'tI c:: ..... '-I ..". 

X 

X 

X 

f-' 
0 

X X N 
c.n 

X 
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c: 
0 
.~ CI) 

CI) 
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U U . ..., (J "-<CTI CTICTI (JCI) CI) c: 
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Size Facility (Flow, gal/min) Site R t5:x: :x: ~ ~ C/) ~c2 ~ ...... 

FCL-2 (5) UNC X X 

FCL-3 (5) UNC 

FCL-4 (5) UNC 

GPL-l (200) WEST X X X X 

6 -Mass Transfer Loop (50) WEST X 

GPL-

f-' 
0 

Subassembly Core Component Test Loop (380) ANL X X X X X 
(300-800 X X 

N 

gal/min) 
EM Flowmeter Calibration ( 300) ANL Q\ 

Pump Development 1 (500 -1000) MSA X X 

GPL-2 (Plan) (600-1200) WEST X 

Multi- Sodium Component Test 
Subassembly Installation (3600) AI X X X X X 
(800-5000 Large Component Test Loop (1200) AI X X X X gal/min) (130) 

Pump Test Loop (to be modi fied- (2200) AI X X X X 
ACTI) 

Reactor Sodium Pump Test Facility (120,000) AI X X 
(>5000 (Design) 
gal/min) Auxi liary Components Test X X b:J 

Installation (7200/20,000) AI ~ 
<. 
r 
I 

Control Rod Control Rod Tower AI X X 
Q\ 

f-' 
.j:::o. 
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RECOMMENDED PLAN OF SCHEDULING 

The Recommended Plan of Scheduling for the reactor system 

development and testing program is presented in Tables 11.1 

through 11.VI. The schedule has been arranged to identify the 

plan with specific facilities and their utilization in the 

~overall program. This plan is subject to modification as the 

~ development and testing program proceeds, and the objectives 

and requirements may be redefined. However, it is believed 

> that the development and testing program presented herein sub

stantially represents the needs for the FFTF reactor system, 

and may be used as a blueprint for proceeding with the work 

discussed. 

The development and testing schedule presented in this 

" plan is generally consistent with the overall FFTF schedule 

requirements. In some cases, these FFTF requirements need to 

be satisfied by preliminary data to allow design commitment on 

a reasonable basis, with the final data to be supplied later 

~ as confirming information. Although programs, schedules, 
;c 

t: facilities and plans for their utilization are vital to the 

.FFTF program, t~ere are a few key areas which must be empha

sized. These a~e considered key items in part because the 

,successful and timely completion requIres an inherent leadtime 

in putting together the facilities required to carry out the 

-- job. Thesp include the following: 

1) Hydraulic Core Mockup 

2) Seven-Duct Environment and Mechanism Mockup 
(~3 ) 

4) 

5) 

Reactor Cover Mockup 

La r ge Ilea t Trans fe r Loop 

Closed Loop Prototype ,. 

HYDRAULIC CORE MOCKUP 

r • to , ,~ 

The Plan of Scheduling for the Hydraulic Core Mockup is 

based on performing key feature tests of concepts to charac

terize the gross hydraulic behavior to support the preliminary 
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design. The schedule anticipates that these tests will com

mence in January, 1968, and continue into the composite model 

tests a year later. The plan will provide the required hydrau

lic information on a timely basis for the FFTF schedule if the 

necessary continuity is maintained 1n the design and construc

tion of the lIydraulic Core Mockup, and its use for design

supporting tests. At the present time, site preparation 

activity in the AEC-PNL facility of 321 Building, 300 Area, 1S 

1n progress. Feature tests requiring up to 3000 gal/min flow 

can proceed at this site with slight additional work. It is 

considered feasible to begin feature tests in January, 1968. 

However, a significant delay in the start of the feature tests 

would delay information needed to support inlet and outlet 

plenum design decisions. 

SEVEN-DUCT ENVIRONMENT AND MECHANISM MOCKUP 

The Seven-Duct Environment and Mechanism Mockup will be 

used for the final verification of key in-core components 

before commitment to the reactor. This facility is largely 

oriented to the mechanical support of the reactor in-vessel 

components. The mockup is currently scheduled to be available 

for test work 1n June, 1969. Availability at this time will 

allow testing data input during the detail design period of 

the reactor vessel and core. 

