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FOREWORD 

The .purpose of this report is to describe the experimental 

program planned for the CDC during fiscal years 1969 and 1970. 

Although needs and rationale for the studies are briefly reviewed, 

·this report is not intended to provide a justification for sub

assembly t·esting. The major .e~phasis has been placed on discussio:p.s 

of .program method and specific ··experiments. 

This docum~nt was originaJ.ly i.ssued as an internal Phillips 

Petroleum Company report in August, 1968. Sine~ that time, comments 

from ·the AEC and industry have generally supported the as-planned 

program, and have i_ndicated the desirability for pllhlication of 

-the report with external distribut.i.on in order tha.t it may be generally 

available to the nuclear community. The report is being published 

essentialJcy in its original form. Revisions include the several 

adaitions.and modifications in the planned test program that have 

been made during the past·year. The current status and schedule 

·are defined for each test series, reflecting delays, revisions and 

additions .to the test program. Test series that have been completed 

are .identified and reference is made to the reports describing the 

results. 
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ABSTRACT . 

The Subassembly Test Program in the Spert IV Capsule Driver 

Core for FY 1969 and 1970 is outlined. Basic program objective 
, 

is to provide the AEC and reactor vendors with experimental 

information on reactor fuel behavior under transient overpower 

conditions. Test plans for unirradiated and irradiated (burn

ups to 30,000 MWd/T) U0 2 fuels, plutonium recycle fuels, and 

LMFBR fuels are presented. Data of particular interest include 

failure modes and thresholds, conversion efficiencies of nuclear

to-mechanical energy, transient pressures, and metal-water reac

tion extents, all as functions of transient energy deposition 

for a variety of fuel design parameters, burnup, and environ

mental.conditions. 
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I. INTRODUCTION 

With the increased commercial use of nuclear power and the mounting 

desire to site nuclea.r plants in or near population centers, emphasis 

has been and will continue ~o be placed on more accurate evaluations of 

rea~tor safety. Some areas of reactor safety analysis are currently 

much better .understood and amenable to realistic, quantitative predic

ti-on than are others. For example, the analysis of nondestructive excur

sion behavior of reactors, particularly water-moderated, uo2-fueled 

reactors, appears to be on a.relatively sound experimental and theore

tical basis. For accidents in which severe _damage or destruction of 

the system would occur, however, relatively little information is 

available and the methods of analysis are only approximate. In the 

interests of safety the severe accident is, therefore, generally cal

culated such that the assumed consequences are many times larger than 

what might be reallstically anticipated. 

In order to provide information necessary for an accurate appral~~l 

of reactor safety, the AEC is sponsoring ~ comprehensive program of 

nuclear r~search and development. A~ appreciable portion of the exper

imental research on accidents performed under the overall program 

has either been small scale, out-of-pile laboratory-type testing which 

has supplied an understanding of basic phenomena, or larger scale 

enginP.P.ring tests that supplied information on total integrated system 

response. The in-pile subassembly program is designed to complement 

both the laboratory and integral system tests by testing samples of 

fuel under actual reactor conditions in an effort to eliminate the 

artificialities of laboratory tests without the time and inordinate 

expense of integral core· tests. In many ways, the role of the in-pile 

subassembly tests within the safety program is analogous to that of 

in-pile test loops in steady-.state test reactors in power reactor design. 

The Subassembly Test Program for the CDC is designed to experimentally 

investigate the accident conditions that would be expected to exist in 

operating nuclear reactors. These investigations are done with small samples 

in a controlled environmental reactor test space to allow inclusion of 

heating rates, power distributions and radiation levels·typical of a 

reactor accident. Specific areas of in-pile subassembly investigation 
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include such subjects as fuel-failure thres~olds, modes of failure, 

damaging consequences, fission product release fractions, and the rate 

and extent of metal-water reactions. Because water-moderated systems 

Miuh oxide fuels in the for~ of rods are predominant in usage now, 

initial emphasis has been placed on these systems in the development of 

a ~est program. Consideration has also been given to the needs of 

other reactor types, such as gas-cooled converters and fast breeders; but

experiments specifically applicable to such systems presently constitute 

only a minor part -of the immediate program. 

The tiubassembly Test Prog:ram as outl i nPr'l hPri!? 1vill be conducted 

in the CDC, which is a uo2-fueled system with a central sample-irradiation 

space. The CDC sample-irradiation space is approximately 3~ inches 

ln diameter and has a length of 6 feet. The CDC is a pulse source 

'(.no appreciable steady-state power capabilities) and can repeatedly 

pr-oduce power pulses with minimum initial periods of approx:imately 3 msec. 

'(A detai-led description of the CDC is given in Appendix A.) 

The capabilities of the CDC permit an extension of the ·type of 

experimerits performed in the TREAT reactor, which has a minimum reactor 

period capab:llity of "' 40 msec, to reactor periods more .typical of those 

:to -be ·expected in severe reactivity a.cci.dPnts. The Power Burst Facility, 

when it is completed, will permit extension of the program described here 

for the CDC to reactor periods in the l-2 msec range, and to initial flow, 

'temperature, :pressure, and power conditions typical of operating conditions 

in power reactors. 

The program plan presented 'in this document is sufficiently flexible 

·to allow for the addition, deletion, or extension of any particular type 

or ·group o·f tests. Series of tests t·o investigate a particular fueJ type or 

.parametric :variation are designee'! to first scope t.hr. hPhavic•l" ovl:!:r· l.hc ra.nge of 

interest. Scoping test results .are ·then eva:luated to-determine if·addi,tional 

tests are needed to provide an adequate understanding of the situation in 

question. The program is designed to be -responsive to the changing needs of 

the AEC and the reactor industry in order that any new problem areas can 

receive early attention. 
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II. PROGRAM OBJECTIVES 

The basic objective of the Subassembly Test Program in CDC is to 

provide the AEC and the reactor vendors with useful and nece'ssary· exper

imental information on reactor fuel behavior under transient overpower 

conditions. 

The criteria for determining if particular subassembly tests will 

provide necessary information are related to the usefulness of the data 

from such tests in designing, licensing and operating commercial power 

.reactors. In areas where problems in reactor safety are not well defined 

and where little or no experimental data presently exist, reactor design 

must be conservative and therefore more costly and/or less efficient. 

Limits imposP.d by licensing and regulatory agencies must be more restrictive, 

and operating procedures must provide adequate safety margins to allow 

for uncertainties in present analyses of credible accidents.\ The Subassembly 

Tt:st Program is thus designed to produce needed information on transient

inil.uced accidents in order to provide a better understanding of accident 

phenomena, thus allowing more confidence to be placed in safety analyses 

and, therefore, improved design s.nd operating procedures for commercial 

power-producing plants. 

The philosophy of the CDC program is basically one of scoping the 

problem, evaluating the results of these seeping tests, and then testing 

in more detail i1' the observed behavior warrants a more CJ.Uantitative 

description. The need for a detailed understanding is best exemplified 

by examination of the consequences of subjecting a particular fuel design 

to a seeping series of overpower tests for a specific set of environmental 

conditions. If the consequences are found to be insignificant, the 

particular test series will have served its purpose and need not be contin

ued. On the other hand, if the consequences are of sufficient severity 

to have significant implicaLions in safety analysis, then more detailed 

testing will be pursued to further identify and quantify the course of 

events. 

This. approach to testing in the CDC will provide experimental fuel 

performance information which will be of immediate value to both the 

AEC and the vendors as base-point data in support and evaluation of analy

tical models. As t.he p:r.ogram progresses, the development of correlations 

relating test results to fuel design~ burnup and environmental conditions 
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will provide useful information continuously.· 

In planning the details of the test program described in Section V, 

it has been assumed, ba.sed on engineering judgement and prior experience, 

that significant consequences will be indicated by certain of the 

seeping tests. Where significant consequences are observed, detailed 

testing will be required in order to provide an adequate understan.ding 

of the thresholds, modes, and consequences of fuel failure. Because 

the nature and extent of the detailed testing will be determined by 

the observed consequences of the seeping tests, the test program outlined 

in this report is subject to continuous mQQ,;i.ficat.i nn n~ telii:t l'coul·bo 

become ava:i.J ~:~l1le. 

The current problem areas in the analysis of severe reactivity 

acci~ent situations center around a lack of experimental in£ormation on 

such things as fuel meltdown, hP.A.t. transfer, metal-water 1·eactions, 

pressure genere.tion, and fission product :release and transport. For 

investigative purposes, these may be grouped into three broad categories: 

(a) the physical consequences of fuel failure, i.e., those interactions 

awl reactions between the fuel element and its environment which are 

important in determining the severjty of an accident, (b) the thresholds 

and causalities of fuel element failure, and (c) the radiological 

consequences possible following fuel element failure. Each of these 

categories can be subdivided into an exhaustive listing of 

specific problems for which little or no information presently exj_sts. 

It is neither reasonable nor t>ractical to ~ttilmpt invc:!tiga'L.i.uu u.f all 

of these specific problems in the CDC. Many are related to test conditions 

outside the capabilities of the CDC, e.g., environmental combi nA.t.i ons 

of high temperature, pressure, flow,and initial power level, large clusters 

of act·i ve fuel rods, and detailed studies of the :radiologi rRl r:-onso'iquenoeo. 

associated with failure. A major portion of such tests will be amenable 

to study in the PBF. Ot.hf?r of. the cpecific problems are more basic in 

nature and a:re being studied on a laboratory scale in other AEC sponsored 

programs. Efforts in the CDC will thus be concentrated on acquiring 

needed data in those areas for which it is uniQ.ueJ y Rlli t.P.d and capable. 

Primary emphasis will be placed on experiments to study phy::;ical consequences 

of fuel failure, and then, where warranted, to obtain detailed information 

on the thresholds and causalities of failure. 

The objective of the CDC test program for fiscal years 1969 and 1970 
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is to provide information in each of the following areas: 

A. Physical Consequences of Fuel Failure 

(1) Effects of energy deposition and heating rHte 

(2) Magnitude and nature of pressure pulses generated 

(3) Fraction of thermal energy converted to mechanical energy 

(4) Extent of metal-water reaction 

(5) Extent of fuel sample fragmentation 

(6) Effects of fuel and cladding materials, design, and prior 
operational history 

(7) Effects of selected environmental variations (pressure, 
temperature, hydrodynamics) 

(8) Fuel rod interaction effects. 

B. Threshold and Causality of Fuel Failure 

(1) Energy deposition and heating rate required for cladding 
failure 

(2) Modes of cladding failure 

(3) Effects of fuel melting and/or vaporization 

(4) Modes of heat transfer from fuel samples 

(5) Effects of fuel design, materials and burnup 

(6) Effects of selected environmental variations 

(7) Effects of increased metal-to-water ratio 

(8) Fuel rod interaction effects. 

C. Radiological Consequences 

(1) Although not of primary programmatic interest, routine 

measurements of fission product concentrations, locations 

and types will be made following tests, particularly on 

fuels with high burnups, and related to the test conditions. 
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III. EXPF.RIMENTAL METHOD 

To achieve the objectives outlined in Section II of this document, 

the CDC Subassembly Test Program will inclu4e experiments of basically 

two types which are categorized as "expioratory" and "analytical". 

The exploratory tests consist of experiments which are intended to 

,define both ·"what happens" and "how important are the consequences" 

when a given fuel element under particular conditions is subjected to 

transient heating. These experiments provide preliminary and immediate 

information needed by both industry and the AEC for safety analyses of 

commercial power reactors. They 'also provide better direction for 

other experiments in the program by provfding a broad overview and 

identification of the possible problems to be encountered. The second 

catagory of experiments is more analytical and quantitative in that the 

experiments attempt to define not only "what aml how important is 

what happens" but also to explain the "why" and the "how" of what 

happens. Testing in this latter category is directed bot.h toward 

the responses of a fuel element in an accident situation and toward 

the relationship of these responses to variations in system parameters 

(such as fuel design, temperature,·and pressure). Both types of tests, 

exploratory and analytical, use similar experiment.a.l methods. 

Generalized Method 

'Usually one, but possibly several, fuel rods are tested in each 

experiment. The fuel rodG arc situated in an environment of cool $.nt. 

hardware, other fuel rods, flow constraints, pressure, temperature, 

:etc. , designed to replicate one of many initial P.nvironmental conditions 

which may exist in a power reactor at the onset of a reactivity accident. 

This entire assemblage is contained in a capsule (see Figure A-13) which 

is placed in the central flux trap of the CDC. In the flux trap, final 

environment factors of neutron flux and power generation representative 

o.f severe accidents are· creat.ed by power transients induced in the CDC. 

During a power treu'ls iclit, '.me as u:r emen:l:.s ,such as clad tempera:cure, 

water temperature, flow velocit·y, pressure, strain, and others which 

may be useful and feasible are recorded on magnetic tape. After a 

test, when the capsule is removed and opened, several other measurements 

and observations are made, including hydrogen gas concentration, characteriza

tion of fuel and cladding, composition of chemical by~products, concentrations, 

types and locations of fission products, and others which may hA <'l.iae;nostic 
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of the fuel and environment behavior during the test. Photographs are 

taken to document the test. 

Each t~st is a variation of the above approach, usually designed 

either to vary one or more of the initial or neutronic condit.i.ons, 

to enhance the measurem~nt (accuracy or statistics) of a test result, 

or to improve knowledge of relationships between initial conditions 

and consequences. For example, a given fuel rod type under given ~nitial 

conditions will be tested several times under varying amounts of energy 

deposition in the fuel to establish thresholds for certain consequences 

and to relate severity (or extent) of the consequences with the severity 

of the power transient. 

Capabilities 

Capabilities of the equipment to be used in the execution of the 

Subassembly T~st Program are uniquely suited to the tasks posed by the 

experiment.a.l method described above. These capabilities determine 

to a great extent the types of tests and measurements which can be 

undertaken and therefore are discussed here as a part of the experimental 

method. 

Power Burst - The CDC, described in detail in Appendix A, was 

designed within limits imposed by the pre-existing fuel to serve as 

a pulse source of neutrons for fuel 'L~t:>Ling. The shape of the 

power bursts (see Figure A-10) is controlled by the initial reactivity 

insertion and the dominant feedback mechanism, Doppler broadening, 

and thus should approximate well the uncontrolled power shape of a 

reactivity accident in a conventional uo2-fueled power reactor. 

Presently the reactor can sustain transients with periods as low as 

3 msec, and improvement to 2.5 msec periods is expected. 

Space Accommodation - The flux trap can accommodate capsules 

as large as 3.4 inches in diameter, although the present capsule, 

which is designed to prevent damage to the core·from a TNT-energy-equivalent 

explosion of fuel rods, can accommodate actual experiments up to 3.0 

inches in diameter. The 3.0-inch diameter will allow tests of single rods, 

and possibly small clusters of fuel rods for study of rod interactions. 
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Energy Deposition - Experiments have shown that with the present 

.3 msec period limit the following typical energy depositions in uo2 

fuels are possible with single rods. 

% u235) 
Energy .Deposition 

Clad Material Clad O.D. (in.) Enrichment (at. (cal/g U02) 

88 0.5 3 140 

88 0.466 4.8 300 

88 0.250 3 275 

88 0.250 5 360 

88 0.250 1 l,l ::iOO 

Thus melting of uo2 , along with resultant melting and chemical reaction 

of cladding materials is within the capability of the equipment. With 

the higher enrichments (5% to 10%) tests should experience complete 
-

melting of the uo2 as well as significant vaporization. 

Initial Conditions - The present capsule design was conceived 

for tests incorporating amb:i,ent con eli tions only, viz. , pressures at 

a~mospheric or slightly above, ambient temperature~ and stagnant 

water with a head of about 3-feet. New designs for future· capsules to 

be used in the program can incorporate pressure to 2200 psi, at ambient 

temperature, and will eventually include higher temperature so as to 

cover the range of these variables in current reactor design, Flow 

capability, although not expected for the CDC part of the program, 

is incorporated in the forthcomi ne; PHF' 1 r.>r.>p O.ecign Q.nd will ~.:um!Jle Le 

the replication of the three variables, pressure, temperature, and 

flow. Capsules with extensions for up to 20 feet of water head are 

also expected. Another initial condition which is ad.iustable within 

the present experimental method is burnup. Bvrnup, i nf' l111Hng all Lhc 

consequences - viz. , fisside deposition, m.i.gration, accumulation in 

defects, fisside gas release, breakup o:f pellets, melLing of uo2 • 

sintering, and the effects upon the cladding such as embrittlement, 

hy~riding, and corrosion - is believed to bear importantly both upon 

consequences and thresholds of consequences in reactivity accidents. 

The present program initiates a study of these effects by pre-irradiating 

samples of fuel in a test reactor to various levels of burnup up to and 

excP.eding 20,000 MWd/tonne. 
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IV. STATUS OF THE CDC PROGRAM(a) 

This section briefly reviews accomplishments of the CDC program from 

early testing and·proving of the core itself and its capabilities through 

the initial phases of fuel element testing in the Subassembly Program up 

to the present time. Most of the information contained in this section 

has been reported in much greater detail both in Monthly Reports and Quarterly 

Technical Reports of the Spert Project. 

A. Core Status 

A large part of the testing program conducted to date was proof-

testing of the CDC. Beginning with long-period, low-energy transients, 

the CDC was progressively tested to shorter periods and correspondingly 

higher enthalpies until an initial Operational Limit was established. During 

most of these tests, an encapsulated CDC-type rod was irradiated in the central 

flux trap. Since the fuel rod in the flux trap received a much greater nvt 

than any fuel rod in the core, it achieved higher energy releases and temperatures 

and was, therefore, a valuable source of advance information about response of 

the CDC fuel at higher enthalpies. 

Early in the testing of the CDC, fuel rods occasionally ruptured in the 

core. The hypothesis that these ruptures were due to waterlogging was sub

stantiated by the discovery of leak-paths in the end-closures of some of the 

ruptured rods. Investigations of the end-closures indicated that they had 

apparently been damaged in fabrication during swaging. Consequently, the 

CDC fuel ruu~ w·ere refitted with new end-r.lm:;ures and leak-tested. This action 

allowed the virtual elimination of waterlogged rods from the core as the 

transient period was gradually decreased. 

Currently the core has a capability of repeated operation at minimum 

periods of 3.0 msec without deleterious effects. Shorter periods may 

eventually be attained as the future program demands, but such upgrading of 

the CDC is being delayed pending the completion of a significant part of the 

program described herein. 

B. Fuel Types Tested 

Experiments have been performed exclusively on U02 rod-type, metal-clad 

fuels. These fuel types are referred to as~' f, PBF, and SPX. The CDC 

rods are the same type used in the CDC itself. They are clad with 1/2-inch 

(a) 'l'his section cuvers work performed through FY l96R. Results obtained 
during FY 1969 are reported in References 1 through 10. 
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OD stainless-steel containing swage-compressed powder enriched to either 

3% or 4%. The F rods are st~inless-steel clad, 0.466-inch OD, containing 

~elleted fuel. PBF rods, which are prototypes for the Power Burst Facility, 

are 3/4-inch in diameter, have an insulator separating the fuel from the clad,. 

and contain a ternary uo2-Ca0-Zr02 fuel mixture. The SPX rods obtained 

.sp~cifically for the CDC testing program, are 1/4-inch OD, stainless steel 

clad, with enrichments of 3% and 10%. 

Clad 

Clad 

'l'he following table summarizes physical characteristics of the rods 

in detail: 

TABLE I 

PHYSICAL PTIOPERTIES OF FUEL HUDS 

Title. Cvu F PBF SPX 

diameter (inches) Q.500 0.466 0.750 .0.250 

thickness (inches) 0.028 0.020 0.020 0. Oll4 

Clad material 304 ss 304 ss 304 ss 304 ss 
Clad condition 35% Annealed 3% Annealed 

Cold Worked Cold Worked 

Active length (inches) 28 or 55 36 18 or 36 18 

Diametral gap (inches) 0 o.oo6 0.039 0.002 

Fuel material/form UO/Powder uo
2
/Pellet uo2-Ca0- UO/Pellet 

ZrO /Pdlet 
2 

Fuel <tensity (g/cc) 9.28 -10.08 5.97* 10.4 

Fuel burn up 0 0 0 0 

Fuel enrichment (%) 3 or 4 4.8 21 3 or 10 

Originally 6.54 g/cc. 

C. Summary of Test Conditions and Results 

CDC t.~st.s -were performed o1:r -each of the fuel rod types described above 

to investigate their_response to transient energy depositions. The tests are 

sepa!·ated into several types for purposes of di.scussion. Within each type, the 

purpose, scope and primary results of' t.est.s performed; are S1lllllllai·i :t.ecl. It 

should be rec.ognized that the tests performed to date are primarily of the "explora

tory" type, rather than of the "analytical" type. A complete listing of all 

tests performed is presented in Appendix C. 
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With only a few exceptions, single test rods were radially centered in 

capsules and positioned in the region of the axial flux peak in the CDC flux 

trap. The capsules used were either two or.three .inch diameter stainless 

steel cylinders approximately five feet long, filled to within a few inches 

of the top with ambient-temperature demineralized water. The upper void 

space contained air at atmospheric pressure. Pre-test examination of test 

rods included radiography and dimensional measurements to establish the initial 

geometry of the fuel and clad: During tests, measurements included cladding 

surface temperature, capsule pressure, capsule strain, reactor power, reactor 

period and energy deposition. Post-test analyses included measurements of 

hydrogen evolution, ·cladding growth, radiography, photography, fuel s_."ld 

cladding characterization, and metallurgical examination. 

(a) Single Tests on Normal Fuel Rods 

Purpose: If a reactivity accident should occur in a power reactor, 

the most common condition of the fuel rods undergoing this experience is 

assumed to be normal and intact, that is, without cracks, waterlogging, or 

other defects. Tests of intact fuel in the CDC likewise comprise the greatest 

effort o1' the program. These tests incorporate fuel rods which are conventional 

except for enrichment and physical dimensions. They are subjected to tests of 

known energy release, and observations are made to establish whether damage 

of any type has occurred, to what extent, and consequences, if any, of the 

damage. 

Results: The tested fuel rods indicate a progressively more 

damaging response as the energy deposition is increased. These responses 

are listed in Table II along with the energy deposition levels at which the 

responses were first observed for each of the pertinent fuel rod types. 

At energy levels sufficient to cause breakup of the fUel, SPX-type rods 

yield pressure pulses of ~ 100 psi at 375 cal/g, ~ 300 psi at 475 cal/g, and 

~ 600 psi at 570 cal/g. These higher pressures are accompanied by progressively 

greater degrees of fragmentation of the fuel rod and·a greater fractional 

conversion of thermal energy into mechanical energy. Metal-water reaction 

extent also increases from about 1% at 275 cal/g to 36% at 570 cal/g. 

(b) Sequential Tests of Normal Fuel Rods 

Purpose: Particularly in the cases of the CDC fuel and the PBF 

fuel, it must be ascertained whether the fuel can withstand repeated tests 

without deterioration. More specifically, we seek to find the highest 
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Table II 

FUEL ROD RESPONSES 

·(Unirradiated, Stainless Steel Clad) 

Lowest Energy Deposition at which 
indicated response was ·observed* 

Responses. 

Slight Di:Jcoloratiou 

Slight distortion (bowing and darker · 
discoloration) 

Diametral and axial growth 

Circumferential ridging 
(pellet fuel) 

Dulling of surface texture 

Loss of clad integrity 

·Melting of clad 

'Evidence of metal-water react.ion 

·Fuel rod breakup 

Fragmentation prior to clad melt 

(cal/g of uo2 ) 

CDC 

125 

1-27' 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. No data taken to establish this level. 

F SPX 
,. ____ 

151 

100 200* 

215 .N.D. 

263 200 

'278 275* 

300 275* 

_300 '275* 

N.D. 375.* 

N.D. 475* 

* - Tests have as yet been widely spaced in energy depositions, so that 
the responses listed could occur at.lower energy depositions. 
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energy deposition (per transient) which can be repeated a large number of 

times before the rod becomes damaged beyond further use. Thus, the program 

has included many sequential tests on single fuel rods. Also, to determine 

whether rods which appear to have survived a test without damage are actually 

altered in an unobserved way, or whether they are in any way more vulnerable 

to failure in subsequent transients, sequence tests on F-type rods have been 

conducted. 

Results: Sequential tests have in all cases been run at enthalpies 

below the single-test failure point. For CDC rods, the sequence tests never 

exceeded about 135 cal/g and the major response noted as a result of these 

tests was thin-layer oxidation of the clad surface combined with slight bowing. 

Similar results were obtained with single exposures at near the same energy 

level. Sequence tests of F-rods respectively at 100, 150 and 200 cal/g 

demonstrated axial growth of the cladding in all cases. The amount of growth 

per test was approximately constant within each series but increased with 

the energy release. For example, following 14 tests of an F-rod at 200 cal/g 

·in each test, the rod ~originally 40" in length) had grown over 2 inches in 

length but had not failed. Post-test radiography of these F-rods showed that 

only the cladding had grown; the fuel stack height remaining unchanged. 

Most extensive of the sequential tests has been for the PBF rods. Two 

prototypes have been tested with the most recent having achieved 100 successive 

tests at enthal~y levels up to 280 cal/g. Results of these tests are to be 

published when complete. 

(c) Single Tests on Waterlogged Fuel Rods 

Purpose: If a fault should exist in.any fuel rod which would allow 

coolant to enter the fuel volume (probably during the cooldown period of a 

power reac~or), then the possibility exists of a vio~ent rupture and dispersal 

of fuel during either normal reactor startup or a startup power excursion 

accident. To determine the threshold energy density required for failure 

and test the consequences of such waterlogging, several fuel rods w:ere 

deliberately waterlogged and subjected to transient power excursions. Generally, 

the water was introduced through small holes at either end of the fuel rod and 

allowed to migrate toward the other end. In some cases, simulated cracks 

in the cladding were made and the water introduced through the side of the 

fuel rod. In the cases of CDC-3 and CDC-4 type rods wherein the fuel was 

swage-compressed powder, both partially and completely waterlogged fuel rods 

were tested. 
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Results: A wide separation has been found between the responses 

of powder rods (with cold-worked cladding) and pellet rods (with annealed 

cladding). Powder fuel rods of the CDC type display a low threshold for failure 

and little sensitivity to the concentration of water in the fuel. Most water

logged powder rods have ruptured violently whenever the energy deposition 

exceeded only about 40 cal/g (equivalent to~ 600°C uo
2 

temperature) producing 

sharp pressure pulses as high as 13,000 psi. Several of the rods in the CDC 

core itself also ruptured apparently due to waterlogging, caused pressure 

pulses sufficient to deform several nearby fuel rods, and in one case caused 

a neighboring rod to be sheared~ In pellet-type fuel rods, waterlogging 

mostly consists of filling the interstices between peilets and between pellets 

and clad. The.pellets themselves apparently absorb little water. The F-rods 

described above display_ an ability to withstand .energy depositions up to 

about 250 cal/g without failure; One rod ruptured at ~ 250 cal/g but another 

similar rod attained 257 cal/g without rupturing. In non-destructive tests 

on waterlogged li'-rods, the annealed cladding grew diametrically as much as 

17% in response to the internal pressures. The single rupture encountered 

in these pelleted fuel t'ests yielded a pressure pulse of 1300 psi, much lower 

than the powder rod failures . 

(d) Tests of Other Effects 

It is known that the response of fuel rods'to transients is affected 

by environment, ie, temperature of the coolant, constraints against coolant 

flow, presence of nearby fuel rods or other hardware, pressure, flow aeration 

·o'f the coolant, and others. Although the arsenal of availab_le equipment 

is not yet capable of investigating all of the important environmental 

variations, some tests have been aimed at these effects. Particularly, a 

:rew tests of coolant aeration, flow restriction, fuel rod int@raction, and 

he~d effects have been made. Temperature and pressure effects are expected 

to be tested in the nea.r future. Al·SO, a few tests have been conducted on 

CDC and SPX fuel rods to determine possible effects of period where energy 

rele·ase 1-s held const.ant. 

D. Discussion of Test Environment Effects 

The CDC tests to date have closely, approximated the accident conditions 

expected to exist in actual power reactors. These tests have achieved a 

high degree of correspondence to the actual power reactor fuel rods under

going a reactivity accident particularly in aspects such as rod construction, 
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rod dimensions, fuel condition, properties of cladding, rate of temperature 

rise, power distribution, and peak temperature external to the fuel rod, the 

ability of the CDC test capsules to approximate conditions is dependent upon 

the reactions displayed by the test rod itself. For example, if a fuel rod 

undergoing transient heating reacts by simply transferring heat to the coolant 

without rapid or extensive physical disturbance, its environment need only 

include a thin annulus of coolant to accommodate heat transfer. However, 

if the tested fuel rod produces disturbances which travel beyond its own 

domain, viz, to neighboring fuel rods, then, to the degree that these dis

turbances do not produce "normal" feedback to the test rod, the CDC test 

conditions do not accurately simulate a power reactor. With some exceptions, 

the capsule environment in the CDC does not appear to have had much effect 

upon the results of most CDC tests. Also, tests which have not produced rod 

failure have not caused disturbances which could reasonably cause deleterious 

external effects upon other fuel rods or upon a reactor vessel. 

On the other hand, tests in the program involvj_ng waterlogged fuel rods 

have resulted in rods which burst during transient heating producing sharp 

pressure pulses, rapid thrusts of coolant, and deformation of the rods. In 

these tests, the most significant results observed are the rupture itself, 

the threshold energy levels, and the fact that environmental disturbances 

occur which may be significant with regard to other neighboring fuel rods. 

Tests which demonstrate the effect of these disturbances on neighboring fuel 

rods have not been made and are difficult to do in the CDC owing to the size 

constraint of the capsule walls. It is significant to note in this context, 

that during pre-testing of the CDC, several fuel rods in the CDC itself were 

apparently waterlogged and eventually ruptured. Environmental effects of 

these ruptures ranged from bending of .neighbor rods, to in one case, complete 

shearing of a neighboring rod in the region of an intermediate grid. Even 

in the case of the sheared rod, however, no indications of the potential for 

a cascading failure phenomenon were observed. 

Several of the tests in the CDC program on normal fuel rods have involved 

sufficient energy release to cause failure of the cladding, melting, metal

water reaction, loss of fuel, and pressure pulses.· The primary results of 

these tests are that failure of a certain character occurs at certain energy 

levels, together with disturbances which may affect other rods. Unlike the 

waterlogged failures, which may be expected to occur isolated in a field of 
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. otherwise intact fuel rods, failures arising from excessive heat generation 

in reactor cores will occur in a field composed of like fuel .rods, all 

suffering from excessive heat and loss of cladding strength. Thus, even 

the slightest environmental disturbance of one rod can produce failure of 

its· neighbors. Here. again, environmental effects have not been studied but 

future plans include tests of clusters of rods in an attempt to go one step 

closer to.the full scale reactor conditions. 
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V. TEST PROGRAM 

The planned test program for FY 1969 and FY 1970 is presented in 

this section. This program, as stated in Section III, proceeds initially 

with exploratory tests to determine consequences, viz., "what happens" 

and "the importance of what happens" to fuel elements under particular 

conditions. These tests will be followed, when necessary, by tests which 

attempt a better definition of the consequences and t~e relationship of 

consequences to certain parametric variables. Tests with parametric 

variations (usually clad and fuel characteristics, irradiation level and 

environmental conditions) will provide information on their influence on 

fuel performance and provide insight into reasons for the observed behavior. 

The program will immediately explore a variety of situations 

before much effort is made toward basic study of mechanisms. In this way, 

it is felt that valuable information will evolve early to aid the AEC 

in current safety reviews. 

The basic test fuel specimen for the CDC program is the SPX-type 

fuel rod. This type fuel rud is manufactured specifically for the 

subassembly test program to a set of precise specifications and subjected 

to rigorous pre-test inspections. These test specimens include fuel 

rods with 3, 5, and 10 percent enriched uo2 , stainless steel and Zircaloy-2 

clad, and annealed and cold-worked clad. Data on these rods are given in 

Table III. This set of test- specimens allows the program to establish 

base-point information with a basic rod design that is well defined, and 

then, by testing parametric variations, to determine the influence of 

variations in properties on transient response of fuel rods. 

In addition to the SPX-type fuel rods, fuel samples which are 

representative of commercial, BWR production standards have been obtained 

from the General F.lectric Company. These rods (see Table III) will include 

parametric variations of fuel type (pellet and powder with both uo2 and 

Puo
2
-uo

2 
fuel) and rod size (0.3125 in. OD and 0.562 in. OD). As a 

consequence of these variations, information can be obtained on/the influence 
' 

of fabrication procedures, fuel type and rod size on trans.ient fuel 

response. 
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Title 

Clad Material 
II Condition 
II 

II 

O.D. (in.) , 
Thickness (in:~ 

Active length (in. } 
Diametral Gap (in.) 

Fuel Material 
11 Form 
11 Density (grams:) ' 

cc 

Enrichment (at. %) 

TABLE III 

DESCR:PTIONS OF TEST FUELS FOR CDC PRCGRAM 

IN FY-69 AND FY-70 

SPX 

Both Zr-2 anQ 304 SS 
Both Annealed and Cold Worked 

0.250 
0.014 

18 and 5 
0.002 

uo2 
Pellet 

10.4 
. 235 

3%, 5%, & 10% u 

GEP 

Zr-2 

0.562 
0.032 

5.1* 
0.010 

GEX 

~r-2 

"' 10% C•)ld Worked 
0.3125 
0.020 

:5.1 
0.006 

uo2 uo2 
Both Pellet and Po·;.r:ler 

Pellet- 10.2, Powd:!r- 9,31 

7% u235 I T% u235 

* A few •}EP rods nave an active length of .28 inches (Test Series #115). 

GEXPR 

Zr-2 

0.3125 
0.020 

5.1 
0.006 

Pu02 in 
Nat. uo2 

Pellet 
10.2 

5.5% Pu239 
0.3% pu.241 

LMFBR 

To 
Be 

Determined 



The fuel specimens will be tested in a stagnent water environment ip 

a test capsule in the CDC test space. The initial portion of the testing 

will be conducted in a Type B capsule (see Table IVand Figure A-13). 

The Type B capsule is capable of providing an atmospheric pressure and 

ambient temperature.water environment for testing of various fuel rods. 

Additional capsule designs of essentially the same physical dimensions 

as the Type B capsule are being developed so that initial pressures to 

2000 psig, initial temperatures to 620°F and static water heads of up to 

20 feet can be incorporated as environmental parameters in the test program~ 

During each test in the program, many variables will be measured to 

determine the behavior of the fuel and the conse~uences of its failure. 

The exact nature of the measurements for. each test will depend on the 

specific objectives of the individual test, but the capability exists for 

measuring numerous variables on all tests. Among these are dynamic 

measurements of cladding surface temperature, capsule pressure, fuel rod 

internal pressure, capsule wall strain, axial fuel rod growth, fuel rod 

power density, capsule water velocity and axial fuel stack growth. The 

types of transducers used for these measurements and their capabilities 

are summarized in Table V. From these measurements it is possible to 

determine the time of failure of the fuel rod, its energy density at time 

of failure, and the conversion ratio of nuclear energy to mechanical energy. 

In addition to the present capability for dynamic measurements, instru

mentation development work is going on to develop techni~ues for measuring 

fuel temperatures, radial clad growth and incremental fuel rod growth. 

Measurements made after tpe tests include hydrogen concentration to 

determine metal-water reaction extent, analyses of fission products in the 

water and air space, and particle sizing 0f fuel rod residue. The metal

water reaction extent is measurable to an accuracy of about 10% by 

measurement of post-test hydrogen evolution and will be independently 

checked by metallurgical investig~tion of the oxide content of fuel 

cladding residue. The fission product analysis will be primarily 

directed at determination of iodine release and deposition. 

Individual tests are grouped together into test series in the 

following, and each test series is described together with its specific 
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TABLE IV 

TYPE B CAPSULE CHARACTERISTICS 

Material 

Outside Diamete:r· (ln.) 

Thickness (in.) 

Insid~ CrnRR R~~tinn (in. 2 ) 

Length (in. ) 

Volume (empty, in. 3 ) 

Hydrostatic 'Pressure Test (psi) 

20 

T;tpe-B Thin Wall 

304 ss 
3.000 

0.065 

6.1L70 

61.375 

397.1 
1000 



Measurement 

Nuclear Power 

Clad Temperature 

Capsule Strain 

Capsule Pressure 

-water Velocity 

Internal Fuel Rod Pressure 

Axial Fuel Rod Growth 

Axial Fuel Stack Growth . / 

TABLE V 

MEASUREMENT CAPABILITY 

Detector 

Ion Chambe:::-

CR/Al Thermocouple 

Ir-60 Ro/Ir 

Strain Gauges 

Pressure Transducer 

Velocity Transducer 

Pressure Transducer 

Linear Variable Differential 
Transformer 

Linear Variable Differential 
Transfor:ne:r 

Response 

200 1-1sec 

3-5 msec 

( 1 :risec 

10-2:) 1-1sec 

10-20 11sec 

50-100 11sec 

rv 3 msec 

l msec 

1 msec 

Range Accuracy 

100 GW 2-5% 

1400°C 2-5% 

2000°c 2-5% 

10,000 ll in/in 10-20% 

20,000 psi . 10-20% 

75 ft/sec 10-20% 

3,000 psi 10-20% 

1 inch 2-5% 

0.75 inch 2-5% 



objectives. These test summaries are presented for: unirradiated uo
2 

(100 series of tests), irradiated uo2· (200 series of tests), plutonium 

recycle fuels, (300 series of tests), LMFBR fuels (500 series of tests), 

and other tests such as instrumentation tests, calibrations, PBF tests 

and core performance tests (900 series of tests). The order of presentation 

does not imply an ordering of performance but only a categorization of 

types of tests. A tentative schedule for performance of these series is 

given following the summaries of the tests. 
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A. UNIRRADIATED uo
2 

FUELS TESTING 

The specific tests planned for the CDC on unirradiated U02 fuels (cold, 
clean, unburned) are presented in this section. The tests are basically 
directed toward obtaining experimental data as a function of transient 
energy deposition on the failure thresholds, modes and mechanisms of 
failure, and failure consequences of uo2 fuel rods representative of those 
in boiling and pressurized water reactors. To accomplish this goal, a 
wide range of fuel design variables and initial conditions will be 
investigated. The results from these tests will allow evaluation and 
further development of analytical models used to predict the course and 
consequences of reactivity accidents in power reactors. In addition, 
baseline data on response will be established to which test results on 
irradiated, plutonium recycle and LMFBR fuels can be compared. 

Most of the tests will be performed on single rods encapsulated in the 
flux peak region of the CDC test space. Within the capsule, a test rod is 
normally surrounded by a water annulus slightly greater than one-inch in 
thickness. This amount of water is somewhat greater than that associated 
with a fuel ro.d in a core lattice, and may affect the magnitude and 
nature of the consequences observed following fuel rod failure in CDC tests. 
To evaluate the effect of water volume on test consequences, scoping tests 
will be performed early in the program with the amount of water surrounding 
the test rod reduced to t.ha.t more representative of a core lattice. The 
results of these preliminary tests will provide guidance in the experimental 
design and interpretation of results from subsequent tests, some of which will 
be performed on clusters of three or five fuel rods. 

The effects of variations in cladding material (stainless steel and 
Zr-2) and cladding heat treatment (annealed and cold-worked) on transient 
response will be scoped during the initial stages of the test program. Subsequently, 
most tests will be performed on rods clad with cold-worked Zr-2, as this 
is the type of clad predominantly used in water reactors. By the same token, 
most tcGtG will be performed on rons containing pelletized uo2. The performance 
of this type ,f11Pl 1mc'IP.r operating conditions has proven satisfactory, however, 
fuel technology studies indicate that powder fuel has comparable operational 
characteristics in addition to being more economic to fabricate and reprocess. 
Because of this economic advantage, it is expected that the pressures to use powder 
fuel in power reactors will increase in the near future. To determine if any 
significant differences in failure thresholds and consequences exist between 
pellet and pGWder fuels, tests on powder fuels are included in the CDC program. 

Tests will be-conducted to determine the failure thresholds and consequences 
of fuel rods containing more than normal amounts of water in the fuel. These 
rods will be representative of those in reactor cores which have eladding 
defects sufficient to allow coolant water to leak into the internal fuel bearing 
portion, thus resulting in what are commonly termed "waterlogged" rods. Investi
gations will be directed towards obtaining information for what is considered 
to be the worst condition, ie, complete waterlogging with sealed defects located 
in low temperature regions, which offer no expansion relief during the course 
of a power excursion. 

Exploratory tests will be performed to investigate the effects of hydrodynamic 
variations within the capsule, initial pressure and initial coolant temperature 
on transient response, The hydrodynamic variations will include high static 
heads over the fuel samples and isolation of the water surface to simulate 
a liquid full system. Initial pressures and temperatures will cover the range 
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of operating boiling and pressurized reactors. Other tests will be 
performed to investigate the effects of radial flux depression and 
axial length on response. 

The test series currently planned in this portion of the program 
are listed below with a brief summary of each series on the following 
pages. 

Series 

CDC-102 
CDC-103 
CDC-104 
CDC-105 
CDC-106 

CDC-107 
CDC-lb/3 
CDC-109 

CDC-110 

CDC-111 
CDC-112 
CDC-113 
CDC-115 

CDC-116 
CDC-117 
CDC-118 

Title 

Seeping Series- Annealed Zr-2 Clad SPX Rods' 
Seeping Series Cold-worked Zr-2 Clad SPX Rods 
Seeping Series - GEX Pellet and Powder Rods 
Seeping Series - GEP Pellet and Powder Rods 
Detailed and Length Effect Series - Cold-worked 

Zr-2 Clad SPX Rods 
Detailed Series - GEX Pellet Fuel Rons 
Detailed Series - GEX Powder Fuel Rods 
Waterlogged Series - Stainless Steel and Zr-2 

Clad SPX Rods 
Waterlogged Series - GEP Pellet and Powder Fuel 

Rods 
Cluster Tests - Cold-wo:r·ked Zr-2 Clad. SPX Rods 
Cluster Tests - GEX and GEP Pellet Fuel Rods 
Flux Depression Effects 
Length Effect Series - GE Pellet and .Powder 

Fuel Rods 
Hydrodynamic Effects - SPX Rods 
Pressure Effects - SPX Rods 
Pre~~ure and Temperature Effects - SPX Rods 
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CDC-102 

1. TITLE: Scoping Series - Annealed Zr-2 Clad SPX Rods 

2. OBJECTIVES: 

The objectives of this test series are: (1) to provide scoping information 
on the failure threshold, modes and mechanisms of failure, and failure consequences 
of annealed Zr-2 clad fuel as a function of transient energy depositions in the 
range from 200 to 550 cal/g of U02 , (2) to scope the effect on failure consequences 
of reducing the volume of water surrounding the test sample to that more representative 
of core lattice configurations, and (3) to evaluate the performance of capsule 
instrumentation, capsule hardware and experimental techniques over a broad range 
of dynamic conditions. 

3. EXPERIMENT: 

a. 

b. 

Teot Fuel 

Eighteen inch long, three and ten percent enriched SPX rods clad 
with annealed Zr-2 (see Table III for details) . 

Test Conditions 

Single SPX rods will be positioned in the flux peak in Type B CDC capsules 
filled to within ten inches of thP. top with ambient temperature demineralized 
water. The top ten inches will contain air at atmospheric pressure. Tests 
will be performed on the following two configurations. 

(1) Active rod surrounded by normal amount of water in capsule. 
(2) Active rod surrounded by water-filled aluminum tubes. Tubes will 

be arranged to provide a metal-water ratio in the region of the 
test rod more nearly representative of that in a core lattice.· 

c. Mea.surements 

To obtain the information necessary to satisfy the objectives of this 
test series, each fuel rod will undergo extensive pre- and post-test 
measurements and/or inspection; during each test, phenomena of importance 
will be measured as a function of time (referred to as dynamic measurements). 
The examinations and measurements include: 

(1) Pre-test Examinations 

(a) radioe;raphs 
(b) photographs 
(c) ctXictl length 
(d) diameter 

(2) Dynamic Measurements 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 

axial fuel rod growth 
cladding surface temperature 
capsule pressure 
capsule wall strain 
water column velocity 
power 
energy deposition 
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(3) Post-test Measurements and ~xamination 

d. Tests 

The extent and nature of the post-test work will depend upon 
whether failure of the test sample has occurred. The post
test work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

The following seven tests will be performed with the normal amount of 
water in thP. cA.psule. 

(1) Three percent enriched rod @ 200 cal/g of uo2 
(2) Three percent enriched rod @ 250 cal/g of U02 
(3) Three percent enriched rod @ 275 cal/g of U02 
(4) Ten percent enriched rod @ 275 cal/g bf U02 
(5) Ten percent enriched rod @ 375 cal/g of U02 
(6) Ten percent enriched rod @ 475 cal/g of U02 
(7) Ten percent enriched rod @ 550 cal/g of U02 

The following two tests will be performed with aluminum tubes surrounding 
the.test rod. 

(1) Ten percent enriched rod @ 375 cal/g of U02 
(2) Ten percent enriched rod @ 475 cal/g of U02 

4. DISCUSSION: 

The results from the tests with a normal amount of water around the test sample 
will provide the initial CDC fuel performance information on the response of Zr-2 
clad oxide fuel over a wide range of transient energy deposi tjonR. RA.RP.l fnp i nf'nr
mation will be obtained on the threshoJ_ds, modes, mechanisms, and consequences of 
fuel failure. The results will also provide guidance for establishing details 
of subsequent tests in CDC designed to obtain added precision .in energy regions 
of interest and to investigate the effects of fuel design parameters such as clad 
material, clad heat treatment, flux depression a.ncl fuel composition on the phenomena 
of interest, e.g. CDC-103, 104, 1.06 and 1Q7. Direct comparison of these test 
results with those of other tests will provide an indication of the sensitivity 
of fuel failure and consequences to parametric design variations in the range 
commonly encountered in boiling·and pressurizP.d water power reactors. 

Tests with the water volume about the fuel sample reduced will provide 
pre.liminary information early in the program on the sensitivity of measured test 
consequences to.metal-water ratio. If significant differences are observed, 
subsequent test series designed to investigate variations in fuel design 
parameters, burnup, and environmental conditions may require hardware modifications 
to reduce the water volume. The tP.sts will also provide guidance in establishing 

26 



the detailed design features of cluster tests- (CDC-111 and 112). 

Pre- and post-test measurements in conjunction with calculations based 
upon these measurements will be used to evaluate and further- develop 
analytical models designed to predict the course and consequences of 
potential reactivity accidents in water reactors. Of particular-value will 
be the measurements of cladding temperature, capsule pressure, metal-water 
reaction extent, and computation of the conversion efficiency of thermal 
to mechanical energy, all as functions of fuel enthalpy. Availability and 
U8e of these data by the reactor industry will allow prediction of the 
damage potential to reactor hardware of postulated full-scale reactivity 
accidents with improved confidence. The data will also provide a yardstick 
by which licensing applications can be more realistically evaluated by the 
AEC. 

5. STATUS: 

This test series was completed early in FY 1969 and the preliminary 
results published in IDO-ITR-102 (Reference 3). 
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CDC-103 

1. TITLE: Seeping Series - Cold Worked Zr-2 Clad SPX Rods. 

2. OBJECTIVES: 

The objective of this test series is to provide seeping information 
on the failure threshold, modes and mechanisms of. failure, and failure 
consequences of cold worked Zr-2 clad fuel as a function of transient 
energy depositions in the range from 275 to 550 cal/g of U02. 

3. EXPERIMENT: 

a. Test Fuel 

Eighteen inch long, ten percent enriched SPX rods clad wi~h cold 
worked Zr-2 (see Tal1le III for details). 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type B capsules filled 
to within ten inches of the top with ambient temperature 

,demineralized wa.ter. The top ten inches will contain air at 
atmospheric pressure. 

c. Measurements / 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test, 
phenomena of importance will be measured as a function of time 
~eferred to as dynamic measurements). The examinations and 
measurements include: 

~-1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c} axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) cladding surfac,e,. temperature 
(!1:! )) ~.;apsule :press.ur.e_, 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(g) energy deposition 

28 

•, 



(3) Post-Test Measurements and Examination 

d. 

The extent and nature ofthe post,...test work will depend upon 
whether· failure of the test. sample. has occurred. The post-te·st 
work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
( i) metallographic investigation 

'l'ests ---
(1) Cold worked rod @ 275 cal/g of uo2 . 

(2) Cold worked rod @ 375 cal/g of U02. 

(3) Cold worked rod @ 475 cal/g of uo2 . 

(ll) Cold worked rod @ 550 cal/g of uo2 . 

4. DISCUSSION: 

The results from a .comparable test series on fully annealed Zr-2 
clad rods ( CDC--102) will hA.ve been obtained by the time this series is 
run. Information from CDC-102 and 103 will be used within the subassembly 
program for comparison and definition of the relative differences of 
cold worked and annealed cladding with regard1to thresholds, modes, mechan
isms, and consequences of fuel failure. Direct comparison of these test 
results with those of other tests, e.g. CDC-104, 106, and 107, will 
provide both the AEC and industry with an indication of the sensitivity 
of fuel failure and consequences to parametric uesign variations in the 
range commonly encountered in boiling and .pressurized water power reactors, 
and on a fuel type, i.e., with cold worked clad, representative of that 
in current use in power reactors. 