REACTOR COVER MOCKUP 

The reactor cover arrangement has a direct bearing on the 

vessel design. To support the design activities, information 

leading to the best arrangement needs to be obtained early in 

the vessel design. Further, interfaces with the many systems 

requ1res that early assurance of design compatibility be pro

vided so that each of these systems can be developed, designed, 

and constructed on an assured basis. The mockup must be fab

ricated beginning in early FY-1969, and preliminary information 

• 
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on desirable cover arrangement should be available in mid to 

late CY-1969. This timing will yield arrangement information 

in the early vessel design period so that the major problems, 

if any, will be resolved on a timely schedule. 

LARGE HEAT TRANSFER LOOP 

The Large Heat Transfer Loop will provide resistance

heated testing capability up to 37 pins. This is considered 

the smallest number that can adequately characterize a 217 pin 

fuel subassembly. The alternate to doing the experiments is 

to do extensive heat transfer testing during the reactor start

up, followed by a very cautious power ascension schedule which 

would delay attaining operation at the design power level. 

The schedule is based on starting tests with the Large 

Heat Transfer Loop about July 1969. This testing will follow 

a seven-pin test period in another facility which exists. The 

Large Heat Transfer Loop will require about 6 MW of electrical 

power to provide a simulated heat flux of 2 x 10 6 Btu/(hr)(ft 2), 

and a flow rate of up to 250 gal/min. The facility meeting 

these basic requirements would be available in the planned 

schedule of July 1969, if two conditions can be met: 

1) Plans for initiation of the 37 pin tests are firmed 

by January 1968. 

2) The reactor coolant loop components of the Fast Reactor 

Core Test Facility (LASL) is made available for the heat 

transfer loop by January 1968. 

CLOSED LOOP PROTOTYPE 

The Closed Loop development will involve early component 

testing followed by complete prototype system testing beginning 

in January 1971. The sodium components such as pumps, valves, 

heat exchangers, and in-core ducts, will require additional 

evaluation before the complete system can be fully designed, 

fabricated and tested. IIowever, a late FY-1968 or early 

FY-l969 start on the design is essential if the prototype loop 

is to be completed to meet the indicated schedule. 
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Facility ~ Problem 

P:-.JL l89D lIydraulic 
Lab (water) 

A-4 Subassembly pressure 
drop and cross
cl13.nneling 

B-3 
B-4 
F-S 

P'.JL 314 llydraulic (-1 
Test Stand (waterl 

P:-.J L E DE L I (I, ate r) G - 5 

Control Mechanism 
Component Test 
Stand (static) 
Ambient 

Closed Loop Static 
Mockup (water) 

G-6 

fI - :: 

G-l 

G-2 

H-3 

H-l 

E-7 

Dynamic Vibration B-3 
B-4 

Tube Burst Facility E-3 

Subassemhly fretting 
Subassembly vibration 
])uct flutter 

llydraulic balance 

Control rod 
·vibration 
·flow characteristic 

Control rod 
deceleration 

Closed loop in-reactor 
hardware 

Drive mechanism 

Scram mechanism 

Interconnecti~g pipe 

Top face hardware 

Driver duct top face 
hardware 

Subassembly fretting 
Subassembly vibration 

Flow duct creep rates 

Information Gained 

Subassembly hardware 
design, channel flow 
pressure drop 
characteristics 

Adequacy of design 
for vibration 
res is tance 

Hydraulic balance 
concept for inlet 
plenum 

Preliminary hydraulic 
data 

Acceptable decelerator 

Preliminary hydraulic 
data 

Start Finish 

Jan 1968 Jul 1968 

Jul 1968 Dec 1969 

Jan 1968 Dec 1969 

Apr 1969 Jul 1969 

Jul 1967 :-.Jov 1967 

June 1968 Jun 1969 

Apr 1967 Mar 1968 

Jun 1969 Jun 1970 

Acceptable drive design Apr 1968 Dec 1968 

Acceptable scram device Apr 1968 Dec 1968 

Proof of principle of Aug 1969 Oct 1969 
connectors 

Proof of principle of 
seals, hardware 

Proof of principle of 
seals, hardware 

Oct 1968 Jan 1969 

Oct 1968 Jan 1969 

Definition o~ natural Aug 196 7 Dec 1967 
frequency, damping 
ratio 

Allowable creep rate in Jul 1968 Dec 1968 
flow ducts 



Facility 

Hydraul ic Core 
Mockup Feature 
~lode 1 s 

Ilydraulic Core 
Mockup-Composite 
1/2 - Sca Ie 
Geometric 
Model 

Jlydraulic Core 
~lockup 

Sector Core 
~lockup 

f'ull-.oca Ie 
Vessel 
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TABLE 11-11. New HydrauZic Core ~OOkWp8 