5. STATUS: 

This test series was completed early in FY 1969 and the results reported 
in IDO-ITR-102 (Reference 3) . 

.. 
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CDC-104 

L TITLE: Scoping Series - GEX Pellet and Powder Rods 

2. OBJECTIVES : 

-
The objectives of this test series are: (1) to provide scoping information 

on the failure thresholds, modes and mechanisms of failure, and failure 
consequences of pellet and powder fuel rods fabricated to .commercial standards 
as a function of transient energy_ depositiorrs in the range from 200 to 450 
cal/g of uo2, and (2) to evaluate the performance of capsule instrumentation, 
capsule hardware and experimental techniques specifically designed for the 
GE fuel rods. 

3. EXPERIMENT: 

a. 'T'Pst. ·~·w~l 

GEX pellet and powder fuel rods (see Tabl~? III for details). 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type B capsules 
filled to within ten inches of the top with ambient temperature 
'demineralized water. The top ten inches will contain air at 
atmospheric pressure. 

c. Measurements 

•ro obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurement::; include: 

.(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
(c) cladding surface temperature 
(d) capsule pressure 
(e) internal fuel rod pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 
(i) energy deposition 
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4. 

d. 

(3) Post-Test Measurements and Examinations 

Tests 

(l) 

( 2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

The extent and nature of the post-test work will depend upon 
whether failure of the test sample has occurred. The post
test work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
( i) metallographic investigation 

Pellet fue::L rod @ 200 cal/g of uo
2 

Powder fuel rod @ 200 cal/g of yo2 

Pellet fuel rod @ 275 cal/g of uo2 
Powder fuel rod @ 275 cal/g of uo2 
Pellet fuel rod @ 375 cal/g of uo2 
Powder fuel rod @ 375 cal/g of uo2 
Pellet fuel rod @ 450 cal/g of uo2 
Powder fuel rod @ 450 cal/g of uo2 

Dl.SCUSSION: 

These seeping tests will provide AEC and industry with the initial 
short-neriod fuel performance information on the comparative behavior 
of pellet and powder oxide fuel rud~ uver a YLide range of transient 
energy depositions. Identical cladding (10% cold worked Zr-2) is used 
on both the pellet and powder rods, thus the effect of fuel composition 
on the thresholds, modes, mechanisms, and consequences of failure can 
be ascertained by direct comparison of test results at the planned energy 
deposition levels. The GEX fuel rods are scaled down versions (0.3125 
inch diameter of the conventional size fuel rods (0.562 inch diameter) 
currently being used in boiling water power reactors. The rods were 
fabricated to commercial standards, the smaller size being selected 
to allow the attainment of higher energy depositions in the CDC than 
could be achieved with the larger size rods. Subsequent test series, 
CDC-105, will include experiments on the large size rods at energies 
to about 275 cal/g of uo2 to obtain comparative information regarding 
the effect of rod diameter on test results. Results from these seeping 
tests on GEX rods will also establish those energy regions in which 
additional tests, CDC 107 and 108 are required to reduce statistical 
uncertainties in the performance data. 

5. STATUS: 

This test series was completed in the second quarter of FY 1969 and 
the results reported in IDO-ITR-103 (Reference 4). 
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CDC-105 

1. TITLE: Seeping Series - GEP Pellet and Powder Rods 

2. OBJECTIVES: 

The obje~tives of this test series are: (1) to obtain seeping data on 
the re~ponse of conventional diameter (0.562 inch) BWR-type pellet and 
powder fuel fabricated to commercial standards for energy depositions in 
the range from 200 to 275 cal/g of uo2 , and (2) to determine the effects 
of rod diameter on response by direct comparison with similar tests (CDC-
104) performed on the smaller diameter (0.3125 inch) GEX fuel rods. 

3. EXPERIMENT: 

a" Test Fuel 

GEP pellet and powder fuel rods (see Table III for details) 

~. Test Condition~ 

Single rods will be positioned in the flux peak in Type B capsules 
filled to within ten inches of the top with ambient temperature 
demineralized water. The top ten inches will contain air at 
atmospheric pressure. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test, 

··phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements includ.e: 

(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs . 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
(c) cladding surface temperature 
(d) capsule . p:re·s;s-ure 
(e) internal fuel rod pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 
(i) energy deposition 

(3) Post-Test Measurements and Examination 

The extent and nature of the post-test work will depend upon 
whether failure of the te~t ~ample has occurred. The post-
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test work will include only those of the following which 
are appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 

· (d) ax :tal length 
(e) diameter 
(f) hydrogen concentration inair space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

d. Tests 

(l) Pellet fuel rod @ 200 cal/g of uo2 
(2) Powder fuel rod @ 200 cal/g of uo2 
(3) Pellet fuel rod @ 275 cal/g of uo2 
(4) Powder fuel rod @ 275 cal/g of uo2 

4. DISCUSSION: 

The fuel rod samples to be used during this test series have a diWlleter 
(0.562 inch) typical of that conventionally us~d in boiling water power reactors. 
Rods of this size. and enrichment (7%) can be subjected to maximum energy 
depositions of about 275 cal/g of uo2 with the present operational capability 
of the CDC. An energy deposition of 275 cal/g is expected to be in the 
region of the initial failure threshold for rods of this type. By comparing 
the results from these tests to similar tests on the smaller diameter GEX 
fuel rods, (CDC-104), information will be obtained on the effect of rod 
diameter on. test results. This information will be. of use within the 
subassembly program and to industrial groups.in the proper interpretation 
and evaluation of higher energy tests (in excess of 275 cul/g) on the 
GEX rods. 

5. STATUS: 

This test series was completed in the second quarter of FY.:..1969 and 
the results published in IDO-ITR-104 (Reference 5). 
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CDC-106 

1. TITLE: Detailed and Length Effect Series - Cold-Worked Zr-2 
Clad. SPX Rods 

2. OBJECTIVES: 

The objectives of this test series are: (1) to evaluate the feasi
bility of using five-inch long SPX rods in subsequent test series (eg, 
CDC-111, -113 and -201), (2) to provide more precise definition of the 
failure threshold, modes and mechanisms of failure, and failure con
sequences of cold-worked Zr-2 clad fuel as a function of transient 
energy depositions in the range of 200 to 500 cal/g of uo2 , and (3) 
to obtain a measure of the reproducibility of test results by repeating 
several tests performed during the seeping series on this type fuel 
rod, ( CDC-103) . 

3. EXI'ETIIMENT: 

a. Test Fuel 

Five inch long, ten percent enriched SPX rods clad with cold 
worked Zr-2 (see Table III for details). 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type-B 
capsules filled to within ten inches of the top with ambient 
temperature demineral.ized water. The top ten inches will 
contain air at atmospheric pressure. 

c. Measurements 

.To obtain the info1-ms.tio11 nece~sar;y- to sat,l;;;;Cy the obj e·ct.i.ves 
of th:Ls test series~ each fuel rod will unc'lere;o extem>1ve pre
and post-test measurements· and/or inspection; during each test, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length. 
(u) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) cladding surface temperature 
(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(g) energy deposition 
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4. 

(3) Post-Test Measurements and Examination 

The extent and nature of the post-test work will depend 
upon whether failure of the test sample has occurred. The 
post-test work will include only those of the following 
which are appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) metallographic investigation 

d. Tests 

(l) Cold-worked rod @ 200 cal/g of uo2 
(2) Cold-worked rod @ 250 cal/g of uo2 
( 3) Cold-worked rod @ 275 cal/g of uo

2 
(4) Cold-worked rod @ 300 cal/g of uo

2 
( 5) Cold-worked rod @ 325 cal/g of uo

2 
(G) Cold-worked rod @ 350 cal/g of uo2 
(7) Cold-worked :rod @ 375 co.l/g of uo

2 
( 8) Cold-worked -rod @ 425 cal/g of uo2 
(9) Cold-worked rod @ 475 cal/g of uo

2 
(10) Cold.,..worked rod @ 500 cal/g of uo2 

DISCUSSION: 

The seeping series on 18 inch long, cold-w·orked Zr-2 clad rods 
(CDC-103) will· be completed prior to this time, thus providing s~oping 
information on the transient response of these fuel rods. Tests in 
series CDC-106 will provide data needed to evaluate the effects of 
reducing the active length of SPX rods from 18 to 5 inches. If the 
response is determined to be relatively insensitive to the reduction 
in length, then subse~uent test series (CDC-111, -113, -116, -117, 
-118, and -201) will be performed usjng the 5-inch long fuel rods. 
The short rods will have an axial flux profile which is very nearly 
flat, thus allowing metal-water reaction extent and nuclear to mechanical 
energy conversion efficiency to be determj.ned more accurately. In add
ition, tests in this series will allow the threshold and conse~uences 
of failure to be defined more precisely as a function of energy deposi
tion. Repetition of several tests previously performed will provide 
a measure of the reproducibility of test results. 

The SPX rods to be used in the irradiated fuels tests (CDC-201) 
will also be of the five-inch length. Several of the tests in this 
series (CDC-106) are being performed at the same energy depositions 
planned for the irradiated tests. Thus, differences in response due 
to fuel burnup can be detected by direct comparison of experimental 
data. Th~ rP.Rults from these tests will thus be useful for planning 
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and comparative purpo.ses within the subassembly program, and will provide 
the AEC and industry with more accurate information on conversion effi
ciency and metal reaction extent. 

5. STATUS: 

Tests in this series were completed in the fourth quarter of FY 1969 
and the results are published in IN-ITR-107 (Reference 8) .. 
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CDC-107 

l. TITLE: Detailed Series - GEX Pellet Fuel Rods 

2. OBJECTIVES: 

The objectives of this test series are: (1) to provide more precise 
definition of the failure threshold, modes and mechanisms of failure, and 
failure consequences of GEX pellet fuel rods as a function of energy depositions 
in the range from 275 to 450 cal/g of uo2 ; and: (2) to obtain a measure of 
the reproducibility of test results by repeating several tests performed 
during the seeping series on this type fuel rod (CDC-104). 

3. . EXPERIMENT: 

a. Test Fuel 

GEX pellet fuel rods (See Table III for details) 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type B capsules 
filled to within ten inches of the top with ambient temperature 
demineralized water.. The top ten inches will contain air at 
atmospheric pressure. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during·each test, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 

· mPA.Rn:r.ements include: 

(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
(c) cladding surface temperature 
(d) capsule pressure 
(e) internal fuel rod pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 
(i) energy deposition 
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4. 

d. 

(3) Post-Test Measurements and Examination 

Tes:t;s 

The extent and nature of the post-test work will depend upon 
whether failure of the test. sample has occurred. The post- · 
test work will include only those of· the. following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission ~rod~ct analysis of water 
(h) fission product an~ysis of air sample 
(i) metallographic investi.ga.t.ion 

--.-
(1) Pellet fuel rod @.275 caJ./g of uo2 
(2) Pellet fuel rod @ 325 cal/g of uo2 
(3) Pellet fuel rod @ 375 cal/g of uo2 

(4) Pellet fuel rod @ 425 cal/g of uo2 
( 5) Pellet fuel rod @ 450 caJ./ g of uo2 

DISCUSSION: 

The intent of this test seri·e.s is to fur.ther define the dependence of 
fue.l red respp:p.se on energy deposition and to· investigate the reproducibility 
of· t.est result,s. As such, the tests represent an extension of the scoping 
series (CDC-l04) on this type ot fuel rnn. F.n.~rmr depooitim'l3 .5Uff.i.d~uL 
to cause. cladding failure are concentrated· on, beginning with a test ±'or 
wb~ch· delayed failure (failure from clad melting) is expected and continuing 
to the. highest energies possi·ble for which prompt fatlurP ( f'A5.l\U'~ fr-om 
.iuL\=rnal pressure) is expected.. Repetition of several tests performed 
previously· will provide insight into the reproducibility of tests 
rcs11lts. 'l~he particular energies chosen for these tests may be modified 
slightly on the bases of the results obtained during the scoping series. 
These data·will be used in the same way as those obtained during CDC-106. 

5. STATUS: 

Tes.tq. iJ!:·.t.bis series will, b.-e,.irrL..ti;;1ted· d\ml:ng the first· quarter.. of 
FY 1970. 

38 



CDC-108 

1. TITLE: Detailed Series - GEX Powder Fuel Rods 

2. OBJECTIVES: 

The objectives of this test series are: (1) to provide more precise 
definition of the failure threshold, modes and mechanisms of failure, and 
failure consP.quences of GEX powder fuel rods as a function of transient 
energy depositions in the range from 275 to 450 cal/g of U02, and (2) to 
obtain a measure of the reproducibility of test results by repeating several 
tests performed earlier during the seeping series on this type fuel l'Od 
( CDC-104). 

3. EXPERIMENT: 

a. Test Fuel 

GEX powder fuel rods (see Table III for details) 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type B 
capsules filled to within ten inches of the top with ambient 
temperature demineralized water. The top ten inches will contain 
air at atmospheric pressure. 

c. Measurements 

To obtain information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre
and post-test measurements and/or inspection; during each test, 
phenomena of importance will be measured as·a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-test Examinat.i.ons 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial 1'uel rod grow·th 
(b) cladding surface temperature 
(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(e) energy deposition 

(3) Post-test Measurements and Examination 

The extent and nature of the post-test work will depend 
upon whether failure of the test sample has occurred. The post-test work 
will include only those of the following which are appropriate: 
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d. Tests 

(1) 

(2) 

(3) 

(4) 
( 5) 

(a) residual particle sizing 
(b) radiographs 
( c) photographs 
(d) axial· length 
(e) diameter 
(f) hydrogen. concentra t1on in air space 
(g) fission product analys·is of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

Powder· fuel rod @ 275 cal/g of uo2 
Powder fuel rod @ 325 cal/g of uo2 
Powder fuel rod @ 375 cal/g of uo2 
Powder fuel rod @ 425· ~~.1 / g of uo2 
Powder fuel rod @ 450 cal/g of U02 

4. DISCUSSION: 

As in the tests on GEX pellet rods (CDC-107) the intent of this test 
serie~ CDC-108, is to further define the dependence of fuel rod response 
on energy deposition and to investigate the reproducibility of test results. 
The tests theref'ore represent an extension of the previously performed 
seeping series on GEX powder fuel rods (CDC-104). No CDC experience on 
the.destructive behavior of powder fuel will exist until the seeping tests 
of CDC-104 are completed; therefore, the specific tests to be performed in 
this ocries.are subject to change pending the results of the seeping series. 
The detailed series will begin at the lowest energy density at which clad 
failure was observed in the seeping series and continue to the highest energy 
ppssible. Data will thus be obtained i.n the tranci tion regiou f!'um de;i.q.yed 
to prompt ffl.i ln.rP , 

Comparison of the results from these tests on powder fuel to those 
obtained previously on pellet fuel in CDC 104 and 107 wlll allow further 
evaluation· of the behavioral differences between powder and pellet type 
fuels under accident conditions. Repetition of several tests performed 
previously-on the powder fuel will also provide additional-insight into 
the reproducibility of test results. 

5'. STATUS·: 

Tests in this series were completed-during the third quarter of FY 1969 
and~the:;oresults are repo;rt.ed:JiilciDO-ITR-lOG'::- (Reference '7) •. 
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CDC-109 

1. TITLE: Waterlogged Series - Stainless Steel and Zr-2 Clad SPX Rods 

2. OBJECTIVES: 

The objective of this test series is to determine the. effect of clad 
material (stainless steel and Zr-2) and clad heat treatment (cold worked 
and annealed) on failure thresholds and consequences of waterlogged SPX 
fuel rods as a function of energy depositions in the range from 200 to 300 
cal/e of uo2• 

3. EXPERIMENT: 

a. Test Fuel 

Five inch long, five percent enriched SPX rods clad with annealed 
and cold-worked Zr-2 and annealed and cold-worked stainless steel. 
(See Table III for details.) Waterlogging will be accomplished 
by filling the internal void space of each rod with water through 
small holes drilled in the end plug regions. The holes will be 
sealed ·prior to testing. 

b. Test Conditions 

Single rods will be positioned in the flux peak in Type B capsules 
filled to within ten inches of the top with ambient temperature 
demineralized water. The top ten inches will contain air at 
atmospheric pressure. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and · 
post-test measurements and/or inspection; uu:r.i.ng each test, 
phenomena of importance will be measured as a function of time 
·(referred to as dynamic measurements). The examinations and 
measurements will· include: 

(1) Pre-Test Examinations· 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) cladding surface temperature 
(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
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(f) power 
(e) energy deposition 

{:3) Post-Test Measurements and Examination 

d~ Test·s 

The extent. and nature of the post test work will depend upon 
whe.ther failure of the test sample has occurred. The post
test work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiograph$. 
(c) photographs-
( d) axial length 
(e) diam!'!ter 
(f) hydrogen concentration :i,n air SIJI'l.r.A 

(g)· fiRRinn product analyoio of water 
(h)· fiooion product w1aly~l~ ot ail:' sample 
(i) metallographic investigation 

(l) Three tests on annealed stainless Rteel clad rode;; 200, 250, 
and 300 cal/g. of uo2 . 

(2) Three tests on cold worked stainless steel clad rods; 200, 250, 
and 300 cal/g of uo2• 

(3). Three tests on annealed Zr-2 clad rods; 200, 250, and 300 cal/g 
of uo2 • 

( 4.): Three tests on cold wor.ked Zr-2 clad rods; 200, 250, and 300 
cal/g of U02. 

4·. DISCUSSION: 

Waterlpg.ged fuel, ie, fuel, rods which contain coolant water from cladding 
faults, is generally not considered to be a hazardous condition for reactors 
operating at steady state power, levels. It is recognized, however, that 
during a reactivity accident, such waterlogged fuel can rupture, sometimes 
violently, and with potentially serious consequences •. 

This=test·series will provide· information on the effects of variations 
in. clad material (stainless steel ana Zr-2) and clad heat treatment (annealed 
and lO%:cold worked) on the failure tlu::esholds and consequences of waterlogged 
U~}2;·. pell~.t:d)lel~. rods. The s .. e· dat·.a~.wilL al]:ow-· bo:th indus-try and:. the AEC. to· 
more. realistically assess the pot·ential. hazard of waterlogged fuel rods 
in power-reactors. 

5. STATUS: 

Tests in this series were completed during the fourth quarter of FY 1969. 
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CDC-llO 

l. 'TITLE: Waterlogged Series - GEP Pellet and Powder Fuel Rods 

2. OBJECTIVES: 

The objective of this test series is to determine the failure threshold 
and consequences for waterlogged GEP pellet and powder fuel rods. 

3. EXPERIMENT: 

a. Test Fuel 

GEP pellet and powder fuel rods (see Table III for details) . 
Waterlogging will be accomplished by filling the internal void 
space of each rod with water through small holes drilled in the 
end plug regions. The holes will be sealed prior to testing. 

b. Test Conditions 

Single rods w1li oe positioned in the flux peak in Type B 
capsules filled to within ten inches of the top with ambient 
temperature demineralized water. The top ten inches will contain 
air at atmospheric pressure. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
·post-test measurements and/or inspection; during each test, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

( 1) Pre-'l'est Examinations 

· (a) · radiographs · 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
(c) cladding surface temperature 
(d) capsule pressure 
(e) internal fuel rod pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 
(i) energy deposition 
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4._ 

(3) Post-Test Measurements and Examination 

d . .. 

The extent and nature of the post-test work will depend upon 
whether failure o.f the test· sample has occurred. The post- . 
test work will include only those of the following which are 
appropriate: 

(a)· residual particle sizing 
(b) radiographs · 
(c) photographs 
(d) axial length 
(e) diameter . 
( f') hydrogen concentration in air space 
(i)· metallographic investigation 

Tests 

(1) Waterlogged Pellet rod (a1 ?50 r:-al/g of 

(2) Waterlogged Pellet rod @ 250 cal/g of 

( 3 ). Waterlo"gged Powder rod: @' 250 cal/g of 

(4) Waterlogged Powder rod @ 250 cal/g of 

uo
2

. 

uo
2

. 

uo2 .. 

uo
2

. 

DISCUSSION: 

The. tests· performed in thfs series will provide data on the failure 
thresholds and consequences of connnercially fabricated fuel rod's of 
the BWR-type containing pellet and powder fuel. Previous experience 
ihdicates that the failure threshold of pellet rods is the order of' 
250 cal/g of uo2, whereas the failure threshold of powder rods is the 
order of 40 cal; g of U02. These data were obta·ined for fuel rods having· 
s.omewhat di•ffe:r:ent cladding characterist:i,cs.~ and mB.y not directly o.pply 
L:o. the GEP i'ods. 

The energy deposition required to fail the rods will be determined 
by observing· the time. at which the pres·sure pulse o.ccurs. and· computing 
the energy in the fuel at this time. Previous experiments have shown 
that the pressure pulse is a· :reliab1e indicator~ of cla.dding failure. 
Peak pressure and calculations of the conversion efficiency of thermal to 
mechanical energy will provide information of value to both AEC and 
industry· in predict:i.ne; possible interaction effects· and potential hard
ware· damage resulting from failure of waterlogged powder· fuel rods· under 
accident conditions.. · 

5. . .'. ST.A:TUS':: 

Tests in this series were comple·tedduring the thi:cu quarter of' FY' 1969· 
and the results reported in IDO-ITR-105 (Reference 6). 
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CDC-111 

1. ·TITLE: Cluster Tests - Cold Worked Zr-2 Clad SPX Rods 

2. OBJECTIVES: 

The objectives of these tests are: (1) to determine the effects of 
increasing the metal-to-water ratio to that representative of core lattice 
configurations on the response of fuel rods subjected to energy depositions suffi
ci:.ent to result in damage and/or failure of ::me or more rods, and (2) to obtain 
scoping information on the extent of interactions between adjacent fuel rods. 

3. EXPERIMENT : 

a. Test Fuel 

Five inch long, three and ten percent enriched SPX fuel rods 
clad with cold-worked Zr-2 (see Table III for details). 

b. Test Conditions 

Three and five rod clusters will be positioned in the flux peak in 
Type B capsules filled to within ten inches of the top with ambient 
temperature demineralized water. The top ten inches will contain 
air at atmospheric pressure. Tests will be performed on the 
following four configurations: 

(l) Active rod surrounded by dummy rods - A ten percent enriched 
rod radially centered in the capsule will be surrounded by 
four dummy fuel rods to reduce the amount of water around 
the central rod. 

(2) Five rod cluster of ten percent enriched rods. - A central rod 
will be radially centered in the capsule surrounded by four 
rods spaced e~uidistantly. 

(3) Three rod cluster of ten percent enriched rods - Three rods 
will be radially positioned on a triangular pitch in the 
center of the capsule. 

(4) Five rod cluster with higher enriched center rod - A ten percent 
enriched rod will be radially centered in the capsule surrounded 
by four, three percent enriched'rods spaced e~uidistantiy. 

Conceptual design of the hardware and materials for these tests 
is in the preliminary stages. 

c. Measurements 

To obtain the information·necessary to satisfy the objectives of 
this test series, each fuel rod will lindergo extensive pre- and 
post-test measurements and/or inspection; during each test, phenomena 
of importance will be measured as a functiun of time (referred 
to as dynamic measurements). The examinations and measurements 
include: 
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(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

' 

(2) Dynamic Measurements 

(a) cladding surface temperature 
(b) capsule pressure 
(c) capsule wall strain 
(d) water column velocity 
(e) power 
(f) energy deposition 

(3") ·Post-Test Measurements and Examination 

d. · 'Te·sts 

The extent and nature of the post-tP.R~ work will depend 
upon whether ;f1;1;ilurP. nf t.h~? test Cllillplc has oc:~.:uL·rell. 

The post-test work will include 9nly those of the follow
ing appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 

· (d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

(1) Five rod cluster, centr~l rod 10% Pnri~h~d, 
surrounded by dununy' rods @ 275, 375, and 4'75 cal/g 
of uo2. 

(2) Five rod cluster of' 10%' SPX rods @ 275, 375, and 475 
cal/g of uo2 . 

(3) Three rod cluster of 10% SPX rods @ 275, 375, and 47'5 
cal/g of uo2 respectively. 

(4) Five rod cluster of SPX rods, central rod 10% enriched, 
surrounding rods 3% enriched, @ 275, 375, and -4'(5 cal/g 
of UO,.,. 

. '-

4. DISCUSSION: 

These cluster tests are intended to provide gross information on the 
response of several fuel rods spaced in a lB.t.t.ice configuration ·revre::;entati ve 
ot' that which exists in power reactors. The configurations will be designed 
to simulate the thermal and hydraulic coupling between adjacent fuel rods. 
To accomplish this coupling; the surface-t0-surface distance between fuel 
rods and the ·total water volume for the assembly will be chosen to match 
as nearly as possible those which exist in integral cores • 
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Reduction in water volume and thermal rod coupling are expected to 
result in higher clad temperatures, lower failure thresholds, and increases 
in the conversion efficiency of thermal to mechanical energy for the cluster 
tests as compared to single rods exposed to the same energy depositions. 
To determine the effect of reduction of water volume, a set of tests in 
this series will be conducted on a cluster of five rods, the four outside 
rods being dummies and the central rod being fueled. 

In order to determine both water volume reduction effects and thermal 
cqupling, two sets of tests are planned: one containing a fiv.e .rod 
cluster, all fueled, and one containing a three rod· cluster, all fueled. 

To explore interaction effects after failure o:t' one rod in a cluster, 
one set of tests will be c·onducted with a five rod cluster contaii1ing a 
central rod of 10% enrichment and peripheral rods of 3% enrichment. For 
a given period, the central rod will experience greater energy release 
than the peripheral rods, and thus tests can be run in which failure 
induced directly by energy deposition is achieved in only the central 
rod. ConseQuently, these tests will provide seeping information on the 
effects a rod failure has on adjacent rods, and may thus help answer 
the QUestion of whether failure cascading is likely in core lattice
configurations. 

The CDC test space size, environment, and ene~gy deposition capability 
pret.:lude the investigation of clusters containing large numbers of fuel rods 
with the many attendant parametric variations which may be of importance. 
Notwithstanding these limitations, results from the tests planned in this 
series are exp·ected to provide valuable guidance in the planning and 
execution of subseQuent cluster tests in both the CDC. and PBF. In addition, 
the results are expected to be of some use to AEC and industry in the 
extrapolation via calculational models, of single rod test data to the 
behavior expected in reactor core lattices. 

5. STATUS: 

Tests in this. series will be initiated during the first quarter of FY 1970. 



CDC-112 

1. TITLE: Cluster Tests - GEX and GEP Pellet Fuel Rods ----
2. 'OBJECTIV~S: 

The objectives of these tests are: (1) to deter_mine the effects of 
-increasing the metal-to-water ratio to that representative of BWR core 
lattice configurations on the response of fuel rods subjected to energy 
depositions sufficient to result in damage and/or failure of one nr more 
rods, and (2) to obtain seeping information ·On the extent of interaction 
·between adjacent fuel rods. 

3. ExPERIMENT: 

a. Te·st Fuel 

Cluotcr of fh•e GEX fuel l:'Ods and cluster of three GEP fuel rod·s 
(see Table III for fuel rod details). 

b. Test Conditions 

Rod clusters will be positioned jn the flux peak in Type B eapsules 
filled to within ten inches of the top with ambient temperature 
demineralized water. The top ten inches will contain air at 
atmospheric pressure. Fuel rods will be radially positioned in 
the capsule to simulate as near as possible the thermal ru1d 
geometrical conditions of BWR core lattice configurations. 
Conceptual design of the hardware and materials for these tests 
is in the preliminary stage. 

c. Meas~ements 

To obtain the information necessary to satisfy the objectives of 
·this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test, 
phenomena of importance will be measured as a fm1etion of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(l) Pre-'l'est Examinations 

(a) radiographs 
(b) photographs 
( c ) axial length 
(d) di ame:ter 

(2) Dynamic Measurements 

(a) cladding surface · t·emperature 
(b) capsule p1'essu:re 
(c) capsule wall strain 
(d) water column velocity 
(e) power 
(f) energy deposition 
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(3) Post-Test Measurements and Examination 

d. Tests 

The extent and nature of the post-test work will depend upon 
whether failure of the test sample has occurred. The post
test work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

(1) Five rod cluster of GEX pellet rods @ 350 cal/g of uo2 • 

(2) Three rod cluster of GEP pellet rods·@ 250 cal/g of U02. 

4. DISCUoSION: 

The GEX and GEP cluster tests are included in the testing program to 
obtain seeping information on the response of several rods spaced in a 
lattice configuration representative of that in boiling water power reactors. 
The purpose, expected results, and limitations of these tests are similar 
to those discussed previously for the SPX clu.ster tests ( CDC-111). 
Comparison of the data from the GE cluster tests with data from single GE 
rod tests (CDC-104, 105, 107, and 108) will be useful in extrapolating 
the single rod test results to reactor core lattice geometries.· Information 
on interaction effects between rods may also be. obtained. 

5. STATUS: 

Tests in this series will begin during the first quarter of FY 1970. 
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CDC-113 

1. TITLE1. Flux Depression Effect·s 

2; OBJECTIVES: 

The· objective of this·test series is to determine the effect r-adial 
flux depression has on the failure threshold, modes and mechanisms of 
failure, and failure consequences of fuel rods. 

3 ~ EXPERIMENT : 

a, Test Fuel 

Fiv.e. inch long, three and ten percent enriched SPX rods 
clad· with cold-worked Zr-2 (see Table III for dP.t.€1.ils·). 

b, Test Conditions 

Single rods will be positioned in the flux peak in Type B c~psules 
fi],J.ed to within ten inches of the tnp with ambient temperature 
demineralized water. The top ten inches will contain air at 
atmospheric pressure. 'l'he capsule water will be poisoned, ei thcr 
with boric acid Gr a cadmium s·leeve during tests on ten percent 
enriched rods, to obtain the same figure-of-merit as for three 
.percent enriched rods. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
thi-s test series, each fuel rod will undergo extensive pre
and_post-test measurements and/or inspection; during each test, 
phe~omena of importance will be measured ·as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Test l!;xam.inations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter· 

(2) Dynamic Measurements 

(a) axial fne.J,,,~r~td.: gF;o:w:th .. 
(b) cladding, SUJlfJic:e:·:t-emp.era:ture .... 
(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(e) energy deposition 
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(3) Post-Test Measurements and Examination 

d. Tests 

The extent and nature of the post-test work will depend upon 
whether failure of the test sample has occurred. The post-test 
work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

(l) Three percent enriched rod @ 250 cal/g of uo2 . 

(2) Ten percent enriched rod @ 250 cal/g of uo2 • 

(3) Three percent enriched rod @ 275 cal/g of uo2 . 

( 4) Ten percent enriched rod @ 2'( 5 cal/ g of uo2 . 

(5) Three percent enr.iched rod @ 350 cal/e; of uo2 • 

(6) Ten percent enriched rod @ 350 cal/g of uo2 . 

4. DISCUSSION: 

A major portion of the fuel performance experiments to be conducted 
in the CDC will use fuel samples having enrichments in the 5 to 10% range, 
whereas boiling and pressurized water power reactors normally use fuel 
enriched the order of 2 to 3%. The higher enrichment is req,uin~d for CDC 
tests in order to attain fuel enthalpies sufficient to cause complete 
melting and partial vaporization of fuel. The primary effect of increased 
enrichment in the test samples is to cause a higher radial flux and power 
depression during transient testing. A greater fraction of the energy in 
the fuel is deposited near the cladding, which could affect the thresholds 
and modes of failure. The tests in this series will provide data on the 
effects of variations in flux depression for rods subjected to the same 
energy d.eposi tion rates and magnitudes. 

The three and ten percent enriched SPX fuel rods have flux depressions 
of about 7 and 24%, respectively. In order to keep the energy deposition 
rate constant for each energy level tested, it will be necessary to increase 
the absorption cross section in the capsule for the ten percent rods. This 
will be done either with a water soluable poison, eg, boric acid, or with 
a solid poison sleeve, eg, cadmium, which lines the inside wall of the capsule. 
The planned tests include a pair slightly below the expected failure threshold, 
a pair slightly above the failure threshold, and a pair at the maximum energy 
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possible. The results will provide· experimental evidence of the significance 
of variations in flux depression, and thus allow further insight into the 
proper interpretation and applicability of the fuel performance data from. 
the overall program. As such, the data will be primarily of use for analys±s: 
purposes within the Subassembly Program. 

5. ·. STATUS: 

This test series will be initiated during the third quarter of FY 1970. 
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CDC-115 

l. TITLE: Length Effect Series- GE Pellet and Powder.Fuel Rods 

2 • OBJECTIVES : 

The objective of the test series is to determine the effects of increa
sing the length of GEP and GEX fuel rod samples fr:om about. 8-inches to 28-
inches on the dynamic response of the rods to transient energy depositions. 

3. EXPERIMENT: 

a. Test Fuel 

28-inch length GEP pellet and powder fuel rods (see Tableiii for 
details) 

b. Test Conditions 

Single rods ·will be positioned in the ·flux peak in Type B capsules 
filled to within ten inches of the. top with ambient temperature 
demineralized water. The top ten inches will contain air at 
atmospheric pressure .• 

c. Measurements 

To obtain the information pecessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspecti9n; during each test, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The ·examinations and 
measurements include: 

(l) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) .Dynamic Measurements 

(a) axial fuel rod growth 
(b) cladding surface temperature 
.(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(e) energy deposition 

(3) Post-Test Measurements and Examination 

The extent and nature of the post-test work will depend upon 
whether failure of the test sample has occurred. 'rhe post-
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d. Tests 

(l) 

(2) 

(3) 
( 4) 

4. DISCUSSION: 

test work will include only those of the .following which 
are appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hyd.r.ogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallogre.phic investigation 

28-inch (;'R'P_p~llat fuel l"Od @ 250 cal/g of 

:28-inch GEP powder fuel rod @ 250 cal/g of 

~8-inch GEX pellet fuel rod @ 400 ce.l/g of 

uo,., 
L 

uo2 
uo2 

28-inch GEX ·;powder fue·l rod @ ·4oo cal/g·of uo;,). 

All GEP and GEX fue·l rod samples except the four in this test series 
a;re about 8-inches in length ( 5-inch active length). The short length 
samples we;re chosen to minimize the axial peak to average flux ratio over 
the active length.of the rods in the CDC test space. A relatively flat 
axial flux means all of the fuel in the test ::;ample is subjected t.o about 
the same energy density, thus, thermal t.o m~Schunice.l energy .t.:onvel:'Sion 
wrd metal-·iW.Ilt.er reaction extent ·can be computed more accurately 
.than for longer samples. It is assumed that the length of the short 
·samples -is -sufficient to .provide fuel perfornance lnformration that is 
representa:ti v·e of' 'that which would be expected for the much longer fuel 
-rods Uqed in -power reactors.. 'l'o evaluate the validity of .this assumpti.on, 
the tests in this series .are being performed on 28-inch long GEP pellet 
.and powder fuel rods. The test results will be directly compared with 
those previously obtained on the shorter fuel samples in series CDC-105. 
Of particular interest will be a comparison of thermal to mechanical 
energy conversion efficiency to provide an indication of the appropriate 
weighting factors which must be applied to reactor cores containing fuel 
rods at various enthalpies duri'ng an accident. The energy depositions 
possible in this series with the current CDC capability may not.be 
sufficient to provide meaningful energy conversion data; however, infor-
,m~tion :re;La;:ted to axial length .effec'\;.s wiB. al~;;o b9 obtained du.:c.ing test·s 
o~i 'OPX .fuel analysis purposes •'liit·h±n !tile subassembly program. 

5. STATUS: 

Tests in this series will be completed during the first quarter of 
FY 1970. 
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CDC-116 

1. TITlE: Hydrodynamic Effects - SPX Rods 

2. OBJECTIVES: 

Tile objective of these tests is to determine the effects of variations 
in the hydrodynamic characteristics within the capsule on the response and 
consequences of fuel rods subjected to transient energy depositions from 200 
to 550 cal/g of U02. 

3. EXPF.RIMENT: 

a. Test Fuel 

Five inch long, three and ten percent enriched SPX rods clad 
with cold-worked Zr-2 (see Table III for details). 

b. Test Conditions 

Single rods will be positioned in the flux peak in capsules 
containing ambient temperature demineralized water at atmospheric 
pressure. The hydrodynamics internal to the capsules will be 
varied in the following four ways: 

(1) Dynamic loading of the water column - A conventional Type B 
capsule with a ten-inch air space in the top will be used. The 
velocity transducer plug which comprises the upper portion of 
the water column is normally of the same density as water. 
In this case,.the plug weight will be increased to simulate the 
inertial head loading associated with BWR's. 

(2) Orfice or rupture disc - A conventional Type B capsule with a 
ten-inch air space in the top will be used. The water surface 
will be isolated from the air space.by either a slow relief 
orfice valve or a rupture disc to approximate the liquid-full 
condition of PWR's. 

(3) High static head with free water surface - A special capsule 
will be developed to provide a static head of up to 20 ft 
over the fuel sample .. The upper ten-inches will contain air 
and. the water surface will be unrestricted. 

(4) High static head with isolated water surface - The same as 
(3) except that the water surface will be isolated with 
either a slow relief orfice valve or a rupture disc. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test, phenomena 
of importance will be measured as a function of time (referred to 
as dynamic measurements). The examinations and measurements include: 
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4. 

(1) Pre-test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) cladding surface temperature 
(c) capsule pressure 
(d) capsule wall strain 
(e) water ·column velocity 
(f) power 
(g) energy 

(3) Post-test Measurements and Examination 

d. Tests 

The extent and nature of the post-test-work will depend upon 
whether failure of the test RFI.m:pl.P hlils ooourrcd. The posL
test work Will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fiGsion product analysis of' air sample 
(i) metallographic investigation 

'I11e following seven tests will be performed for each of the 
·t'our test condition variations: 

(1) Three percent enriched rod@ 200 cal/g of U02 
(2) Three percent enriched rod @ 250 cal/g of uo2 
(3) Three percent enriched rod @ 275 cal/g of uo2 
(4) Ten percent enriched rod @ 275 cal/g of uo2 
(5) Ten percent enriched rod @ 375 cal/g of uo2 
(6) Ten percent enriched rod @ 475 cal/ g of uo·2 
( 7) Ten percent enriched rod@ 550 cal/g of U02 

Discussion 

The tests in this series are designed to provide seeping information 
on the effects of variations in the hydrodynamics of the capsule environment 
on the transient response of fuel rods. Both BWR 's and PWR 's operate with 
a somewhat higher coolant head over the fuel than is normally used in CDC 
tests. In addition, the primary vessel in PWR's is liquid-full, whereas 



tests in CDC are normally conducted with ah expansion space in the capsule 
to minimize the possibility of capsule failure during fuel performance 
testing. The test conditions for thi.s series of experiments will provide 
information relative to both the high-head and liquid-full situations. 
Initially, variations in the hydrodynamics of Type B capsules will be made 
by increasing the inertial load of the water colwnn and by placing a slow 
relief orfice valve or rupture disc at the water surface. Tests under 
these conditions will p~ovide limited information because the time required 
for pressure relief is shorter than for the actual high head case. Later 
tests will be done in a specially-designed capsule which has provision for 
static heads to 20 ft. The results from these tests should display the 
differences in response due to the high head and liquid-full conditions. 
Tests in this series will be useful in planning subsequent experiments 
in CDC, and la.ter in PBF, designed to further investigate the effects of 
environmental conditions on fuel rod response and failure consequences. 

5. STATUS: 

Tests in this series will be initiated during the fourth quarter of FY 1970. 
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CDC-11 T 

1~ TITLE: Pressure Effects - SPX Rods 

2-.'· OBJE.CTIVES: 

The. obj~ctive of this test series is to· determine the effect of 2000 
psi internal' capsule pressure on the response of fuel rods as a function 0f 
transient energy deposition-from 200.to 550 cal/g of uo2 . 

3. EXPERIMEN'l': 

a·;.. Test Fuel 

Five inch long, three and ten percent enrich·ed SPX rods clad 
with cold-worked Zr.:.2 (see Table III for details) . 

'l'e st Uondi tions 

Single rods will be positioned in the flux peak ln capsules filled 
to within .ten inches of the top with ambient temperature demineralized 
water; The top ten·inches will contain air at 2000.psi. 

c. Measurement a 

To obtain information necessary to satisfy the objectives of 
this test series, each fuel rod will·, undergo extenstve pre
and post-test measurements and/or inspection; during each. test, 
phenomena of importance will be measured as a·· function of. time 
(refer-red to as dynamlc measurements). The examinations and 
measurements include.: 

(1) Pre-test Examinations 

(a) rad:i.oe;raphs 
(b) photographs 
(c) axial length 
(d) diameter 

( 2) Dynamic Measuremerrt;.s 

(a) 
(b) 
(c) 
(d) 

. ~~~~ 
(g) 

axial fuel rod growth 
cladding surface temperature 
capsule pressure 
capsule wall ,strain .. 
water coiUtnri':.ve:l0.c:±ty·· 
power 
energy deposition 

(3) Post-test Measurements and Examination 

The extent and nature of the post-test work will depend 
upon whether failure of the test sample has occurred. The 
post-test work will inc·lude only those of the following 
which are appropriate:· 
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4. 

d. 

(a) residual particle sizing 
(b) radiographs 

·(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of-water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

Tests 

(1) Three percent fuel rod @ 200 cal/g of uo2 
(2) Three percent fuel rod @ 250 cal/g of U02 

(3) Three percent fuel rod @ 275 cal/g of uo2 
(4) 

' . 
cal/g Ten percent fuel rod @ 275 of uo2 

( 5) Ten percent fuel rod @ 375 cal/g of uo2 

(6) Ten percent fuel rod @ 475 cal/g of uo2 

(7) Ten percent fuel rod@ 550 cal/g of uo2 

DISCUSSION: 

The intent of this test series is to obtain seeping information on the 
effect of 2000 psi internal capsule pressure on the failure threshold) modes 
and mechanisms of failure) and failure consequences of SPX fuel rods as 
a function of transient energy depositions in the range from 200 to 550 cal/g 
of uo2 . Internally pressurizing the capsule will increase the saturation 
temperature of the water to about 335°C and will externally pre-stress the 
fuel rod cladding·. The higher saturation temperature will delay the onset 
of boiling heat transfer) and will thus affect the temporal behavior of the 
cladding surface temperature and the fuel enthalpy throughout the tests. 
This may affect the magnitude of the energy deposition required to cause 
failure from clad melting) commonly referred to as delayed failure) compared 
to that observed at atmospheric pressure. The external pressure on the 
cladding is also expected to affect the failure point at higher energies) 
referred to as prompt failure) where internal pressure causes cladding 
rupture with the clad below the melting temperature. The consequences 
associated with those failures which disperse hot fuel into the water may 
also be modified as a result of the higher saturation temperature. 

These tests will investigate the effect of environmental pressure 
on the response of fuel samples. The results will provide scoping data 
at pressure high enough to encompass those encountered in operating boiling 
and pressurized water reactors. The data will be useful for analysis 
and planning purposes within the subassembly program, and will provide 
operational information needed prior to performance of series CDC-118. 

5. STATUS: 

Tests in this series will be initiated during the first quarter of 
FY 1971. 
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CDC-118 

~. TITLE:· Pressure and Temperature.Effects- SPX Rods 

2. OBJECTIVES: 

·The.objective of this test serJ.es is to determine the effect of 
eleyated te~peratures and pressures representative of those in operating 
boi~ing and pressurized water reactors on the response of fuel rods as 
a f~ction of transient energy depositions from ::DO to ·550 cal/g of U02· 

3. EXPE_RIMENT: 

a. Test Fuel 

Five inc~ long, three and ten percent enriched SPX rods clad 
witl1 cold-worked zr-2 (see Ta.'ole 111 !"or details). 

b.. Test Conditions 

Single rods will be positioned in .the flux peak in capsules 
filled to within .ten inches of the top with demineralized w:ater .• 

. The top ten inches will contain pressurized a;i.r. !l'wo operating 
conditions will"be investigated; 1000 psi pressure and ~ 540°F 
representative of BWR conditions, and 2000 psi pressure and ~ 620°F 
representative of PWR conditions. 

c. Measurements. 

To obtain the information necessary to satisfy the objectives 
of this test series, .each fuel rod·will undergo extensive pre
and post-test measurements and,/or inspection; during each test, 
~henomena of importance will he measured as a function of time 
(referred to tJ.e> dy:uawlL: wect::;LU·~w~uLo). The t!.X.I:I.llllUI:l.tluns ancl 
measurements will include: 

(l) Pre-test Examinations 

(a) radiographo 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial t'uel roa :growth 
(b) cladding surface temperature 
(c) coolant temperature 
(d) capsule pressure 
(e) capsule wall strain 
(f) water column velocity 
{g) power 
(h) energy deposition 
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4. 

(3) Post-test Measurements and Examination 

d. Tests 

The extent and nature of the post test work will depend upon 
whether failure of the test sample has occurred. The post
test work will include only those of the following which are 
appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

/ 

The following seven tests will be performed first at 1000 psi 
and ~ 540°F; then repeated at 2000 psi and ~ 620°F. (Energy 
depositions listed are with reference to ambient temperature, 
ie, the enthalpy change owing to the initial coolant temperature 
is included). 

(1) Three percent enriched rod @ 200 cal/g of uo2 
. (2) Three percent enriched rod @ 250 cal/g of uo2 

(3) Three percent enriched rod@ 275 cal/g of uo2 
(4) Ten percent enriched rod @ 275 cal/g of uo2 
( 5) Ten percent enriched rod @ 375 cal/g of uo2 . 

(6) Ten :percent enriched rod @ 475 cal/g of uo2 
( 7) Ten percent enriched rod @ 550 cal/g of uo2 

DISCUSSION: 

This series a.f tests will represent the first CDC fuel performance 
experiments conducted with the capsule water at both high temperature 
and high pressure. The coolant conditions will approximate the operational 
temperature-pressure combinations in current boiling and pressurized 
water reactors, ie, ~ 540°F - 1000 psi and ~ 62QOF - 2000 psi, respectively. 
The effect of these conditions on the failure thresholds, modes and mechanisms 
of failure and failure consequences will be seeped as a function of energy 
deposition. SPX fuel rods clad with cold-worked Zr-2 will.be used in the 
experiments primarily because the response of these type rods at ambient 
conditions (series CDC-103 and 106) will have previously been well established. 
Direct comparison of ambient with elevated temperature-pressure test results 
will provide AEC and industry with a gross measure of the differences 
in failure thresholds and consequences brought about by the changes in 
environment. This information will also allow further evaluation of 
calculational models and provide program guidance needed to effectively 
plan and execute subs.equent investigations to better understand 
environmental effects. 

5. STATUS: 

Tests in this series will be initiated during the first quarter of FY 1971. 
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B. Irradiated Fuels Testing 

The reactivity accident is theoretically possible at any time during 
the operating cycle between fuel rech~ges. As a consequence, the levels 
o.f burnup existing in the reactor fuel can vary from zero up to the discharge 
level normally expected for that class of reactor. At the present time, 
water reactors expect to discharge fuel at levels ranging roughly between 
15;000 and 20,000 MWd/tonne. Expectations for near-future plants go higher -
to 30;000 MWd/tonne - and probably will go higher still as the technology 
develops. For these reasons, safety studies which aim to establish what 
happens to fuel rods and the fuel rod environment as the reactivity acci
dent proceeds must include burnup as a parameter since it may affect fuel 
rod responses. Effects of burnup on the cladding include both increase of 
strength and loss of ductility. In the uo2 fuel its.elf, breakup of pellets, 
grain growth, sintering, "re-healing" of cracks, deposition of fissides, 
migration and accumulation of gases :in preferred sites, and :r.el e~:~.RP of 
volatiles - all are experienced during .burnup. 

_Many of ·the effects of burnup in the fuel and cladding are dependent 
upon the operating history of the rod- viz, operating time, temperature 
·0f the clad, corrosion, U02 peak temperature, and others. Since it is not 
economically feasible to undertake a study of the effects of ea.ch variable 
in the burnup history of a fuel rod, a judicious selection must be made 
of the variables to be studied and the levels to be set for those that are 
not ·studied. In the present program, burnup has been selected as ,the 
.primary variable. Other factors, such as ·cladding surface temperature, 
uo2 temperature, heat flux and rod fabrication, are set to levels or 
standards whi.ch closely represent working reactors. Some deviations, 
however, have been found necessary to accommodate needs.of the program 
·and .these ·include rod diameter and uo2 enrichment. 

The·energy which is -released in_a reactivity accident is, of course,· 
als_o unknown and constitutes a second essential variable, making the program 
:tw0 -dimens:ional. Considered as a function of increasing energy release, the 
reactivity accident passes first through a region of "low" but increasing 
c·orrsequence and then into a region of "low" and decreasing probability. At 
the present- .time greatest attention is given to that intermediate energy 
•region which may have significant levels of both probability and consequence. 
This range is perceived by some to be between 200 cal/g and 500 cal/g with 
most·emphasis.between 200 and 350 cal/g- a r~gion well represented in 
this test·program. 