Iden 
~ Problem 

Col Inlet plenum hydraulics 

COl Outlet plenum 

C-2 Bypass flows 

Col Vessel flow distribution 

Col Upper plenum mix 

C-2 Bypa s s flows 

C-3 Thermal gradient 

D-l Core vibration 

C-4 Loss of coolant 

COS Cavitation 

C-6 Gas entrainment 

C-7 Solids deposition 

(-R Gas or steam closed test 
loop rupture 

F-2 Fitup 

])-1 Core vibration 

1.-4 Integral structure 
analysis 

1-7 Vihration and stress 
measurements 

I-R Signal connector
nozzle 

I-II In-core flux distribution 
moni tor 

Information Gained Start Finish 

Plenum concept 
characteristics; design 
data. 

Jan 1968 Jun I%S (Preli"') 
Jun 19t>S De, 1%8 

Plenum concept 
characteristics; design 
data. 

Mar 1968 Jun 19~8 (Prelim.) 
Jun 1968 Dec 19b8 

Characterization of Jun 1968 Dec 1968 (Prel im. ) 
leakages, reflector Dec 1968 Mar 19b9 
flow rates. 

Complete characterization Jan 1969 Jun 1%9 (Prel il'1. ) 
of steady state core Jun 1969 Dec 1969 
flow split. 

Thermal gradient minim.i- Jan 1969 Jun 19b9 (Prel im. ) 
z~tion for high outlet Jun 1969 Dec 1969 
temperature 

Optimization of bypass Jan 1969 Jun 1969 (Pre 1 i 1:1.1 
flow system. Jun 1969 Dec 19~9 

Characterization of Jan 1969 Jun 1969 (Prel il'1. ) 
outlet coolant tempe r- Jun 1969 Dec 1969 
ature gradients 

Identification of Jan 1969 Jun 1969 (Prelim.) 
component or component Jun 1969 Dec 19b9 
systems where significant 
vibration exists 

Possible consequences of Jan 1970 Jul 1970 
loss 0f coolant accidents 

Identification of prob- Jan 1969 Dec 1969 
lem areas. Evaluation 
of design modifications 
to prevent cavitation 

Identification of gas Aug 1970 Dec 1970 
entrainment areas 

Identification of design Jan 1971 Apr 1971 
features needed for 
preventing solid deposi-
tion. 

Jun 1971 Dec 1971 

Confirmation of care 
as semb 1 y de sign 

Jul 1969 Sep 19b0 

Define fatigue stress 
levels, extent of 
galling, fretting 

Mar 1970 Jun 1970 

Optimizes location and Sep 1969 Mar 1970 
rigidity of core supports, 
establishes how mating 
parts interact on heating. 

Proof testing of vibration 1969 
and stress measuring 
method for core components 
and vessel surveillance 

Design data for acceptable 
connector 

Uesign adequacy. specifi
cation for operable 
system 

1971 

1 ~) -: 0 



Facility 

Reactor (over 
Mockup 

Suhassembly 
'Iouule Sector 
Core 

Seven Duct 
Souium 
I:nvironment 
and 'Iechanism 
'lockup 

ContrBI ~echanism 
Component Test 
C;tanJ (static) 
''';odium 

Closed Loop 
Static '1oc!<ups 

IIot gas 

Souium 

Photoelastlc Lah 

IIazarus Test Cell 
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':';..-::: :..: ]] -: : : . 
Iden. 
~ Problem 

F-} Cover arrangement, fit, 
tolerances. 

F-2 lluct fit up, }"efueling 
and heatup character
istics 

F-2 [)llCt insertion anJ fit 
in sodium 

G-0 Duct, control roJ 
assembly 

G-IO Duct control rod 
assemblv 

G-IO Control ~od product 

F-4 

F-:; 

[ - 2 

1- R 

G-4 

11-3 

11-1 

E-7 

11-) 