-Measurements such as ·fuel growth., fuel enthalpy and cladding growth, 
-and ins~.pcti0ns of the fueJ. o~ro~d ,a:t;ter the"'test will -establish the thresholds 
·at ·which· reactivity accidertt_s ,first .become ~severe and may po'int out modi
fications to reactor hardware which could ameliorate the consequences 
of such accidents. Measures of the amount of thermal energy converted into 
the form of kinetic energy and associated pressures will be weighted to 
predict the potential impact upon reactor hardware of full-scale reactivity 
accidents. Predictions of vessel strain, vessel rupture, control system 
damage, fuel damage, piping strain and damage may be made with increased 
credibility after acquisition of this data; and, should rupture of the vessel 

.be predicted to occur, information relative to fission product release obtained 
in these tests should prove useful in predicting _off-site hazard levels. 
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The test series currently included in this portion of the program 
are listed below with a detailed summary of each series on the following 
pages. 

Series 

CDC-201 
CDC-202 
CDC-203 
CDC-204 

CDC-205 
CDC-206 
CDC-207 
CDC-208 
CDC-209 

Title 

Variable Burnup Effects, SPX Pellet Rods 
End-of-Core-Life Effects, GEX Pellet Rods 
End-of-Core-Life Effects, GEX Powder Rods 
Thermal and Neutron Sintering Effects, GEX 

Powder Rods 
End-of-Core-Life Effects, GEP. Pellet Rods 
Intermediate Eurnup Effects, GEX.Pellet Rods 
Intermediate Burnup Effects, GEP Powder Rods 
Low Burnup Effects, GEX Pellet Rods 
Low Burnup Effects, GEP Pellet Rods 
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CDC-2_01_ 

1. TITLE: Variable Burnup Effects, SPX Pellet Rods 

2. OBJECTIVES: 

The_objectives of these tests are to determine, (1) the response of fuel 
rods with prior burnup extending from 2000 MWd/tonne to 33,000 MWd/tonne to 
transient energy-depositions extend~ng fr~m 150 cal/g uo2 t~ abo~t 60? cal/g 
U02, (2) base p01nt data for compar1s0n Wlth fuel rods Of d1ffer1ng SlZe,and 
other-characteristics, (3) the extent of metal-water reaction, (4) thermal
to-mechanical energy conversion, and (5) the type and extent of fission product 
releases as. a function of burnup and energy release. 

3·~ EXPERIMENT: 

a..; Te~t Fuel 

TyP,e ~ Five-inch active length, 10% enriched SPX rods clad with 
cold-worked Zr-2. (See Table III for details.) 

These fuel rods will be 
up to 33,000 MWd/tonne. 
facility with operating 
in . proposed BWR p_lant s • 

irradiated in the ETR to various·burnups 
Irradiation wHl take place in a loop _ 

conditions-representative of levels found 

B~nup histories of·the·rods are summarized as follows: 

Burnup -----------------------------------------

ny:t., (thermal)----.---.-----------------------
nvt. (f~st)----------------------------------

Clad Temperature--------------------------------
rower (wa:...:)------------------,,-__________ _ 
Heat Flux-------------.-----,,------------ ----
Coolan~----------------------------------------
Loop Pressure----------------------------------
Decay Time--------------------------------------

b. Test Conditions 

variable up to =.33',000 
MWd/tonne 21 
< 2.3 X 10 

8 < 3.5·x 101 

550°F. 
< 1G kW/.ruuL 
< 106 DLu/lrL·-f~2 

Water 
1000 psi 
< 30 days 

Following irradiation at,the ETR to the preselected burnup level, 
th~.rods will be transported to the TRA Hot Shop where each.rod· 
will be positioned in a Type B capsule filled to within ten inches 
of the top with deminer,ali z.ed. water.. The top. ten inches will 
cgnt~~n air at atmos.p!lerie.r·pJe&s'!;lre~ . Tbe~·cap_sule,·. its contents, 
and instrumentation will' then· be transported to· the· CDC for testing. 
The CDC tests will take place- within 30 days after removal of the. 
fuel rods from the ETR. At the time of the· test, the capsule and 
contents will be at atmospheric pressure and ambient temperature. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
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post-test measurements and/or inspection; during each test 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements. include: 

(l) _Pre-irradiat;i.on Examin.ations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Post-irradiation and Pre-test Examinations 

(a) radiographs 
(b) · photographs 
(~) axial length 
(d) diameter 

(3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) radial growth 
(c) capsule pressure 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(g) energy deposition 

(4) Post-test Measurements and ~aminations 

The extent and nature of the post-test work will depend on whether 
failure of the test sample has occurred. The post-test work will 
include only those of ~he following which are appropriate: 

(a) residual particle sizing· 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diamet.er 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

d. Tests. 

This series will investigate the effects of both burnup and energy 
level with tests at the following conditions: 
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Burn up (MWd/tonne) 

ENERGY RELEASE 
(cal/ g) ::;:· 2000 == 8000 == 15,000 == 28~000 == 33~000 

200 1 1 1 1 1 

275 1 1 1 1" 1 

350 1 1 1 1 1 

425; 1 1. 1 l 1 

500 1. 1 ~ 1 

-4. DISCUSS.ION :· 

'l'he tests in this series will provide experimel").tal data on the performance 
of representative nuclear fuels to transient energy generation as a function 
of fuel burnup. By including burnup among the initial conditions of·thesc 
tests·, results are expected to be of immediate value to the industry in 
accident evaluation. The data from these tests, together with that from 
tests. on similar unirradiated fuel rods, eg, CDC-10.6, will allow an . 
evaluation to be made at several burnup levels of any changes in performance 
that· result from irradiation. Of major importance in the evaluation of this 
data will be determination of any change in the nature of or lowering of 
the thresqolds for !fuel failure and/or an in,crease in the fA.i ln:rP. consequences 
as a function of prior fuel burnup. The amount and type of :fission products 
released to.the yater and air. plenum in ~he capsule will -prove useful i.n 
analysis of the radiological hazards associated w:i..t.h a reactivity accident. 

'l'he data from these tests will also be utilized for comparison with data 
from tests on different rod types and fuel rods irradiated under differing 
conditions, eg, CDC-202 and CDC-203. These comparisons will provide data 
on the effects of irradiation and fuel rod .characteristics on transient 
performance which are riot obtainable from this. series of tests. 

5. STATUS: 

Irradiation• of SPX rods· for:·this:-test~ series+· is· scheduled. to begin in 
the -third quarter of FY 1970. Tests are scheduled in the CDC through the 
first quarter of FY 1972. 
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CDC-202 

i. TITLE: End-of-Core-Life Effects, GEX Pellet Rods 

2. OBJEC'f!VES: 

The objectives of this test series are to determine; (1) the response 
of scaled BWR-type fuel fabricated to coimnerci8.1. standards and 'irradiated to 
20,000 MWd/tonne burnup when subjected to t.ransient energy releases of 150 
to 4.00 cal/g of U02; (2) energy thresholds at which damage to the rod occurs; 
(3) the extent of metal-water reactions; (4) thermal-to~mechanical energy 
conversion; and (5) the type and extent of fission ·product release. 

3. EXPJ:ili IMENT: 

a. Test Fuel 

Type - GEX Pellet (See Table HI for details).· These f'uel rods will 
be irradiated in the ETR to about 20,000 MWd/tonne burnup. 
Irradiation will take place in a loop facility with operating 
conditions representative of the highest levels found in proposed 
BWR plants. 

Burnup history of the rods is summarized as follows: 

Burnup ----------------------------~--------~---
nvt (thermal) __________ _:_:..: _________ :------,..--

nvt (fast) ---------------------~-~---------
Clad Temperature -------------------------------

Power (max) -------------------------------~----. . . ' 
Heat Flux (max)-----..: .. :.;_: _ _: _______ ..:. _____ _:. _______ :_ 

Coolant -----~-------~--~-----------------~~----
Loop Pressure ---':-.------------_:-·..,._· ____ :_ __ ..:._~----

Decay Time ----------------------------.---:-------

b. Test Conditions 

~ 20,000 MWd/tonne 
~ {621 
·~ 2 X 1018 · 

~ 550°F 

~ 15 kW /foot 

"· 640,000 Btu/hr-ft2 

Water 

1000 psig. 

< 30 d.ays 

Following irradiation at the ETR to a burnup level of·~ 20,000 MWd/tonne, 
the rods will be transported to the TRA Hot Shop where each rod 
will be positioned in a Type B capsule filled to within ten inches of 
the top with demineralized water. The top ten inches of the capsule 
will contain air at atmospheric pressure. · The capsule, its contents, 
and attached Instrumentation will then be transported to the CDC for 
testing. The CDC tests will t.ake place within 30 days after removal 
of the fuel rods from the ETR. At the time of the test, the capsule 
and contents will be at atmospheric pressure and at ambient temperature. 

67 
~~ ... 



c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection •. During each test, several 
reactions of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Irradiation Examina·tions 

(a) radiographs 
(b) photographs 
(c) axial length· 
(d) diameter 
(e) weight 

(2) Post-Irradiation and Pre-Test Examinations 

(a) ro.diographs 
-('b) ptiotographs 
(c) axial length 
(d) diameter 

(e) internal pressure 
( 1') i'uel stack length 
(g) weight 

( 3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
( c ) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall st~ain 
(g) water column velocity 
'(f) power 

(4) Post-Test Measurement!i? and Examinations 

The extent and nature of the post-test work will depend on 
·whether failure of the test s~ple .has occUrred. The post-test. 
examination will include tqose of the .. following .which are appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
;( e ) diameter 
i( f) hydrogen concent:r:a'ti:on ·in a.'!i.·r 1space 
(g) fission product analysi.s of water 
·(h) fission product analY,sis of air sample 
(i) metallographic investigation 
(j) fuel stack length 
(k) weight 



d. Tests 

The series is planned as the four tests listed below: 

Test No. 

4. DISCUSSION: 

1 

:2 

3 

4 

Energ.y·Release (Cal/gm of U02) 

200 

2p0 

340 

4oo or 150 

This test series uses fuel rods obtained in a cooperative program with 
General Electric which enables the CDC program to include in the irradiated 
fuel test program fuel samples fabricated to commercial standards. Test 
results will be of immediate value to BWR accident analysis for both 
vendors and the AEC. The fuel group obtained from General Electric 
includes four types of fuel: conventional size (0.562 inch diameter) rods 
with either pellets or powder fuel, and scaled, smaller rods (0.3125 inch 
diameter) with either pellets or powder fuel. The larger rods are tested 
in the CDC-205 series of tests and represent the closest approximation of 
the CDC tests to actual BWR fuel. The scaled rods used in this series of 
tests are identical in fabrication techniques to the large rods but allow 
higher test enthalpies to be achieved. The results of this test series 
together wi tht·those of CDC-203 will allow comparison of pellet fuel with 
powder fuel in the 0.3125 inch .diameter and also allow a comparison to be 
made of the relative response characteristi.cs of large versus small diameter 
rods at one energy level. It is important that this final comparison be 
made sinc:e the CDC must use scaled rods together with relatively high 
enrichments to obtain enthalpy levels of interest above 300 cal/gram. The 
Irradiated Fuel Tests also include 0.250 inch-diameter clad fuel of 
pellet type in tests series CDC-201 and these tests will provide additional 
information regarding the effect of fuel rod diameter as well as accident 
responses. 

5. STATUS: 

Irradiation of fuel· rods for this test series was initiated in May, 1969, 
and is expected to be completed in January, 1970, at which time CDC testing ' 
will commence. 



CDC-203 

1. TITLE: End-or-Core-Life Erfects, GEX Powder Rods 

2. OBJJ!:CTIVES: 

. 'l'he. objectives of these tests are to. determine; (1) the response or 
scaled BWR-type ruels with an alternate ruel type (powder).that have been 
irradiated to 20,000 MWd/tonne and subsequently subjected to transient . 
energy releases of 200 to 4oo.cal/g oruo2; (2) energy thresholdf:; at which 
damage to the rod occurs; (3) the extent or metal-water reactions; (4} 
t~ermal-to-mechanical energy conversion; and (5) the type and extent of 
fission product. release. 

3·. EXPERIMENT: 

a. Test Fuel 

Type· - GEX Powder (See Table :mror details) • These fuel rods will 
be irradiated in.the ETR to about 20.000 MWd/tonne burnup. Irradiation will 
take place in a. loop racility with operating conditions representative or 
t·ne highest levels found in pr.oposed BWR plant·s. 

Burnup history or the rods is suimna:ri zed as rollows: 

Burnup ---------------------------------
nvt, ( thel"I!lal ) ------------------------

nvt · ( rast ) ------------~--------------
Clad Tcmi?,erature ________ ..;. _____________ .,. 

Power. (max), ----------:-----------------

'Heat· Flux (max) ------------------------

Coolant -----------------------------~--
T:oo.op Pres sure --------------------------

Decay Time -----------------------------

b.. Test; Conditions 

~ 20,000 MWd/tonne 

~ 1021 

~ 2 X 1018 

'Y 5511°1'' 

~.15 kW/rt 

~ 64o,ooo Btu/hr-rt2 

Water 

1000 psig 

< 30 days 

Following irradiation at the ETR to a burnup level of 20,000 MWd/tonne, 
the rods will be transported to the TRA Hot Shop where each rod·will 
be positioned in a Type B capsule rilled to within ten inches or 
the top ... with deminers.li.zed w.ater. Tne top ten inches or the capsule· 
w:i"::l. contain air at~ atmosp_fun:i:C~pr.essure:.. The. capsule, its curitents·, 
and attached instrument-atibn· wilr then be transported to. the CDC ror 
testing. The CDC tests will take place within 30 days arter re~oval 
or the ruel rods rrom the ETR. At the time or the test, the capsule 
and contents will be at atmospheric pressure and ambient temperature. 

c. Measurements 

To obtain the inrormation necessary to satisry the object·ives or 
this test series, each ruel r·od will undergo extensive pre- and 
post~test measurements and/or ins~ection; during each test, phenomena 
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of importance will be measured as a function of time (referred to 
as dynamic measurements). The examinations and measurements 
include: 

(1) Pre-irradiation Examinations 

(a) radiographs 
(b) photographs 
( c ) axial length 
(de ) diameter 
( ) weight 

(2) Post-Irradiation and Pre-Test ExB.minations 

(a) radiographs 
(b) photographs 
( c ) axial length 
(d) diameter 

(e) internal pressure. 
(f).fuel stack height 
(g) weight 

( 3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
( c ) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall strain 
(g) water column velocity 
(f) power 

(4) Post-Test Measurements and Examinations 

The extent .. and nature of the post-test work will depend on 
whether failure of the test sample has occurred. The post-test 
examination will include those of the following which are appropriate: 

d. Tests 

{a) residual particle sizing (j) fuel stack height 
(b) radiographs (k) weight 
( c ) photographs . 
(d) axial lengtl:l 
(e) diameter 
(f) hydrogen concentration in a.ir space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 

The series is planned as the three tests listed below: 

Test No. 

1 

2 

3 

Energy Release (Cal/gm of U02) 

71 

. 200 

260 

340 



4. DISCUSSION: 

This test series, CDC-203, uses fuel rods obtained in a cooperative 
program with General Electric which was set up to enable the CDC program 
to include in the irradiated fuel test; program fuel samples fabricated. to 
the same commercial standards as used in power producing plants. In the 
case of the rods used in this series, the powder fuel fabrication procedures 
represent those to be used if powder fuel becomes acceptable for forthcoming 
BWR's. Test series CDC-203 will obtain direct information about possible 
reactions of powdered BWR fuel to conditions expected in reactivity .accidents. 
Should the results of these tests appear favorable, the eventual use of 
powder fuel with its attendant savings .in fabrication costs may be hastened, 
and thus the test results will be o.f value initially to the BWR vendors 
as well as the AEC. The fuel group obtained from General Electric includes 
four types of fuel: conventional size (0.562 inch diameter) rods with 
either pellets or powder fuel and scaled, smaller rods ( 0. 3125 i.n~h rlj n.mcter) 
with· either pellets or" powder fuel. The larger rods .arc tested in the CDC-205 
series of tests and represent. the clt>sest appr<;>ximation of the CDC tests 
to actual BWR fuel. The scaled rods used in this series of tests are 
identical in-fabrication techniques to. the large rods ~ut allow higher 
tes.t enthalpies to be achieved. The results of this test series together 
with those of· CDC-202 will. allow comparison of pellet fuel with powder 
fuel in the 0.3125 inch diameter and also allow a comparison t·o be made 
of· the relative response characteristics of large versus small diameter 
rods at one·energy level. It is important that this final comparison be 
made. since the CDC must use scaled rods together with relatively high 
~nri.chments- t·o obtain enthalpy levels of interest above 300 cal/gram. 
The Irradiated Fuel tests also include 0.250 inch-diameter clad fuel of 
pellet type in test series CDC-20l.and these tests will also provide 
additional information regarding·the effect of' :fuel. rod diameter as 
we.J.l, as ac;c:ident responses. 

5.. STATUS: 

Irradiation of fuel rc:>ds for this test :;;eries. is schedulea to b12gin 
in.the third quarter of FY.l970 and be completed in the second quarter 
o:f· FY. 1971. 

.72 

.. 



CDC-204 

1. TITLE: Thermal and Neutron Sintering Effects, GEX Powder Rods 

2. OBJECTIVES : 

The objective of these tests will be to determine the response of powder 
fuel that has been thermal- and neutron-sintered when subjected to transient 
energy depositions up to about 350 cal/g of uo 2 . 

3. EXPERIMENT: 

a. Test Fuel 

Ty·pe GEX powder (See Table III for details). These fuel rods will be 
irradiated in the ETR to achieve about 2000 MWd/tonne burnup - a 
level sufficient to establish agglomeration of fuel due to irradiation. 
Operating temperature of the fuel will be above 3000°F and is expected 
to achieve thermal sintering. Irradiation will take place in a loop 
facility with operating conditions repr-esentative of the highes-t 
levels found in proposed BWR plants. 

The burnup history of the rods will be as follows: 

Burnup----------------'------------------------------ 'V 2000 MWd/tonne 

nvt (thermal)--------------------------~----~--- 'V 1 x 10
20 

nvt (fast)-----------------~-----~-------------- 'V 2 x 10
17 

Clad Temperature------------------------------------ 'V 550°F 

Power (max)---------'--~---'-------------------------- 'V 15 kW/foot 

Heat_Flux (max)--------'--------------.:.. __ ..:. ___________ 'V 640,000 Btu/hr-ft2 

Coolant·----~-------------------------~-----~--------- Water 

Loop Pressure--~------------------------------------ 1000 psig 

Decay Time------------------------------------------ < 30 days 

b. TeGt Conditions 

Following irradiation ~t the ETR to a burnup level of 'V2000 MWd/tonne, 
the rods will be transported to the TRA Hot Shop where they will be 
positioned in Type B capsules filled to within ten inches of the top 
with ambient temperature, demineralized water. The top ten inches of 
the capsules will contain air at atmospheric pressure. The capsules, 
contents, and attached instrumentation will then be transported to 
the CDC for testing. The CDC tests will take place within 30 days 

· after removal of the fuel rods from the ETR. The tests will be 
initiated from conditions of ambient temperature and atmospheric 
pressure. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, the fuel rods will undergo extensive pre- and 
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post-test measureme~ts and/or inspection. During the tests, 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Irradiation Examinations 

(a) radiographs 
(b) photographs 
( c ) axial length 
(d) diameter 
(e) weight 

_(2) Post-Irradiation and Pre-Test Examinations 

(a) radiographs 
(b) photographs 
( c ) axial length 

· (d) diameter 

(e) internal pressure 
(f) fuel stack height 
(g) weight 

(3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack growth 
(c) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 

(4) Post-Test Measurements and Examinations 

The extent and nat.ure of the post-test work will depend on 
whether failure of the test '·S~ples has occurred. The post-test 
measurements wili include those of the following vhich are appropriate: 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 

residual particle sizing 
radiographs 
photographs 
axial length 
diameter 

(j) fuel stack height 
(k) weight 

hydrogen concentration in air space 
fission product analysis of water 
:fission product analysis of air sample 
metallographic investigation 

The series consists of the th.ree t.ests li.sted below: 

Test No. 

l 

2 

3 

Energy_ Release (cal/ g of yq2l 



4. DISCUSSION: 

A deterrent to the use of powder fuel in power reactors. is the opinion 
that in the event of an accident powder fuel will disperse in the coolant to 
a much greater degree than pelletized fuel. If this is true, it may have 
the ·possible consequence of more rapid and mpre complete heat transfer to 
the coolant leading to pressures·or explosions which are more energetic 
and damaging. Counter to this argument is another which asserts that 
Rhortly after service is begun with powder fuel, ·agglomeration of the fuel 
particles takes place due both to the thermal sintering effect and to 
fissioning itself. Thus,·powder fuel may soon assume·a physical condition 
similar to pelleted fuel. Differences in behavior between pelleted and 
powder fuel during a reactivity accident would thus be minimal. 

The present test,_CDC-204 will determi~e if short-term thermal ·and 
fission sintering obtained under conditions typical of an operating BWR 
produce significantly altered accident behavior as compared to fresh, 
unirradiated powder fuel {Series CDC-104 and 108). Results will also be 
compared with the results of Test Series CDC-203 which fuel has a full 
20,000 MWd/tonne burnup, and should have value in accident analysis for 
both the AEC and BWR vendors should powder fuel be utilized. 

5. STATUS: 

Irradiation of fuel rods for this test series is expected to begin and 
end during the third quarter of FY 1970. 
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CDC-205 

1., TITLE: End-of-Core-Life Effects, GEP Pellet Rods 

2. OBJECTIVES ~ 

The objectivesof these tests are to determine: (1) the effect of high 
burnup on the performance of standard diameter BWR oxide fuel rods, ·containing 
pelletized fuel, when subjected to transient energy depositions of about 275 cal/g 
of uo

2
; (2) the response of the stanAard diameter rods for comparison with the 

response of the scaled rods; (3) m~tal-water reaction; (4) thermal-to-mechanical 
energy conversion; and (5) the relative fission product release between pelletized 
apd pow9.er fuel. 

3. EXPERIMENT : 

a. • Te::; L. Fw~l 

Typ~- GEP-pellet (see Table III for details). 

These fuel rods will be irradiated in the ETR to either about 
10,000 or to ~:~.bout 20,000 MWd:/tonne burnup. Irradiation will 
take place in a loop :racility with operating conditions repreoenta
tive of the highest levels found in proposed BWR plants. 

The qurnup history of the rods is: 

Burnu.p-----------------------------------------.-- "' 10 ,000 o-r -v20, 000 
MWd/tonne 

nvt (thermal)------------,--------------------- "' 5 x 10
20 

to -v10
21 

nvt C:r-ast )------------------------------------ "' 10
18 

to "' 2 x 10
18 

Glad Temperature---------------------~----------- "' 550°F 

Pow:er (max)-------------------------------------- "' 16 kW/foot 

~eat F+ux (max)---------------------------------- "' 400,000 Btu/hr-ft
2 

Coolant------------------------------------------- Water 

Loop Pressure------------------------------------ 1000 psig 

Decay Time--------------------------------------- < 30 days 

b. Test Conditions 

F'Q.)tJ:,owing· irradiati,on_ at_,. "!<he ElTR, the, rods will be trHmrpn-rtP.d to 
t'b.~ TnA Hot ::lhop whexe~ e:a;_<;::llt' ro_d:. w.H:.Y. be~ pos±ti·oned· in a Type. B' 
capsule filled to within ten inches of· the top· with· deminera1i~ed-
water. The top ten inches o~ the capsule will contain air at ~:~.Lmospheric 
pressure. The capsule, its. contents, and a~tached instrumentation will 
then be transported to the CDC for testing. The,CDC tests will take 
place within 30 days after removal of the fuel rods from the ETR. At. 
the time of the test, the capsule and contents will be at atmospheric 
pressure and ambient temperature. 



c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements arid/or inspection; during each test 
.phenomena of importance will be measured as a function of time 
(referred to as dynamic meas.urements). The examinations and 
measurements include: 

(1) Pre-irradiation Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) · diameter 
(e) weight 

(2) Post-Irradiation and Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(e) internal pressure 
(f) fuel stack height 
(g) weight 

(3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel stack g:r·owth 
(c) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 

(4) Post-test Measurements and Examinations 

fi1e extent and nature of the post-test work will depend on 
whether failure of the test sample has occurred. The post-test 
inspections will include those of the following which are 
appropriate: 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
( i) 

residual particle sizing 
radiographs 
photographs 
axial length 
diameter · 

(j) fuel stack height 
(k) weight 

hydrogen concentration in air space 
fission product analysis of water 
fission product analysis. of air sample 
metallographic investigation 
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d. Tests· 

The series is.planned as the two tests· listed below: 

Test No. 

1 

2 

4. DISCUSSION: 

Energy· Release (cal/g of UO~ 

275 

275 

This series of tests, CDC-205,. will provide data on the relative 
performance of standard sized BwR fuel rods fueled wi tli conventicmal 
pelletized fueL The use of the standard sized rods in this series will 
prOVide ex-pePimental :i,n,;f'Q;rma.tion that IDA\lf hP. rnmp:;t.1'"17-t:\ 1oTi th that from oerieo 
CDC-202, to establish the effects of rod diameter. Comparison of 'Ule&a· data. 
with Uwse obtained in series CDC-105 will also. allow experimental verification 
of''irradiatfon effects on fuel performance. The hu.rnup level will ba established 
at eitheP 10,000 MWd/tonne or .20,000 Mwd/tonne depending upon.results.found 
in• test series CDC-202 and -206. 

Results of these tests will be of immediate value to BWR vendors and the 
AEC for ~ccident analyses. 

5. STATUS: 

Irradiation of fuel rods for this test series began in May, 1969, and 
will reach completion of "' 20,000 MWd/tonne in the first q_uarter of FY 1972. 
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CDC-206 

I. TITLE: Intermediate Burnup Effects, GEX-Pellet Rods 

2. OBJECTIVES: 

The objectives of this test series are to determine; (l) the response 
of scaled BWR-type fuel fabricated to commercial standards and irradiated 
to 10,000 MWd/tonne burnup when subjected to transient energy releases of 
200 to 400 cal/g of UO ; (2) energy thresholds at which damage to the 
rod occurs; (3) the ex~ent of metal-water reactions; (4) thermal-to-mechan
ical energy conversion; and (5) the type and extent of fission product 
release. 

3. EXPERIMENT: 

a. Test Fuel 

Type- GEX Pellet (See Table III for details). These fuel rods 
will be irradiated in the ETR to about 10,000 MWd/tonne burnup. 
Irradiation will take place in a loop facility with operating 
conditions representative of the highest levels found in proposed 
BWR plants. 

Burnup history of the rods is summarized as follows: 

Burnup ----------------------------------------- "' 10,000 MWd/tonne 

nvt (ther~al) ------------------------------ "' 5 X 10
20 

nvt (fast) -~--------------------------~---- "'l X 10
18 

Clad Temperature ------------------------------- "' 5500F 

Power (max) ------------------------------------ "' 15 kW/foot 
- 4 2 

Heat Flux (max) -------------------------------- "' 6 0,000 Btu/hr-ft 

Coolant ----------------------------------------- Water 

Loop Pressure ----------------------------~---~- 1000 psig 

Decay Time ------------------------------------- < 30 days 

b. Test Conditions 

Following irradiation at the ETR to a burnup level of "' 10,000 
MWd/tonne the rods will be transported to the TRA Hot Shop where 
each rod will be positioned in a Type B capsule filled to within 
ten inches of the top with demineralized water. The top ten 
inches of the capsule will contain air at atmospheric pressure. 
The capsule, its contents, and attached instrumentation will 
then be transported to the CDC for testing. The CDC tests will 
take place within 30 days after removal of the fuel rods from 
the ETR. .At the time of the test, the capsule and contents will 
be at atmospheric pressure and at ambient temperature. 
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c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this test series, each fuel rod will undergo extensive_pre- and 
post-test measurements and/or inspection. During each test, several 
reactions of importance will he measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Irradiation\ Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 
(e) weight 

(::::!) Post-Ir:ra.d.i~:~.l.iun and Pre-i'est .l!:xaminatior1s 

(a) radiogro.pho 
(b) photographs 
(c) axtal-length 
(d) diameter 

(~) internal pressure 
(~) ~uel stack height 
(g) weight 

(3) Dynamic Measurements 

. (a) axial fuel rod growth 
(b) axial fuel stack growth 
( c ) radial fuel rod growth 
(d) internal fuel rod pressure 
( e·) capsule pressure 
(f) capsule wall strain· 
(g) water column velocity 

. (h) powc;r 

(4) Post-Test Measurements and Examinations· 

The extent and nature o~ the post-test work will depend on 
whether ~a5.lure o~ the test ::;ample has occurred. The post-test 
examination will include those of the ~allowing which are appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) ph01:.ographs 
(d) axial length 
'(e) diarueLer 

( ,j ) fuel stack height 
(k) weight 

(~)·hydrogen concentration in air space 
(g) ~ission product analysis of water 
(h) ~ission product-analysis of air·sample 
(i) metallographic investigation 
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d. Tests 

The series is planned as the four tests listed below: 

4. DISCUSSION: 

Te-st Number 

1 

2 

3 

4 

Energy Release (cal/g of uo2J 

200 

260 

340 

4oo or 150 

This test series uses fuel rods obtained in a cooperative program 
with General Electric which enables the CDC program to include in the 
irradiated fuel test program fuel samples fabricated to commercial 
standards. Test results will be of immediate value to BWR accident 
analysis for both vendors and the AEC. The fuel group obtained from 
General Electric includes four types of fuel: conventional size (0.562 
inch diameter) rods with either pellet or powder fuel, and scaled, 
smaller rods (0.3125 inch diameter) with either pellet or powder fuel. 
The larger rods are test·ed in the CDC-205 and CDC-207 series ·of tests 
and represent the closest approximation of the CDC testo to actual 
BWR fuel. The scaled rods used in this series of tests are identical 
in fabrication techniques to the large rods; but allow higher test 
energies to be achieved. Results from tests in this series on fuel 
burned to 10,000 MWd/tonne will be compared with those of CDC-202 on fuel 
burned to 20,000 MWd/tonne. · 'l'his comparison will be important in 
determining whether the larger rods of the GEP type in series CDC-205 
need be irradiated to 20,000 MWd/tonne, or whether the burnup of the 
GEP rods can be .terminated at 10,000 MWd/tonne for earlier testing. 

5. STATUS: 

Irradiation of two of the four fuel rods for this test series began 
in May, 1969, and will be completed in September, 1969. At this time the 
last two rods will begin irradiation and be completed in the third quarter 
of FY 1970. 
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CDC-207 

1. TITLE: Intermediate Burnup Effects, GEP Powder Rods 

2. OBJECTIVES: 

The objectives of these tests are to determine; (1) the effect of 
high burnup on the performance of standard diameter BWR oxide fuel rods 
containing powder fuel, when subjected to transient energy depositions 
of about 275 cal/g ·of uo

2
; (2) data on the response of the standard 

diameter rods for compar1son with data from scaled rods; (3) metal-water 
reaction; (4) thermal-to-mechanical energy conversion; and (5) the rela
tive fission product release between pelletized and powder fuel. 

3-. EXPERIMENT : 

Type- GEP-powder (see Table.III for details). 

These fuel rods will be irradiated in the ETR to about 10,000 
MWd/tonne bu:rnup. Irrad:i.ation will truce place in a loop 
facility with operating conditions reprP-sentative of the high
est levels found in proposed BWR plants. 

The burnup history of the r~ds is: 

Burnup ------------------------------------------- ~ 10,000 MWd/tonne 

nvt (thermal) -------------------------------- ~ 5 X 10
20 

nvt (fast) ----------------------------------- ~ 1 X 10
18 

Clad Temperature --------------------------------- ~ 550°F 

Pow·er (max) --------------------------------------

Heat Flux (max) ----------------------------------
Coolant ------------------------------------------

Loop Pres sure ----------------------.--------------

"' 16 kW/ft 
2 

~ 400,000 Btu/hr-ft 

Water 

1000 psig 

Decay Time --------..:------------------------------ < 30 days 

b. Test Conditions 

Following irradiation at the ETR to a burnup level of ~ 10,000 
MWd/tonne, the rods will be transportec:J t.o th8 TRA Hot Shop w·here 
each rod will be positioned in a Type B capsule filled to within 
ten inches of the top with demineralized water. The top ten 
inches of the capsule will contain air at atmospheric pressure. 
The capsule, its contents, and attached instrumentation will 
then be transported to the CDC for testing. The CDC tests will 
take place within 30 days after removal of the fuel rods from 
the ETR. At the time of the test, the capsule and contents 
will be at atmospheric pressure and ambient temperature:.·· 
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c. Measurements 

To obtain the information necessary to.satisfy the objectives of 
this test series, each fuel rod will undergo extensive pre- and 
post-test measurements and/or inspection; during each test j 
phenomena of importance will be measured as a function of time . 
(referred to as dynamic measurements). The examinations and / 
measurements include: 

(.1) Pre-irradiation Examinations 

{a) radiographs 
(b) photographs 
(c) axial length 

·{d) diameter 
(e) weight 

(2) Post-Irradiation and Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter. 

(e) internal pressure 
(f) fuel column height 
(g) weight 

(3) Dynamic Measurements 

(a) axial fuel rod growth 
(b) axial fuel column growth 
(c) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall strain 
(g) water column velocity 
(h) power 

(4) Post-test Measurements and Examinations 

The extent and nature of the post-test work will dependron 
whether failure of the test sample has occurred. The post-test 
inspections will include those of the.following which are 
appropriate: 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
( i) 

residual particle sizing 
radiographs 
photographs 
axial length 
diameter 

(j) fuel column height 
(k) weight 

hydrogen concentration in air space 
fission product analysis of water 
fission product analysis of air sample 
metallographic investigation 

83 



d. Tests 

The series is planned as the two tests listed below: 

4. DISCUSSION: 

Test Number 

1 

2 

Energy Release (cal/g of U02l 

275 

275 

This series of tests,, CDC-207, will provide data for compR.:r.ison 
ot· the perf"ormance ot' standFJ.rn 8ize BWR fuel rods fuel~U. with conven-

. tional pelletizecl. fuel and the alternate powder fuel. 'l'he use of 
the stru1dard sized rods in this series will also provide experimental 
informat'ion that may be compared with that from series· CDC-203 to' 
establish the effects of rod diameter. Comparison of these data 
with those obtained in series CDC-105 will also allow experimental 
verification of irradiation effects on fuel.performance. Performance 
of this test series will take place only .if series CDC-205 uses rods 
burned to 10,000 MWd/tonne. 

Results of these tests will be of immediate value to ~WR vendors 
and the AEC for accident analyses. 

5. STATUS: 

·If it is decided to conduct this test series, irradiation of the two 
fuel rods needed will begin in the first quarter of FY.l971 and be completed 
in the first q~arter of FY 187?.. 
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CDC-208 

1. TITLE: Low Burnup Eff~cts, GEX-Pellet Rods 

2.' OBJECTIVES! 

The objectives of this test series are to determine; (1) the response 
of scaled BWR-type fuel fabricated to commercial standards and irradiated 
to about 3000 MWd/tonne burnup when subjected to transient energy releases 
in the range of 150 to 400 cal/g of uo2 , (2) energy thresholds at which 
damage to the rod occurs; (3) the extent of metal-water reactions; (4) 
thermal-to-mechanical energy conversion; and (5) the type and extent 
of fission product release. 

3. EXPERIMENT: 

a. Test Fuel 

Type- GEX Pellet (See Table III for details). These fuel rods 
will be irradiated in the ETR to about 3000 MWd/tonne burnup. 
Irradiation will take place in a loop facility with operating 
conditions representative of the highest levels found in proposed 
BWR plants. 

Burnup history of the rods is summarized as follows: 

Burnup --------------------------~---------------- ~ 3000 MWd/tonne 

nvt (thermal) -------------------------------- ~ 1.5 x 10
1

9 

nvt (fast) ----------------------------------- ~ 3 x 10
17 

Clad Temperature --------------------------------- ~ 550°F 

Power (max) -------------------------------------- ~ 15 kW/ft 

Heat Flux (max) ---------~------------------------ ~ 640,000 Btu/hr-ft
2 

Coolant -----------------------------------------

Loop Pressure ------------------------------------

Water 

1000 psig 

Decay .Time ------~-------------------------------- < 30 days 

b. Test .Conditions 

Following irradiation at the ETR to a burnup level of ~ 3000 
MWd/tonne the rods will be transported to the TRA Hot Shop where 
each rod will be positioned in a Type B capsule filled to within 
t~n inches of the top with demineralized water. The top ten 
inches of the capsule .will contain air at atmospheric pressure. 
The capsule, its contents, and attached instrumentation will 
then be transported to the CDC for testing. At the time of 
the test, the capsule and contents will be at atmospheric 
pressure and at ambient temperature. 
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c·. Measurements 

To obtain the :i.nformation necessary to satisfy .the objectives 
of this test. series, each fuel rod will undergo extensive pre
and post-test measurements and/or inspection. During each test, 
several reactions of importance will be measure.d as a function 
of time (referred to as dynamic measurements). The examinations 
and measurements include: 

(1) Pre-Irradiation Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d.) diameter 
(e) weight 

("2) Post-Irradiation and Pre-Test Examina.t.ions 

(a) rC:L<liographs 
(b) photograph::; 
(c) axial length 
(d) diameter 

( 3) Dynamic Measurements 

(e) internal pressure 
(f) fuel stack height 
(g) weight 

(a) axial fuel ~od growth 
(b) axial fuel stack growth 
(c) radial fuel rod growth. 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall stain 
(g) water column velocity .· 
(n.) power 

(4) Post-Test Measurements and Examinations 

The extent C:Ln<l nature of ·the post-test work will depend 
on whether failure of the tes.t sample has occurred. The post
test examination will include those of the following which are· 
appropriate: 

(a) residual particle sizing 
. (b) radiographs 
(c) photographs 
(d) axial length · 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 
(j) fuel stack height 
(k) weight 

86 



d. Tests 

The series is planned as the four tests listed below: 

Test Number 

4. ,DISCUSSION: 

1 

2 

3 

4 

Energy Release (ca.l/g of uo2 ) 

l)O 

200 

260 

340 

This test series uses fuel rods obtained in a cooperative program 
with General Electric which t:nables the CDC program to include in the 
irradiated fuel test program fuel samples fabricated to commercial 
standards. Test results will be of immediate value to BWR accident 
analysis for both vendors and the AEC. The fuel group obtained from 
General Electric includes four types of fuel: conventional size (0.562 
inch diameter) rods with either pellet or powder fuel, and scaled, 
smaller rods (0.3125 inch diameter) with either pellet or powder fuel~ 
The larger rods are tested in the CDC-205 and CDC-207 series of tests 
and represent the closest·approximatiun of the CDC tests to actual 
BWR fuel. The scaled rods used in this series of tests are identical 
in fabrication techniqut:s to the large rods; but allow higher test 
energies to be achieved. Results from tests in this series on fuel 
burned to 3000 MWd/tonne will be compared with those of CDC-206 on fuel 
burne·d t·o· rv 10,000 MWd/tonne and to CDC-202 with fuel burned to 20,000 
MWd/tonne. These comparisons will be important in determining whether 
the larger rods of the GEP type in series CDC-205 need be irradiated 
to120,000 MWd/tonne, or whether the burnup of the GEP rods can be terminated 
at 10,000 MWd/tonne for earlier testing. 

5. STATUS: 

Irradiation of the four fuel rods for this test series was completed 
in December, 1968. Testing of the fuel rods in the CDC was completed in 
July, 1969. 



CDC-209 

1. TITLE: Low Burnup Effects, GEP Pellet Rods 

2 . OBJECTIVES : 

The objective of these tests is to determine: (1) the effects of low 
burnup on the performance of standard diameter BWR oxide fuel rods, con
taining pelletized fuel, when subjected to Lransient energy depositions 
between 200 and 275 cal/g of uo2 ; (2) the re::;:ponse of the atandard dia
meter rods for comparison with the response of the scaled rods; (3) 
metal-water reaction; and (4) thermal-to-mechanical energy conversion. 

3. EXPERIMENT: 

Type - GEP-pellet (see Table III for details). 

These fuel rods will be irradiated in the ETR to about 1200 
MWd/tonne burnup. Irradiation will take place in a loop 
facility with operating conditions representative of the 
highest levels found in proposed BWR plants. 

The burnup history of the rods is: 

Burnup --------·----------------------------- ~ 1200 MWd/tonne 

nvt (thermal) · --------------------------- "· 6 x 10
1

9 

nvt (fast) ------------------------------ ~ 10
16 

Clad Temperature --------------------------- ~ 550°F 

Power (max) -----:---------------------------- ··v lG k\l/ft 

Heat Flux (max) ---------------------------- ~ 400,000 Btu/hr-ft
2 

Coolant ------------------~----------------- Water 

Loop Pressure ------------------------------ 1000 psig 

DP.cay Time --------------------------------- < 30 days 

b. 'l'est Condition~:> 

Following irradiation at the ETR, the rods will be transported to 
the TRA Hot Shop where each rod will be positioned in a Type B 
capsule filled to within ten inches of the top with demineralized 
water. The top ten inches of the capsule will contain air at atmos
pheric pressure. The capsule, its contents, and attached instru
mentation will then be transported to the CDC for testing.· At the 
time of the test, the capsule and contents will be at atmospheric 
pressure and ambient temperature. 
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c. Measurements 

To obtain the information necessary to satisfy the objectives 
of this test series, each fuel rod will undergo extensive pre
and post-test measurements and/or inspection; during each test 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(l) Pre-Irradiation Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) .diameter 
(e) weight 

(2) Post-Irradiation and Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 

(e) internal pressure 
(f) fuel stack height 
(g) weight 

(3) Dynamic Measurements 

(a) axial fuel rod growth 
(b.} axial fuel stack growth 
(c) radial fuel rod growth 
(d) internal fuel rod pressure 
(e) capsule pressure 
(f) capsule wall· strain 
(g) water· column velocity 
(h) power 

(4) Post-Test Measurements and Examinations 

The extent and nature of the post-test work will depend 
on whether failure of the test sample has occurred. The 
post-test inspections will include those of the following 
which are appropriate:. 

(a) residual particle sizing 
(b) radiographs 
(c). photographs 
(d) axial length 
(e) diameter 

(j) fuel stack height 
(k) weight 

(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 
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d. Tests 

The series is planned as the two tests listed below: 

Test Number 

4. DISCUSSION: 

·1 

2 

Energy Release (cal/g of uo2 ) 

200 

270 

This series of tests, CDC-205, will provide data on the relative 
performance of standard sl zed BWR fuel rods fueled with conventinrtA.l 
pell~:Llzell fuel. Comparison of these data with thnRP nht.li\ined in ccrico 
CDC-10) will also allow'experimental verification of irradiation effects 
on fuel performance." 

Results of these tests will be of immediate value to BWR vendors and 
the AEC for accident analyses. 

5. STATUS: 

Irradiation of the fuel rods for this test series was completed in 
December, i968. Testing of the two fuel ro¢ls in the CDC is scheduled 
during the first quarter of FY 1970. 
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C. PLUTONIUM RECYCLE FUELS TESTING 

·rhe use of plutonium recycled fuel in the form of mixed oxides is 
now feasible in boiling and pressurized water power reactors. Current 
indications are that the mixed oxide fuel will probably he fabricated 
:i.n the form of pellets (similar to uo') fabrication technology) in the 
immediate future. Powder fuel technology_,. which may be significantly 
more economic in the case of mixed oxides, is not considered to be 
sufficiently well developed tn warrant CDC tests at this time. 

When using plutonium in thermal recycle fuels, the potential exists 
for heterogeneities in the fissile content not normally present in 
uranium fuels .. Mixed oxide fuel in which the fissile material (PuO ) 
is physi·cally blended with the fertile material (natural or deplete~ 
uo2 ) will have a certain degree of heterogeneity, depending upon the 
plutonium particle size and the details of the fabrication process. 
When fuel of this type.undergoes a fast transient, the plutonium particles 
will attain relatively high temperatures compared to the average oxide 
temperature. From the reactor safety viewpoint, there is some concern 
that this effect could lower the energy density failure threshold and 
increase the thermal-to-mechanical energy conversion efficiency compared 
with that associated with conventional uo2 fuel. Seeping tests in 
the CDC will be performed to determine if mixed, oxide fuel fabri.catell 
to current technology standards exhibits any significant differen~es in 
response compared with uo2 fuel of similar design. 

Series 

CDC-301 
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CDC-301 

1. TITLE: Scoping Series - Plutonium Recycle Fuels 

2. OBJECTIVES: 

The primary objective of this series is to determine the differences 
in failure thresholds, modes and mechanisms of failure, and failure con
sequences that may exist between mixed oxide fuel samples representative 
of plutonium recycle fuel proposed for use in boiling and pressurized 
water power reactors and the conventional uo2 fuel currently used. A 
secondary objective is to determine the.reactivity effect in the fuel 
brought about by a nondestructive test slightly below the failure thres
hold. 

3. EXPERIMENT: 

a. Test Fuel 

GEXPR fuel rods (see Table III for details). The fuel is comprised 
of a physical blend of Puo2 with natural uo2 in the form of pellets. 
The Puo2 has an average particle size of 40 to 50 microns. The 
cladding and design dimensions are similar to the GEX rods. 

b. Test Conditions 

Single rods will be positioned in-the flux peak in a Type B 
capsule filled t6 within ten inches of the top with ambient 
temperature demineralized water. .The top ten inches will contain 
air at atmospheric pres9~re. 

c. Measurements 

To obtain the inf'ormati'on necessary to satisfy the objectives 
of this test series, each fuel rod will undergo extensive pre
and post-test measurements and/or inspection; during each test 
phenomena of importance will be measured as a function of' time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Test Examinations 

(a) radiographs 
(b) photographs 
(c) axial length 
(d) diameter 
(e) reactivity worth 
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4 .. 

(2) pynamic Measurements 

(a) axial fuel rod growth 
(b) radial growth 
(c) capsule pressure· 
(d) capsule wall strain 
(e) water column velocity 
(f) power 
(g) energy deposition 
(h) internal fuel rod pressure 
(i) fuel clad temperature 

(3) Post-Test Measurements and Examinations 

The extent and nature of the· post-test work will depend on 
_whether failure of the test sample has occurred. The post~ 
test work will include only those of the following which 
are appropriate: 

(a) residual particle.sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen concentration in air space 
(g) fission product analysis of water 
(h) fission product analysis of air sample 
(i) metallographic investigation 
(J) reactivity wort):! 

d. Tests 

(1) Pellet fuel rod @ 250 cal/g of fuel 
(2) Pellet fuel rod @ 200 cal/g of fuP.l 
( 3) Pellet fuel rod @ 275 cal/g of fuel 
(4) Pellet fuel rod @ 325 cal/g of fuel 
( 5) Pellet fuel rod @ 375 cal/g of fuel 
( 6) Pellet fuel rod @ 425 cal/g of fuel 
(7) Pellet fuel rod @ 500 cal/g of fuel 

DISCUSSION: 

A total of seven mixed ox.ide fuel rod samples are availahlP. for testing. 
Except for fuel composition, the samples are identical in design to the 
UU2 GEX pelleL fuelmds used in series CDC-104 Rnd 107, thm;; allowing for 
a direct comparison of experimental data. The information obtained from 
these tests will provide a basis for both industry and AEC to more objec
tively evaluate the expected behavior of mixed oxide fuel under accident 
conditions. The results will also provide pr_ogram guidance with regard 
to the need for further subassembly testing of mixed oxide fuels. 

5. STATUS: 

Tests in this series were ini tiaten. in May, 1969, and will be 
performed periuulcally over a period of several months. 
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D. LMFBR Fuel Testing 

The design of safe, economic and reliable Liquid Metal Fast Breeder 
Reactors requires consideration of fuel behavior under a variety of design 
and off-design conditions. Confidence in present predictions of this behavior 
is limited due to a lack of experimental data. There are no available test 
facilities which provide for fast-flux testing either at design conditions 
or off-design conditions. Studies of effects such as gaseous fission 
product release and damage thresholds in fast fuels can be attempted 
in thermal reactor test facilities but the difference in radial energy 
distribution within a fllf~l pin makes extrapolation of therm<:~.l data 
to the actual fast-flux case difficult. 

There is an area, however, in which a fast neutron flux is not as 
essential to the testing of fast fuel behavior. This is in testing 
the energy exchange from heated fuel to the surrounding sodium coolant_ 
when a fuel rod fails. The amount and form of mechanical energy produced 
in the sodium for a given energy deposition in the fuel must be known, 
if valid analytical models are to be constructed. This can only be 
tested, for the case of a power transient, by expelling heated fuel 
particles into sodium. Electric resistence heating or oven heating of 
fuel and subsequent insertion into sodium present problems of heat leakage 
and time lapse and make particle size and velocity simulation arbitrary 
variables. 

On the other hand, a thermal transient test reactor such as CDC can 
provide such fuel heating a~ a high rate, directly in the sodium environment, 
and in the actual geometry involved. For this reason, the test series list.ed 
below are expected to provide useful insight into this energy exchange and 
allow the fitting of analytical methods to actual experimental data. A 
brief summary of these test series is given in the following pages. 