II-I 

L-7 

1 -I 

I. - 2 

E-o 

L - 5 

assurance 
Galling 

Self-welding 

Level instrument 

Signal connector nozzle 

Seal 

Accelerator 

Interconnecting pining 

Top face hardware 

Driver duct top face 
hardware 

InterconnectIng piping 

Top face hardware 

Driver duct top face 
hardware 

Plenum tulle slleet 

Reactor cover 

Flow ducts 

Vessel, nozzles 

Vessel, cover 

~e~ Static ~oakuFs 

Information Gained 

Adequacy of design 
Preferred form of assem
hly 

Adequacy of core assembly 
design 

Confirmation of core 
assembly 

~lechanical fit 
verification 

Preoperational verifica
tion 

Preoperational test 

Assurance of no major 
galling 

Assurance of absence 
of sel f welding 

Operational verification 

De sign data for 
acceptable connector 

Proof test of acceptable 
se al 

Proof test of acceptable 
spring 

Proof of principle 
of piping system 

Pronf of principle 
of seals 

Proof of principle 
of seals 

foeasibil ity of 
disconnector, removal, 
sealing 

Feasihility of seals, 
statistical reliability 

Feasibility of seals, 
statistical reliability 

Out-of-plane deflections 
and in-plane stresses, 
allowable thermal 
movements 

Allowable deflection 
and stress level 

Optimum design 
at transition regions 
and performations 

Optimized design 
at nozzles and support 
reactions 

Defines loadings 
on vessel and cover 
from simulated nuclear 
explosion 

BNWL-614 

Start Finish 

Sep I"~R .lun 1~)1i9 (Preli",.) 
,Tun 1 ~l-n 

Sep 1908 ~ar 19b9 

.luI I%(l Jun 10 70 

Sep 10-n ~ar 19"1 

Jan 1~72 [lee 1972 

Sep 1971 Ilec 1971 

Jul 1969 nec 197~ 

Jul 1969 nec 1972 

Jul 1969 Jul 1970 

Mar 1969 1970 

Aug 1968 Jun 196" 

Apr 1968 Jun 19~9 

Jun 1969 Sep 1969 

Jun 1968 Dec 1968 

Jun 1968 Dec 1968 

De c 1969 Jan 1970 

Jan 1969 Jur. 1971 

Jan 1969 Jun 1970 

Jan 1969 Jun 190 9 

Jan 1969 .Iun 1"69 

Jan 1968 Jun 1968 

Jan 1969 .Iun 1969 

Jul 1968 Jun 1969 



Facility 

1I eat T r an s fer 
Loop 1 

Small Components 
Evaluation Loop 

Instrument Static 
Pot 

TABLE ll-I:'. Existing PNL Sodium Facilities 

Problem 

A-I Fuel clad temperature 
lj mit 

A-~ Local coolant 
and voiding 

B-3 

and propagation 

Vibration with heated 
bundle 

B-1 Cladding erosion 

B-2 Cladding corrosion 

B-3 Fretting corrosion 

1-2 Pressure transducer 

Information Gained 

Location and magnitude 
of local clad hot spot 

Start Finish 

Jan 1968 Jan 1970 

Condition under which Jul 1969 Sep 1970 
local boiling and voiding 
will occur 

Vibration potential 
from heated pins 

Demonstration of low 
erosion corrosion 

Design adequacy of 
cladding and spacer 
materials removal rates 

Adequacy of present 
design for corrosion 
resistance 

Transducer component 
suitability 

Jan 1968 Sept 1970 

Apr 1967 Jun 1968 

Apr 1967 Jun 1968 

Apr 1967 Jun 1968 

Oct 1967 1970 



Facility 

LMEC SPTF or ACT! 

L'lEC SCT! 

L~lEC LCTL 

LMEC Control Rod 
Test Tower 

LMEC Sodium 
Mechanism 

A~L CCTL 

SEFOR Thermal 
Shock Facility 

(To he selected I 

.-\\L Sodium Pot 

,\\/, Small Flol: 
Loop 

A\L Small Flol,· 
Loop 

11. 8 BNWL-614 

TARLI:' ll-V. ~x~sting O:f-:ite :ciiu~ PaciZit'es 

Iden. 
~ __________ ~P~r~o_l_)_l_e_m ________ __ 

1- 10 Calibration of sodium 
fl ol{meters in large 
pipes. 