Series 

CDC-501 
CDC-502 

Title 

Simulated Sodium Capsule Figure-of-Merit Tests 
Fast Reactor Fuel Transient Seeping Tests 
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CDC-501 

1. TITLE: Simulated Sodium Capsule Figure-of-Merit Tests 

2 . OBJECTIVES : 

~he objective of these tests for figure-of-merit is to obtain data 
to which predictive calculational meLhods may be fitte,q. This will then 
provide an analy,tic tool to accurately describe·energy;~eposition for 
the fast reactor fuel test program to follow. 

3. EXPJ:!;H!MEWT: 

· a. Test Assembly 

The assembly for this test will simulate the design of a test 
capsule to be used in transient tests of fast reactor fuel pins 
in a stagnant sodium environment. The schematic design is · 
shown in "Figure 1 as a double-walled container. The main dif-· 
ference between the mock-up and the working capsule to be used 
in transient tests later is in the substitution of aluminum or 
magnesium for sodium in the annulus immediately surrounding 
the fuel pin. This substitution can be corrected for in the 
calculational checks, and will eliminate sodiumt,handling prob
lems uuring this preliminary phas·e. These tests will not 
involve high pressures, but wall thicknesses will be similar 
to the high-pressure design. Pressure relief .for the outer 
annulus will be.provided, and adequate arrangement made to 
duct the effluent safely away . 

. A heating element will be wound on the outside of the inner 
capsule in -the same way as for the actual test capsule.. This 
will allow temperature levels in the sample to be varied and 
controlled. 

The fuel pins will be representatai ve of those to be us~,d 
during the actual testing program. They will, therefore, be 
U02 , Puo

2
-uo2 mixed, and PuC-UC types. 

SCHEMATIC OF 
TEST CAPSULE 

Aluminum 

-water 

ur--tt-tr-- Test 
Sample 
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4. 

b. Test Conditions 

The assembly will be placed in the experiment tube in CDC and 
irradiated at low power for a sufficient time to develop.ade
~uate fission products for analysis in the test sample. Water 
in the experiment tube will be free to convect to remove leakage 
heat during elevated temper~ture runs. 

c. Measurements 

Integrated power in the driver core will be measured with flux 
wires. Integrated power in the test sample will be measured 
by radiochemical analysis of the fuel element after the test. 
If available, neutron energy spectrum detectors will be used 
to measure energy ranges. Temperature history wili be recorded 
for the fuel-cladding-aluminum system and for at least two 
radial locations in the ZrliJC, ThA t.Pmperaturc of the outel' 
capsule ~uE?t be m(')ni t.n-rP.r:l. d1,1.ring the tc~t tu !:l.Sl::lure that no 
boiling occurs in the water during a test. Pressure in the 
outer annulus·must be monitored. 

d. Tests 

A minimum of seven cas~s will be run. The enrichment. of the 
fissionable compound in the fuel will be varied to identify 
variations due to this parameter. As mentioned above, Pu02-uo

2 and PuC-UC fuel will be compared in one case with uo2 fuel. 
And also, for one fuel type,.the sample temperature will be 
varied. This results in the following test series: 

Fuel Percent Sample 
Material Enrichment TemEerature 

uo
2 '5% ambic1'l.t 

uo
2 

10% ambient 

uo
2 10% 300°F 

uo
2 

10% 500°1'" 

uo
2 

10% .. 700°F 

uo
2 25% ambient 

Pu02-uo
2 

10% ambient 

PuC-UC 10% ambient 

DISCUSSION 

Prior to a program of transient tests on fast reactor fuels in a 
sodium environment, prediction of energy deposition must be made. This 
will allow safety analysis on the containment capsule and valid explosive 
proof-testing. Instrumentation planning also re~uires such information. 
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·The-present calculational methods for test samples in CDC are found 
to predict figure-of-merit with good accuracy for an established geometry 
and·fuel type. But it has been found that adjustments in the calcula
tional method are required when fuel type or geometry is varied signifi
cantly. These are empirically established by controlled, steady state 
test's which are calibrat.ed by radiochemical analysis. 

Since the presently planned fast fuel te~;ting incCDC involves not 
only a new design of capsule, but different materials'*'and test tempera
tures, it is necessary to establish an analytical method which can predict 
figures-of -:-merit with confidence. -

.The behavior of expelled·fuel in the event of pin failure can .be 
expected .to vary with the temperature of the surrounding sodium. Since 
fast reactors will operate with Na at elevated temperatures, transient 
fast reactor fuei tests should include a study of this effect. Figure
of-merit .calculations must, therefore, take sample temperatures into 
account. 

5. ·sTATUS: 

Design of a capsule for use in this test series is underway. Tests 
are expected to begin in the fourth quarter of FY 1970. 
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CDC-502 

1. TITLE: Fast Reactor Fuel Transient Seeping Tests 

2. OBJECTIVES: 

The general objective of this fast reactor fuel transient program 
is the study of energy transfer from hot fuel to the surrounding sodium 
coolant in the event of fuel failure during a power excursion. This will 
be done on a seeping basis for this first series to establish the effects, 
indicated in 3c., below, both qualitatively and to some degree quantita
tively. 

3. EXPERIMENT: 

a. 'l'est Assembly and Fuel 

Testing in this series will be of single fuel elements in the 
form of pelletized, ·stainless steel clud :ruds. This series 
will use 25% enriched uo2 fuel of the 1/4" diameter now typical 
for fast fuel design. · . · 

The sample will· be contained in a sodium-filled stainless steel 
capsule which is proof-tested against the maximum pressures 
possible based on energy conversion (from nuclear to me~hanical) 
during ~burst. To maintain the sodium at required temperatures, 
an electrical heating element will be wound around the outside 
of this capsule. As an added precaution against sodium escaping 
and contacting the water in the core, a second capsule will be 
placed around the first. The space between the two capsule . 
walls will contain a moderator (ZrH ) and an inert gas. Pressure 
relief for the outer annulus will b~ provided, and adequate 
arrangement made to duct any efflUent away. A magnet-carrying 
plunger at the sodium surface will be used to measure sodium motion 
as is done at present for water-filled thermal fuel capsules. 

SCHEMATIC OF 
TEST CAPSULE 

Figure 2. 

Sodium 

...___-- ZrHl. 8 

-~.Jater 

~11-ff---- Test 
Sample 
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b. Test Conditions 

The assembly will be placed in the experiment tube in CDC for 
transient testing as is presently done for the water reactor 
fuel experiments. The sodium will be held at elevated tempera
tures by the heater until just before the transient. Therefore, 
the core water surrounding the outer capsule must be free to 
convect to remove the lerutage heat. 

c. Measurements 

To obtain the information necessary to satisfy the objectives of 
this· test series, each fuel rod will undergo extensive pre- and 
po'st-test measurements and/or inspection; during each test .. 
phenomena of importance will be measured as a function of time 
(referred to as dynamic measurements). The examinations and 
measurements include: 

(1) Pre-Test Examinations 

(a) radiographs · 
(b) photographs 
(c) axial length 
(d) diameter 

(2) Dynamic Measurements 

(a) axial fuel rod growth 
(b) fuel motion 
(c) cladding surface temperature 
(d) internal fuel rod pressur·e 
( e·)_ inner capsule pressure 
(f) outer annulus pressure 
('g) soc'ii um <lr'::; 1Jl~:~.~.:emerrb 
(h) sodium temperature 
(i) outer capsule wall temperature 
(j) neutron energy spectrum 
(k) power 
(1) energy deposition 

(3) Post-Test Measurements and Examination 

The extent and nature of the post-test work will depend 
upon whether failure of the test sample has occurred. The 
p.ost·,;.test work will include on:ty,;·· thos.e of the following 
wn'l::C:h: a~e: appropriate: 

(a) residual particle sizing 
(b) radiographs 
(c) photographs 
(d) axial length 
(e) diameter 
(f) hydrogen conr.entration in outer annulus 
(g) fission product analysis of sodium 
(h) fiooion produrt. analysis of gas space 
( i.) metallographic investigation 

99 



d. Tests 

For. the first in this series of tests, 25% enriched uo
2 pelletized fuel samples will be used. A single sample will 

be subjected to a transient producing 150 calories per gram, 
and then visually inspected. The next transients will be 
successively increased in energy deposition in 50 calorie per 
gram increments. This process will continue until damage thres
holds are.identified. The decision to use the same sample again 
at a higher energy deposition will depend on capsule-handling 
turnaround time and sample supply as well as condition of the 
rod. 

Further refinement in energy increment will be done if it 
. appears .·useful to explore the nature. of an effects-threshold 
around the energy depos j t.:i 011 level a.t which i L. wa~ obse:rved ·in 
the first ::;et .• 

Since this series is a seeping test, the opecific direction 
which experiments will take is not predictable. However, a 
typical series of tests is postulated below in order to present 
information for planning and scheduling. 

Test 
Number 

1 

2 
A 

3 

4 

5 

B 6 

7 

8. 

9 
c 

10 

11 

Sample 
Enthalpy. 

150 cal/g 

200 cal/e 

250·cal/g 

300 cal/g 

240 ca:I./g 

260 cal/g 

280 cal/g 

c4o cal/g 

240 cal/g 

260 cal/g 

260 cal/g 

Initial Sample 
Temperature 

Set A in this table will be the original seeping set 
described above. Set B will center around th~ point of fuel 
expulsion, for more definition of threshold. Set C will provide 

100 



insight into the effect of sodium temperature as fuel is ex
pelled into it, and will, j,herefore, be done at the energy 
deposition range where failure occurred for the 300° temperature 
as defined by Set B*. Approximately ten fuel rod samples will 
be required for this series. 

l., • DISr.TJSSION: 

The tests planned in this series are a first step fn a program 
being developed to define the modes and degree of ·energy exchange between 
hot fuel expelled from a ruptured rod, and the surrounding sodium. Pre
sent efforts to predict such behavior analytically are limited by lack 
Qf knowledge based on actual performance. And present out-of-pile 
experiments cannot simulate well the fuel condition as it emerges from 
a break caused by a transient. 

To investigate mechanical results of fuel failure in sodium, it is 
not mandatory that the nuclear energy generated in the fuel be produced 
by a fast flux. It is desirable that the energy be produced by a short
period transient and that flux depression is not excessive. Both of 
these can be accomplished by sodium capsule tests in the CDC test hole, 
using enriched uo2 to begin with. The data thus generated will allow 
analytical models to be produced to predict such behavior in a wider 
range of specif~c entbalpies and designs. Fuel-to-sodium ratio may 
be varied, as well as initial sodium pressure and temperature and other 
variables. Various types of fuel material's will be tested as fast 
reactor fuel design progresses. 

While the Spert CDC reactor is thermal, it is capable of producing 
relatively high energy in a tes·t sample at short Ii'eriods. · It is 
available now, when no similar fast facilities exist, and, therefore, 
can be used to provide early information on some aspects of fast fuel 
behavior. It is expected t·hat simi liar tests, with the added effect 
of steady state initial power,will be performed in PBF when it becomes 
available. 

It is to be noted that all details are not presently developed for 
these tca·bo, More information w:UJ be available as hardware design 
progresses and further· studies to predict test results are made. 

Information expected from these tests will be of value to industry 
and to the regulatory effort as they analyse off-design behavior for 
sa·fety otudies. 

Tests in this series are expected to begin early in FY 1971. 

*tl!e 2~0-~80 cal/gm ran~e for Ret B and the 240-260 for Set C are only 
estimates here.,..-and will be determined. by results from Se'L A . 
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E. OTHER TESTS 

Tests and test series with designation numbers above 900 generally have 
singular purposes unrelated to the specific objectives of other test series, 
but which are necessary in order to properly carry out or interpret the 
results· of other tests series. Additional tests may be added at any time, 
but at this writing the following titles are present: 

Series 

CDC-901 
CDC-902 
CDC-903 
CDC-904 
CDC-90) 
CDC-906 
CDC-907 
CDC-908 
CDC-909 
CDC-910. 
CDC-911 
CDC-912 
CDC-913 
cDc....:914 

Title 

Radiation Sensitivity Tests 
Fuel Temperature Measurement Development 
Neutron Detector Performance Evaluatjnn 
lJiamctricai Fuel Rod r.rnwt.h Det~otor Development 
Incremental Axial Rud Growth Detector Development 
Flux Spectrum Detector Development 
PBF Waterlog Tests 
PBF Fuel Operation Trials 
Energy Calibration Tests 
Upgrade Driver Core Capability 
Urania Equation of State 
Scoping Tests of UO -H 0 Reaction 
Detailed Tests of u62-~20 Reaction 
Cladding Temperature Measurement Development 
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CDC-901 

1. TITLE: Radiation Sensitivity Tests 

2. OBJECTIVES: 

The objective of these tests will be to determine the r~..9.tation sensi
tivity of new transducers which are developed or purchased f~ use in the 
various safety programs. 

3. EXPERIMENTS: 

a. Test Specimen 

The test specimen will vary from time to time. Representative types of 
detectors to be tested will be pressure transducers, strain gages, LVDT's, 
and displacement transducers. 

b. Test Conditions 

The test specimens will ·usually be situated in the experiment tube at the 
axial flux peak. 

c. Measurements 

The measurements required to satisfy the objective of the test series are: 

1. Depending upon the specific needs, period, power, energy and possibly 
other variables will be measured. If detectors are available which will 
provide information on the time-history of the neutron and gamma flux levels. 
at the test specimen, these meas~rements will also be made. 

2. Test specimen output. 

d. Tests 

To be dete~ined according to specific needs. 

4. DISCUSSION: 

Radiation sensitivity tests will be performed as necessary to: (1) evaluate 
the feasibility of using a specific transducer in the CDC, LCD, or PBF test environ
ment, ( 2) det.ermine t;he t.ilJl.e history· of the radiati&>.~ ;!.nduced signal of those 
transducers .be'i·n,g use,d,, -.so t:hat, ·i·f ,necessary, the -~!;J.Si'k~ti:Qn-induced signal can 
b.e .subtract.ed 1'r0m resultant transduc.er output. · · · 

5. STATUS: 

Tests are performed periodically as needed. 
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CDC-902 

1. TITLE: Fuel Temperature Measurement Development 

2. OBJECTIVE: 

The objective of the9e tests is to develop and/or evaluate instrumentation 
techniques to measure the·temperature time-history of uranium-oxide fuels during short 
period, high-energy nuclear excursions. 

3. EXPERIMENT: 

a. Test Specimens 

A tot?,l of eigh;t ::3-inch long sampl~s arA pl Ft.nnPfl t.o h~;> tP.sted, four 
each with 4% powdered fuel and 4.8% pelleted fuel. Thermocouples will be 
embedded in the fuel at the samples geometrical cen~erline. Two samples with 
a grounded hot-tip thermocouple junction will be tested, both on a powdered 
and a pelleted fuel rod. The remainder of the samples will use bare-·wire 
junctions. "Conax" pressure fittings will be seal-welded to the end of the 
samples and the thermocouple leads will exit through these fittings. Other 
specimens may be used as developed. 

b. Test Conditions 

The test samples will be positioned in the type B capsules which are 
filled t,o within a few inches of the top with demineralized water. Normally, 
two test samples will be tested simultaneously. 

c. Measurements 

The measurements required to satisfy the objec;t.ives of the test series are: 

1. Period, power, and energy - these parameters will be measured using 
the standard core instrumentation, and will provide a reference for the amount 
and rate of energy deposition in the fuel rod. 

2. Exterior clad temperature - chromel-alumel thermocouples will be 
attached to the cladding surface of the test samples. 

3. Interior clad temperature - on the pelleted rods, chromel thermocouple 
(forming a chromel-stainless steel thermocouple junction) will be attached 
to the clad interior at the vertical centerline. 

4. Fuel temperature - this data will be provided by the thermocouples 
previously described in section 3-a. 

d. Tests 

One each of the powdered and pelleted fuel rods samples will 
test sample energy calibration by fission product analysis. 
the test series to be performed on each of the remaining six 
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Test Number 

l 
2 
3 
4 
5 
6 

Period 
.(msec) 

4.9 
4.0 
4.9 
3.6 
4.y 
3.1 

Maximum Fuel 
Powder 

1970 
2260 
1970 
2410 
1970 
2620 

Additional tests will be made as the program develops. 

4. DISCUSSION: 

Temperature (OC) 
Pellet 

2260 
2550 
2260 
2730 
2260 
2830 

The results of this test series will be evaluated on: (1) the basis 
of repeatability, ( 2) characteristic shape of the data (viz, the initial 
temperature rise should be proportional to the nuclear energy input), and 
(3) comparison of the data to existing analytical models. The clad interior 
temperature data, in conjunction with the centerline fuel temperature data 
and exterior clad temperature data, will provide end po~nts for the temperature 
distribution across the fuel rod. 

The primary purpose for measuring fuel temperature is to improve our knowledge 
of fuel rod behavior and to assist in development of models currently used 
to determine the fuel temperature f:r-um measurements of nuclear energy and 
surface temperature. The measurement is of sufficient complexity that it 
w·ould not be used for most of the fuel rods tested in the CDC, but rather, 
special tests would be performed on each of the different types of fuel 
rods to evaluate the accuracy of the model being applied to a specific 
fuel rod. 

5. STATUS: 

Development will be limited in the foreseeable future due to low priority 
and limited manpower. 
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CDC-903 

1. TITLE: Neutron Detector Performance Evaluation Test 

2. OBJECTIVE: 

The objective of this test series is to evaluate instrument capability of dynamic 
neutron flux measurements especially in the region of lol6nv to 10l~nv thermal. 
Two of the types of measurements to be evaluated include one which will provide an 
output which is proportional to the average of the neutron flux distribution of 
a 48-inch length, and a second which will provide a "point-sourcP." measurement. 

3. EXPERIMENT: 

a. Test Specimens 

~est specimens utilizing two U.ifferent detection methods will be used, 
specifically semi-rad and prompt self-powered detectors. Similar types 
of detectors wLLl be purt!l!ai:H::!u fl'Ulli d.t lea~t three different mamlf'::'l.r:-t.llrPrs 
to evaluate the effect of construction techni~ues. 

b. Test.Conditions 

Two to three of the experimental chambers will be located in the 
CDC experiment tube at one time and subjected to a series of nuclear 
excursions with the peak fluxes listed in part "d" below. 

c. Measurements 

1. Power -·nuclear power will be measured using the standard core 
instrumentation, and this data will be used as a reference for 
evaluation of experimental detector data. 

2. Experimental detector data. 

d. Tests 

A series of four tests will be performed on each· experimental detector. 
Three of these tests will be at periods selected to ~rovide peak fluxes 
uf approximately 3 x lol4nv, 3 x lol5nv, a.nd 3 x 10l0 nv, respectively. 
This will provide detector linearity data over two decades of neutron 
flux. For the 4th test, the U.etectors will be wrapped in a neutron absorbing 
material and tested to provide information on the neutron-to-gamma sensitivity 
ratio. Six to eight detectors will be tested and normally two detectops 
will be tested simultaneously, resulting in a total of about fifteen tests. 

4. DISCUSSION: 

Re~uired in the Safety Programs are in-core flux measurements in the range from 
1016 to 10l8nv. Currently, little information is available on neutron detectors capable 
of providing usable data in these flux regions. The data from the experimental 
detectors will be compared to data from a conventional ion chamber located exterior 
to the core to determine the linearity characteristics of the test detectors. Evalua
tion of the test results may re~uire further developmental work by the manufacturers 
resulting in testing of a group of modified detectors. In that case, a second 
test series will be re~~ired 6 to 8 months after the completion of this test series. 
The second test series would be similar to this series. 
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5. STATUS: 

Tests to meet the first objective will be completed by the middle 
of FY 1970. Development schedule for a "point-source" measurement is 
indefinite. 
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CDC-904 

1. TITLE: Diametrical Fuel Rod growth Detector Development 

2. OBJECTIVES: 

The objectives of this test series are to evaluate a detector, which 
utilizes the eddy current principle, for measurement of diametrical fuel rod 
.growth during short-period, high-energy nuclear excursions. 

3. EXPERIMENTS: 

a. Test Specimen 

The experimental detector will be used nn t.vQ different test.. ~pec1tnens: 

( 1) !:1. piece oi' stainless steeJ t.11hing, and ( 2) a ::;l!Url: length of type-:If 
t'uel rod. 

b. Test Conditions 

The experimental detector and associated hardware will be. mounted in 
a ty:pe-B capsule. The environmental conditioas will be standard, ie, 
stagnant water at room temperature. 

c. Measurements 

The measurements required to satisfy the objectives of this test series 
are: 

l. Period, power and energy - these will be measured using the standard 
core instrumentation and will provide a reference for the amount and rate of 
energy deposition in the stainlesfi Rt.F'F'l roO. and/or fuel rocl. 

2. Growth detector data. 

3. Surface temperature of the stainless steel tubing - the gamma 
heating induced diametrical growth will be analytically determined 
from the data. 

d. Tests 

This test series is divided into two parts. The first part will be the 
measurement of the gamma heating induceJ growth of a piece of stainless 
steel tubing, this portion of the teot series will consist of a 4.6 
msec period test and a 3.2 msec period test. After comparison of the 

·results from these tests, the detector will be mounted on a type-F fuel 
rod. This portion of the test series will consist of a 4.6, 4.0 
and a 3.2 msec period test. 
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4. DISCUSSION: 

The dia.met·rical fuel rod growth data is needed to provide a time~history 
of stress in the fuel rod cladding up to the time of failure, to evaluate · 
analytical models. The data will provide added insight into the modes or 
mechanisms of fuel rod failure. Strain gages attached to the cladding c.annot 
be ·ust:::d to provide thie: data because nf the large magnitude ( 1000°C or greater) 
transient~mperature of the cladding which will either des~roy the gage: or 
make the data invalid due to the t.ransient thermal effects·· .. on the strain gage. 

5. STATUS: 

Development of this device was completed in FY 1969 and. reported 
in Reference 10. 
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CDC-905 

1. TITLE: Incremental Axial Rod Growth Detector Development 

2. OBJECTIVES: 

Develop and evaluate a detector to measure incremental axial growth of the fuel 
rod cladding during power excursions. 

3. EXPERIMENT: 

a. Test Specimen 

The coils which comprise the exciting and sensing mechanism of a linear 
variable differential transformer (LVDT) will be wound on the.outside wall 
of a type-B capsule. The LVDT's will be located approximately three inches 
apart, over the ·length of the fuel rod. The LVDT cores will be mounted 
on the fuel rod. In addition to the P.Xt.P.rnRl LVDT's, one LVDT will be mounted 
inside the capsule to provide the total longitudinal growth t>lf' the fuel rod. 

b. Test Conditions 

The fuel rod used will be a SPX-SS clad rod. The environmental conditions will 
be standard, ie, stagnant water at room temperature. 

c. Measurements 

The measurements required to satisfy the objectives of this test series are: 

1. Period, power and energy - these will be measured using the standard 
core instrumentation, and will provide a reference for the amount and rate 
of energy deposition in the fuel rod. 

2. LVDT data - the incremental growth data will be totaled and ~hen compared 
to the internal LVDT·da"l;;a which directly meac:ureso the tota.l longitudinal 
fuel rod growth. 

d. Tests 

Three tests will be performed in this test series, corresponding to energy 
densities in the fuel rod of 175, 225, and 275 cal/gm, respectively. 

4. DISCUSSION: 

Measurement of the total longitudinal.growth,both dynamic and after-the-fact, 
has shown that longitudinal or axial growth is an important parameter which can 
effect the modes or mechanisms of fuel rod failure. Measurement of the total 
and incremental longitudinal growth is needed.to evaluate analyt5.cal models 
which are being developed. Because of the large magnitude (1000°C or greater) 
transient temperature variations, this measurement cannot be performed by 
attaching strain gages to the cladding surface. 

·5. STATUS: 

Plans for this series are indefinite. 
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CDC-906 

1. TITLE: Flux Spectrum Detector ~evelopment 

2. OBJECTIVES: 

The objectives bf this·test series are to: (l) eva::J:;}late'detectors 
for measurement of the neutro·n en"ergy spectrum inside a.csodium filled 
capsule, and (2) evaluate detectors for measurement of the neutron ~nergy 

. spectrum in water, which will provide at least two. energy groups, spec
ifically above and below 0.625 Mev. 

3. EXPERIMENTS: 

A.. Test Specimens 

The detectors currently in the developmental stages, consist of 
thermocouples attached to small spheres of material, either fisston
able or poison, which have resonant absorption peaks at various 
neutron energy levels. 

b. Test Conditions 

The experimental detectors will be mounted in a type-B capsule. 
For the first group of detectors described, the capsule will be 
filled with a material that has a similar neutron cross-section 
to sodium. A water-filled capsule will be used to test the second 
group of detectors. 

c. Measurements 

The measurements required to satisfy the objectives .of this test 
series are: 

l. Period, power and energy - these will be measured using the 
standard cor~ ~nstrumentation and will provide·a reference for 
comparison of the detector data. 