C-6 Gas entrainment in pump 

C-S Cavitation in pump 

C-6 Gas entrainment 
in intermediate heat 
exchanger 

I - ~ In-core sodium f1 Ol,meter 

G-7 Prototype control rod 
1 if e test 

F -.) ~lechani sms of 
se 1 f -we lding. 

ll-l Subassembly erosion 
B-2 Subassembly corrosion 
B-3 Suhassembly fretting 
B-4 Subassembly vibration 

10-6 Vessel and nozzle 
stresses 

1-7 Vibration and stress 
measurcmcnt~ 

1\- 5 Pin thermal shock 
resistance 

I-I In-reactor coolant 
temperature sensors 

I-R Signal connectors 
mid-channel 

1-3 In-core flol{ meter 
magnet 

1-4 Gas disengagement 
technique 

Information Gained 

Calibration data, I{ith 
sodium 

Identification of 
potential problem a rea 

Identification of 
potential problem area 

Identification of 
potential problem a rea 

St art Finish 

'lar 1'170 'lar 1971 

'la r 1970 Mar 1971 

'la r 1970 ~lar 1971 

Reliability of flol,meter !lec 1068 
for in-core operation 

1970 

Performance and life 
evaluation 

Potential for self 
welding and identifi
cation of condition 
of forces. 

~ar 1970 Sep 1970 

Demonstration of Jan 1968 ~ar 1970 
acceptable corrosion 
limi t, adequacy 
of des ign 

Estahlish valid Mar 1968 Mar 1970 
analytical models 
confirmed and improved 
by experimental data 

State-of-art capability 
of 1200 OF sensors 

Lvaluation of vibration Mar 1968 'lar 1970 
and stress measuring 
equipment 

Design confirmation 
of adequacy of fuel 
pin to sustain thermal 
shock 

Ahility of sensors 
to resist thermal 
shocks 

Design data 
fnr acceptable 
connector in sodium 

Acceptable magnet 
for thermal 
and mechanical shock 
service. 

Cas disengaging 
efficiency. 

Feb 1')6R Oct 1%9 

In progress .Iul 196R 

In progress 

In progress .lun 1070 



I 

J 
! 

Facility 

Subassembly 
Flow Mockup 
With Full 
Size Sub-
assembly Channel 

Iden. 
~ 
E-6 

1-6 

(an existing loop 
probably modified) 1-4 

1-5 

1-2 

Closed Loop H-S 

Prototype Facility 

B-2 

H-4 

1l.9 

TABLE 11. VI. New Sodium Moakups 

Problem 

Flow duct 

Instrument package 

Gas disengagement 

Delay neutron monitor 

Pressure transducer 

Complete system 

In-reactor hardware 

External hardware 

Information Gained 

Proof test and 
characterization 

Proof test of performance. 

Proof tested technique 
for gas disengagement. 
Location and size of 
sample tube. 

Confirmed data on 
operable system. 

Proof test for specifi
cations of FFTF 
transducers. 

Proof of performance 
operating charac
teristics. 

Reliability assurance. 

Reliabili ty assurance. 

1-3 In-core sodium flowmeter Specifications for closed 

BNWL-614 

Start Finish 
"Jun 1969 Jun 1970 

Dec 1968 1971 

Jun 1970 Jun 1971 

Jul 1969 1971 

Mar 1968 1970 

Jan 1971 Jan 1972 

Jun 1970 Jan 1971 

Jun 1970 Jan 1971 

loop flowmeter Jan 1971 Jan 1972 

Large lIeat 
Transfer Loop 

A-I 

A- 2 

A- ." 

A-S 

H - 3 

Fuel clJd temperature 
limit 

Local coolant voiding 
and propagation 

l.oss of coolant and 
pov..{er excursion 
accident 

Critical heat flux 
(proof-testing) 

Vibration with heated 
h'lndl e 

Reactor operating 
parameters. 

Conditions and conse
quences of local 
boiling and voiding. 

Hydraulic demand 
characteristics of 
fuel subassemblies. 

Assurance of no 
critical heat flux 
problem. 

Confirmation of 
adequate vibration
caused damage pre
vention. 

Jul 1969 Mar 1971 

Jan 1970 Mar 1971 

Jan 1970 Jul 1971 

Jul 1970 

Jul 1969 Jul 1971 



.. 



r 
I 

I 
I 
t 

.. 

28 

DIS T RIB UTI 0 r~ 

U.S. Atomic Energy Commission, Washington 
M. Shaw, Director, RDT 
Asst Dir for Nuclear Safety 
Analysis & Evaluation Br, RDT:NS 
Environmental & Sanitary Engrg Br, RDT:NS 
Research & Development Br, RDT:NS 
Asst Dir for Plant Engrg, RDT 
Applications & Facilities Br, RDT:PE 
Components Br, RDT:PE 
Instrumentation & Control Br, RDT:PE 
Systems Engineering Br, RDT:PE 
Asst Dir for Program Analysis, RDT 
Asst Dir for Project Mgmt, RDT 
Liquid Metals Projects Br, RDT:PM 
FFTF Project Manager, RDT:PM (3) 
Asst Dir for Reactor Engrg 
Control Mechanisms Br, RDT:RE 
Core Design Br, RDT:RE 
Fuel Fabrication Br, RDT:RE 
Fuel Handling Br, RDT:RE 
Reactor Vessels Br, RDT:RE 
Asst Dir for Reactor Tech 

BNWL-614 

Chemistry & Chemical Separations Br, RDT:RT (2) 
Fuels & Materials Br, RDT:RT 
Reactor Physics Br, RDT:RT 
Special Technology Br, RDT:RT 

1 AEC Chicago Patent Group 

G. H. Lee, Chief 

1 AEC Idaho Operations Office 

C. W. Bills, Director 

4 AEC Richland Operations Office 

FFTF Project Office (2) 
Engineering & Construction Div (1) 

J. H. Krema 
Patents (1) 

R. K. Sharp 

1 AEC San Francisco Operations Office 

Director, Reactor Division 



4 AEC Site Representatives - PNL 

P. G. HoIsted (2) 
L. R. Lucas 
A. D. Toth 

4 AEC Site Representatives 

Argonne National Laboratory 
Atomics International 
Atomic Power Development Assoc. 
General Electric Co. 

2 Argonne National Laboratory 

R. A. Jaross 
LMFBR Program Office 

2 Atomics International 

L. E. Glasgow 
R. W. Dickinson 

I Atomic Power Development Assoc. 

B. V. D. Farris 

2 Babcock & Wilcox Co. 

S. H. Esleeck 
T. P. Farrell 

2 General Dynamics Corp. 

D. Coburn 

4 General Electric Co. 

Dr. Karl Cohen (3) 
Bertram Wolfe 

I Idaho Nuclear Corporation 

D. R. deBoisblanc 

I Stanford University 

Dr. R. Sher 

5 Westinghouse Electric Corp. 

I 

Dr. J. C. R. Kelly 

PNL Representative (ZPR III) 

N. A. Hill 

-""1""-,.. 

BNWL-614 

.. 

• 

• 

, 



BNWL-6l4 

136 Battelle-Northwest Battelle-Northwest 

G. W. Akre D. D. Lanning 
W. G. Albert H. D. Lenkersdorfer 
S. O. Arneson C. W. Lindenmeier 
E. R. Astley H. E. Little 
D. L. Ballard W, W. Little 
J. M. Batch C. E. Love 
R. A. Bennett D. E. Mahagan 
J. D. Berg W. G. McDonald 
J. R. Boldt r-.1. H. Meuser 
C. L. Boyd R. A. Moen 
D. C. Boyd C. A. Munro 
C. 1. Brown D. H. Nero 
W. L. Bunch J. C. Noakes 
C. P. Cabell :V1. G. Patrick 
A. C. Callen L. T. Pedersen 
J. R. Carrell J. A. Perry 
W. E. Cawley (2) R. E. Peterson 
W. L . Chase R. E. Rasmussen . ' T. T. Claudson W. E. Roake 
P. D. Cohn J. D. Schaffer 
D. L. Condotta F . H. Shadel 

~ J. H. Cox D. W. Shannon ( 2) 
J. M. Davison D. E. Simpson 

r L. J. Defferding C. R. F. Smith 
V. A. Deliso R. J. Squires 
D. R. Doman G. H. Strong 
G. E. Driver C. D. Swanson 
R. V. Dulin W. L. Thorne 
J. F. Erben J. C. Tobin 
L. M. Finch K. G. Toyoda (extras) 
J. C. Fox M. Vogel 
R. C. Free D. M. Walley 
E. E. Garrett P. C. Walkup 
S. Yl. Gill J. H. Westsik 
R. A. Harvey R. G. Wheeler 

! 
K. D. Hayden L. A. Whinery .. B. R. Hayward (2) R. D. Widrig 
J. W. Helm T. YI. Withers 
R. J. Hennig N. G. Wittenbrock 
G. M. Hesson M. R. Wood 
P. 1. Hofmann F. W. Woodfield 
J. E. Irvin J. M. Yatabe 
B. M. Jonson F. R. Zaloudek 
H. G. Johnson FFTF File (2) 
R. N . Johnson ., 
R. 1. Junkins 
J. H. Kinginger 
W. C. Kinsel 
J. W. Kolb 



.. 

• 

.. 

• 