2. Flux Spectrum - detector data. 

3. Static flux spectrum data - activation techniques which will 
provide the integral of the flux spectrum are being investigated. 

··This series of tests is planned to consist of six 4-msec period tests, 
three on each group ur d~tectors. 

4. DISCUSSION: 

Testing of LMFBR fuels in the CDC'will require measurement of the neutron 
energy spectrum to determine energy density in the CDC at which the various 
types of f'A.Rt.-fuels can be tested, and to relate the energy spectrum in 
the CDC tests to that in LMFBR's. 
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.The development of such flux spectrum measurement capabilities is impor
tant to the post-test analysis of the fast-fuel testing in the CDC. Since 
fuel cross7 sections are energy-dependent, behavior of fuel samples during 
transient tests will'vary with the experimental flux spectrum. Generally, 
the flux depression at the center of fuel pin is greater at lower neutron 
energies. This produces higher energy deposition densities at the surface 
of the fuel than would exist in a fast reactor~ Definition of the thermal 
fluxes experienced in CDC by the fast fuel samples is therefore necessary 
to allow useful evaluation of test results and their impl:i.cations. f()r. fuel 
behavior in fast reactors. Also, the Large Core program will require 
measurement of the flux specteum since the distribution of the flux spec-
trum is a required input into the analytical models. · 

5. STATUS: 

Development of these devices is expected to begin i~ the serond q1.1arter 
Of ]Vy l9'(U. 
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CDC-907 

1. TITL~: PBF Waterlog Tests 

2 . OBJECTIVES : 

It is .the objective of these tests to establish the threshold for failure .-and. the 
conse~uences of waterlog failure with PBF fuel. · 

3. EXPERIMENTS: 

a. Test Fuel 

PBF "(see 'I'.al;>le I) 

b. Test Cond-itions 

One or more normal PBF fuel rods will be subjected to transients in the CDC 
to effect initial breakup of pellets .. The rods will subsequently be waterlogged 
and tested in the CDC again at various energy releases to establish th~ 
objectives. All te~ts will be conducted in type-B capsules with ambient 
temperature w~ter and atmospheric pressure. 

c. Measurements 

Will consist of pre- and post-test inspections including length and diameter 
measurements, dynamic pressure measurements, possibly water. velocity measMre
ment and clad surface temperature, as well as the power. 

d. 'l'ests 

Actual test energy releases will be determined as the program develops but 
will progress to the limit of 3-msec periods. 

. ' 

4. DISCUSSION: 

It is possible that in the course of PBF operation, one or more rods may become 
defective and take on water. Since it i-s known that· such waterlogging can produce 
severe pressures in the rod and cause cladding rupture, it is necessary to establish 
for these rods the potential thresholds and consequences of this type of accident, 
particularly to learn if such defects can cause damage to other nearby rod$. 
The tests planned in this series are intended to replicate this condition and will 
allow a more knowledgeabfe·analysis of the accident in the PBF .. 

5 . S'l'ATUS : 

Several. test.13 Jn tnis ·s~r.ie:~ :were completed during tJhe ifi·rst two . quarters of 
FY 1969. Further testing is expected duri"ng the first quarter of FY 1970. 
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CDC-908 

l. TITLE: PBF Fuel Operation Trials 

2. OBJECTIVES: 

The objective of these tests is to verify that final design PBF fuel 
(Core #1) will have satisfactory performance over the expected lifetime 
of the fuel and to learn of any unanticipated responses of the fuel to 
long term repeated usage in the transient mode. 

3. EXPERIMENTS: 

a. Fuel 

PBF (see Table I) 

b. Test Conditions 

One or more rods will be positioned in a Type B capsule nearly 
filled with ambient temperature water at atmospheric pressure. 

c. Measurements 

Dynamic measurements will include power, energy release, and 
possibly water displ~cement, clad temperature, and water pressure. 
lnterim inspections· will be made tu determine if visible changes 
are occurring with the test rod(s).· Also, pre-test, interim-test, 
and post-test measurements will be made of all important physical 
dimensions. Radiography probably will be used for non-destructive 
analysis of fuel and insulator behavior. 

. d. Tec:;s 

Test periods and energy releases are not yet established but will 
probably reach the operational limit of the CDC (for most) in 
order to closely approach the PBF Design. Base Transient .. The 
total number of transients will be established as testing proceeds· 

4. DISCUSSION: 

This test .series is part of an overall fuel testing effort required 
to satisfy the stringent demands of the PBF. It is the intent of this 
test series (as well as others preceding) to prove current fuel designs 
as completely as possible prior to actual PBF operation. 

5. STATUS: 

Tests in this series will be performed during the ·first two quarters 
of FY 1970. 
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CDC-909 

1. TITLE: Energy Calibration Tests 

2. OBJECTIVES: 

The objective of these tests is to evaluate and further deyelop fission product 
and calorimetric methods used. to measure the energy deposited:ip test samples during 
CDC power excursions. 

3. EXPERIMENTS: 

-a. ·Test Fuel 

Fuel rod samples of the types used in the various fuel performance tes~s 
will be used. 

·b. Test Conditions· 

One or more fuel rods will be encapsulated in conventional CDC capsules 
.and/or a calorimeter type capsule. The capsules will contain water at the temp
erature for which the calibration is desired. The driver core will be operated 
in a steady-state mode for most calibrations, although ;transient operation 
may be·used in certain cases. 

c. ·Measurements 

During calibration tests, ~~actor power and energy release, capsule 
water temperature, and temperature distribution within the capsule 
will normally be measured. ·Flux wires and/or foils will be activated 
in both the core and capsule. Some experiments will require post-test. 
analysis of test s~ple and hot-spot core fuel for fission product 
concentration. 

d. Tests 

(1,} Low power steady-state tests and long period transients on 
fuel samples encapsulated in operational capsules to activate 
passive flux detectors and to produce fission product concentrations 
of sufficient magnitude to accurately determine the fission density. 

• .( 2) Low power steady-state tests ·on fuel samples encapsulated in a 
calorimeter capsule to determine the fuel s.ample energy release by 

• :m_eas~_n;i:·n-g ·the .. ,:t~mp.e~.a:twe ,rise of the water :,~:j;p !~t}le ~c-~psule. 

(3) ·-steady-state act:ivation ·of flux wires and/or foils in operational 
and calorimeter C'!a.psules to obtain a ~orrelation between the calorimeter 
and-the operational capsule results. 

4. DISCUSSION: 

The proper interpretation and correlation of fuel performance data collected 
in the CDC depends heavily on an accurate knowledge of the energy deposition 
as a function of time in the test samples. The calibration method presently used 
in the CDC is ba~~d on fission product analysis to netermine the fission density in 
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the encapsulated test sample relative to that in the core hot spot. Concurrently; 
flux wires are activated in the core to obtain· a calibration constant relating activa··· 
tion to fission density. Flux wires activated.during transient tests can then 
be used to compute the energy deposited in the test sample. The core energy release, 
as measured by ion chambers, provides the time-history of the energy deposition. 

The te?ts proposed in this series are part of a continuing effort to refine 
the uncertainty in energy deposition data by further refinement of existing 
methods and by evaluation and development of n~w methods. Preliminary investigation 
of calorimetric methods indicate that the use of a calorimeter capsule to determine 
energy release may be feasible. The calorimetric method has the potential-for · 
reducing the uncertainty in energy deposition data to less than 10% and is more 
amenable for calibration of samples in limited supply, such as pre-irradiated or 
mixed oxide fuels, as destructive analysis is not required. 

5. STATUS: 

.Tests in this series are p~rformed periodically throughout- the program. 

n6 



CDC-910 

l. TITLE: Upgrade Driver Core Capability 

2. OBJECTIVES: 

The objeqtive of this test series is to establish the shortest period 
at which the CDC may be repeatedly pulsed without incurring fuel rod d~age 
of such magnitude as to significantly affect subsequ!=!nt operation.;. this 
:will provide a higher energy deposition capability in. 'the test space 
needed t6 a~complish the objectives of the fuel testing program in CDC. 

3. ·EXPERIMENT: 

a. Test .Fuel 

The fuel being tested is primarily that in the driver core. No 
fuel will necessarily be included in the test space; develqpmental 
instrumentation may be.included in the test space for evaluation 
purposes. 

b. Test Conditions 

Core conditions representative of 
fuel sample testing will prevail. 
within ten inches of the top with 
test space. 

c. Measurements 

those norma~y in effect during 
A Type B capsule filled to 

water may be located in the 

Core measurements will include those normally monitored during 
excursion testing, eg, core power, energy release, period, clad 
surface temperature and pressure. In addition, certain fuel rods 
located in high flux regions will be periodically inspected to 
nP.termine the onset and magnitude of damage in the form of clad 
deformation and rod bow-ing. 

d. Tests 

The driver core has previously been shown to perform satisfa<.:Lu.cily 
at reactor periods down to 3.0 msec. Tests in this series will 
be performed at progressively shorter periods in about 0.1 msec 
increments, eg, 2.9, 2.8, 2.7, ••• msec. It is expected that 
some repeat tests and some longer period tests will be included. 
'rhe toit~J. •?U}llb~er of tests cannot lp,e., ~·~:Pir£Vied but will be in the 
range ()~ ).~, t.o 20 qr· more. . ·' · 

4. DISCUSSION: 

The CDC is presently capable of reactor periods down to 3.0 msec. This 
provides sufficient energy deposition capability in the test space to 
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accomplish a major part of the program objectives set forth for low-burnup 
fuels testing.· Additional capability is required to meet the objectives 
of the pre-irradiated and LMFBR test programs in CDC. The goal-of the core 
performa~ce tests is to reach a period of 2.2 msec, which would increase 
the existing energy deposition capability at 3.0 msec by about one-third. 
It is recognized that the total desired gain in performance may not be 
attainable because of the possibility of core damage. Any'added capability 
over that presently available _will, however, be reflected in an increased 
information ·output of the _subsequent fuel testing program. 

·5. STATUS: 

Tests in this series may be initiated by the middle of FY 1970. 
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CDC-911 

1. TITLE: Urania Equation of State 

2. OBJECTIVES : 

The objective of these tests is to establish for urania an empirical 
relationship between the enthalpy, h, and vapor pressure, Pv, in the enthalpy 
region between 270 cal/gram and 600 cal/gram. 

3. EXPERIMENT: 

a. Test Fuel 

'The test fuel will consist of either pellet or p.owder urania with 
the stoichiometric ratio well estabfished and an enrichment of 
about 10%. 

b. Test Conditions 

A known quantity of urania will be placed in a dry capsule 
chamber and positioned in the CDC central flux peak. The chamber 
will be.constructed with rigid walls to contain expected·pressure 
rises and fitted with a fast-acting pressure tr~nsducer. The~e 
and other conditions such as fill-gas, chamber ·size, and initial 
temperature will be more firmly established at a later time as 
analysis of the problem and preparations proceed • 

. c. Measurements 

Prior to testing any particular fuel samples, a similar fuel 
sample will be·exposed in the CDC in a calorimeter designed 
to duplicate neutronic conditions of the actual test chamber. 
From thh: 9xpO~ll:r:'P, A. meA.surement will b~ taken of the energy 
deposited in the fuel. This measure will than be used in 
conjunction with CDC energy measurements to obtain calculations 
of the energy deposited in· actual fuel samples used for the h 
vs Pv determinations. Wall temperature of the chamber will also 
be measured to aid in accounting mathematically for urania 
condensation on the walls; chamber pressure will also be measured 
dynamically. 

d. Tests 

Details of test energy releases will be established as the program 
:dev:elops .• 

4. . 1DISCUSSION: 

A well known problem in the safety analysis of both thermal and fast 
reactors is the absence pf good information on the equation-of-state of 
urania at enthalpies above the melting point. It is not.possible at 
present to reliably predict urania pressures in accidents which deposits in 
the urania more than about 270 calories per gram. In the case of LMFBR's, 
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the problem is particularly severe because of the extremely short neutron 
lifetime. LMFBR accidents can theoretically release heat at a rate which 
is comparable with chemical explosives and, for this reason, the vapor 
pressure of urania takes on a significance of major import in determining 
the theoretical consequences of such accidents • 

.. Controlled laboratory measurements of the h-Pv relationship have not 
as yet been successful due to such problems as th.e management of materials 
at high temperature and difficult energy measurement methods. Even in 
the study planned here, difficult problems exist. However., this study has 
the distinct advantages of simplified materials-temperature methods, 
simplified (albeit coarse) energy measurement, and finally, the closer 
approximation_ of materials, geome_tries, heating rates, and initial · 
conditions whic~ would exist in a reactor_accident. 

Results of these tests are expected to have immediatl::! AEC application 
in the development and safety analysis of LM!i'BR reactors. 

5. STATUS: 

Tests in this series are expected to·begin in the third quarter of 
FY 1970. · 
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CDC-912 

1. TITLE: Seeping Tests of uo
2

-H
2
o Reaction. 

2. OBJECTIVES: 

The objective of these tests is to determine the extent of reaction 
between uo2 and .waLe1· ro:c high-energy testa by the measurement of 
hydrogen evolution. 

3. EXPERIMENT: 

a. Test Fuel 

A stack of unclad, 10% enriched SPX fuel pellets approximately 
five inches high. 

b. Test Conditions 

The fuel stack will be positioned at the flux peak of the CDC 
in a Type-B capsule filled to within ten inches of the top with 
ambient temperature, demineralized water. The top ten inches will 
contain air at atmospheric pressure. Except for the capsule 
itself, there will be no exposed metal near the flliel stack. The 
stack will be containP.d in a cage ofAl203 rods and exposed 
directly to the water (no cladding). A ceramic crucible about 
two-inches in diameter will protect the capsule from direct 
impact of molten urania. 

c . Measurements 

('1) A pre-test measurement of the fuel weight. 

(2) Dynamic capsule pressure and water column velocity. 

(3) Post-test measurements of hydrogen evolution, particle size 
distribution, and fuel residue weight. 

d. Teoto. 

One or more, at periods of ~ 3 msec, which will produce energy 
depositions of approximately 600 cal/g of uo

2
. 

4. DISCUSSION: 

M~ra:s .. unem~en#'s~' o<fll m:et'al-wa:j:ier reaction e~t'~:l:t..; ~l14.n'i~trg fuel performance 
tests.ih the·· eric· are no·rmal:lycba:sed on the quantify. of hydrogen evolved 
by the·claddingoxidation: Production of hydrogen by other processes, 
such as UO?-water reaction,. could introduce a significant error into 
the data if not accounted for. The tests in this series are intended 
to provide seeping data on the uo2-water reaction extent for high 
energy depositions. If the hydrogen evolution is sufficient to significantly 
affect measurements of metal-water reaction extent, or if breakup of the 
fuel is atypical of the breakup of clad fuel, then a more detailed study 
will be undertaken as described in CDC-913. Data from these tests will 
be used primarily for planning and analysts purposes within the subassembly 
program\ 



5. STATUS: 

Tests in this series were completed in the second quarter of FY 1969; 
ana reported in IDO-ITR-108 (Reference 9) . 

. .. 
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CDC-913 

1. TITLE: ·Detailed Tests of uo2-H20 Reaction 

2. OBJECTIVES: 

The objective of this series of tests is to determine the extent 
pf reaction between uo2 and wate:r. as a function of transient.energy 
deposition. 

3. EXPERIMENT: 

a. Test Fuel 

Oxide fuel clad with non-active mater-ial such .as glass or ceramic. 

b. Test Conditions 

The fuel will. be positioned at the flux peak of the CDC' in a 
Type-B capsule filled to within ten inches of the top .with 
ambient tempere,ture, demineralized water. The top ten inches 
will contain air at atmospheric pressure. 

c. Measurements 

(1) A pre-test measurement. of the fuel weight. 

(2) Dynamic capsule pressure and water column velocity. 

(3) Post-test measurements of hydrogen evolution, particle 
size distribution, and fuel residue weight~ oxygen-uranium ratio. 

:d. Tests 

Several at energy depositions in the range from about 350 to 
6oo ·cal/g of uo

2
. 

·4. DISCUSSION: 

The nature and extent of the tests in this series will depend on the 
results of CDC-912. Assuming significant uo

2
-water reaction is observed 

in CDC-912, this series will be carried out with the intent of obtaining 
.sufficient data as a function of energy deposition to provide a correction 
to metal-water reaction data obtained during fuel performance tests on 
oxide fuel rods. The data will be used primarily for analysis purposes 
.wi:tPi;irn ~tP,-e <s.~b~s:::>~:Q.'l};y .J~r.og~ • 

•' . -.. 

·5. . STA'TUS: 

Tests in this series were completed in the fourth quarter of FY 1969 
and reported in IDO-ITR-108 (Reference 9). 
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CDC-914 

1. TITLE: Cladding Temperature Measurement Development. 

2. OBJECTIVE: 

The objective of these tests is to develop and/or evaluate instrumenta~ 
tion techniques to measure the surface temperature time-history of Zir
caloy cladding during transient fuel performance tests. 

3. EXPERIMENT: 

a. Test Specimens 

Various types of thermocouple ,junctions attached to the surface 
of Zircaloy clad SPX fUP-1 rods. 

b. Test Conditions 

S!imples will be positioned in the flux peak in Type-B capsules 
filled to within ten inches of the top with ambient temperature, 
demineralized water. Th~ top ten inches will contain air at 
atmospheric pressure. 

c. Measurements 

Of primary interest will be the output of the thermocouples. 

d.~. 

Several Tests with energy deposition in the 150 to 250 cal/g of 
uo2 range are planned. 

The in-pile tests in this series will be performed following extensive 
out-or-pile development. Two primary problems exist; (1) the tendency 
of most conventional thermocouple materials to form a eutectic when welded 
to Zi;rcaloy which melts at a lower temperature than Zircaloy, and (2) no 
reliable method exists for attaching the thermocouples to.the cladding which 
will. provide a good bond between the materials and not ~xcessively damage 

.the Zircaloy. 

5. STATUS: , 

Tests in this series were completed in the third quarter of FY 1969. 
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F. SCHEDULE 

A schedule for performance of tests in the CDC is presented in 
this section. Because of delays, revisions, and additions to the test 
program ,during FY 1969, some of the tests originally scheduled during_ 
the FY 69-70 period are now planned for FY 1971, as shown on the schedule. 
It should be pointed out, however, that the major part of the FY 1971 
program is in the planning stage and is not identified in this document. 

·rt is not always possible to schedule CDC tests in the order of their 
importance because in ruauy cases the schedule is controlled by logistics 
problems, viz, obtaining ·such things as materials, fue],s, or even prior 
data. As shown, the schedule represents our current best effort to do 
the most important jobs first; but changes, consisting of advances for 
certain tests, delays for others, elimination of others, and the addition 
of new tests are e?CPected to continually modify the planned program. 
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APPENDIX A 

Description of the CDC 

Facility Description 

The CDC is located in the Spert IV facility which is approximately 
~ mile from the Control Center building and approximately 3/4 mile from 
the nearest other reactor facility (Spert III). Nuclear operation of the 
CDC is carried out by remote control from the control console located in the 
Control Center building. 

The reactor building, shown in Figures A-1 and A-2, houses the reactor 
tank, storage tank, the necessary auxiliary equipment and machinery, mechanical 
setup and working areas, and\personnel convenience areas. It consists of a 
reactor bay flanked by low wings on either side above grade and a basement level 
below gra0.e. The core ls located within the open._ top, rwL·l.l1 t;C:f.nk which i:J 20 feet 
in diameter and 25 feet deep. The south tank is ·used for fuel and irradiated 
test material storage. The two tanks are connected at the top by a 6- by 
6-foot removable gate shown in Figure A-3. 

The reactor control drives are located on a control bridge which spans the 
width of the tank and which is movable, on rails, for the full length of 
both tanks. 

Core Description 

Figure A-4 is a cutaway view of the CDC, and Figure A-5 is a plan view of 
the core. A photograph of a top view of the CDC is shown in Figure A-6. The 
core is divided by 12 aluminum rod-guide crosses which house the 8 cruciform
shaped control rod blades and the four cruciform-shaped transient rod blades. 
A cylindrical, stainless steel expe_riment tube in which test samples will be 
plar.f!d for kinetic testing lies along the vertical center line of the core. 

The fuel rods arc oix feet long with weld?.d-seam, stainless steel tube 
clad. They contain low-enrichment U02 powder, swage-compressed to an effective 
density of approximately 85 percent of Lhe theoretical density of U02. The rods 
contain nominally 1600 grams of U02 (three percent enriched) and .are.clad with 
a nominal 28 mils of Type 304 stainless steel. Reactor control is accomplished 
by the use of four control rod units, each consisting of two cruciform-shaped, 
neutron-absorbing blades connected by a yoke assembly and shaft to the armature 
of a coupling magnet. The four transient rods, which arc ganged and used for 
step insertions of reactivity, are similar to the control rods except that 
their poison sections are normally below the active core region. The poison 
sections of the control and transient rods are 12 weight percent natural 
boron as boron carbide in an aluminum matrix and have follower sections which 
are constructed of aluminum. 

The experiment tube, which extends the length of the core, consists of a 
six-foot-long, Type 304 stainless steel cylinder with inner and outer diameters 
of 3.438 and 4.500 inches, respectively. The tube, which has a welded end-plate 
on the bottom with a two-inch hole to allow for possible flow service to cool 
the capsule, is_attached to the lower grid support. 

A summary of CDC characteristics is found in Table A-1. 
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Figure A-1. The CDC (Spert IV) Reactor Building - Exterior, Cutaway View . 
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Figure A- 6. Top Viev of the CDC =mts.lle:. in Spert IV Tank . 



TABLE A-1 

CHARACTERISTICS OF THE CDC REAC'l'OR 

Reactor Type 

Reactor Vessel 

Inside diameter 
Depth 
Wall thickness 
Material 
·Design pressure 

·above gate 

below gate 

Design temperature 

Primary Coolant 

Type 
Pressure 
VolUm.etric flow 
Temperature 

Fuel 

Type 
Rod OD 

· Clad thickness 
Clad mi\t. P:ri R 1 

Fuel enrichment, U-235 
.Fuel density 
Length of fuel section 

Control Rods 

Number 
Type 
Width 
Thickness 
Poi:s_0:ra 

Poison len,gth 
Rod drive 

Rods per drive 
Follower 

open pool 

20 ft 
25 ft 
0.31 in. 
Type 304 stainless steel 

hydrostatic he.ad 
charge 

hydrostat·ic head 
charge 

l30°F 

light water 
atmospheric 
convection 
ambient ("" 70°F) 

plus lO-psi sur-

plus 50-psi sur-

compressed uo2 powder in rod form 
0.500 in. 
0.028 in. 
cold-worked, Type 304 

steel 
3 weight percent 
9.28 g/cm3 
67 :!: 1 in. 

8 
cruciform blade's 
4 .. 75 in. 
0.245 in. 

stainless 

12 wei,g.,l;l.:t .. J>~D:.ent as a sintered 
.di spe:r's~t.!\>:o-,,G_f, B4 C in aluminum 

61 in. 
electric withdraw or insert; com

pressed air · accelerated, grav
ity scram 

2 
aluminum 
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TABLE A-:i 

CHARACTERISTICS OF THE CDC REACTOR (Contd.) 

!I'ransient Rods 

Number 
Type 
Width 
Thickness 
Poison 

Poison length 
Rod drive 

Rutl::; per drive 
Follower 

Core 

Moderator/coolant 
Reflector 
Lattice spacing 
Nonmoderator-to-moderator 

ratio 
Core diameter (overall) 
Active core height 
Ope:r.at.ional core loading 

number'of fuel rods 
kg of uo2 
flux ratio (peak/avg) 

Heat transfer acti~e surface ·area 
Reduced prompt neutron lifet.ime 
Reactivity coefficients 

control rod worth 
excess reactivity 
shutdown margin 
i$othermal temperature coeffi

cient (at 20°C) 
uniform void coefficient of' core. 
transient rod worth 

Expe1·..i.ruent Tube· 

Tube material 
Length 
OD 
ID 
Wall thickness 

Flux 

nv/watt (average over core) 

4 
cruciform blades 
2.125 in. by 3.375 in. 
0.245 in. 
12 weight. percent boron as a sin

t:red dispersion of B4 C in a.).U...:. 
m1.num· 

28 in. 
compress.ed air positioning and 

fast· e,iection 
4 
aluminum 

light water 
light water 
0.663 in .. square· pitch 

0.807 
28 in. 
67 .::!:: 1 in. 

1660 3 
2.66 X 10 
3.6 

1221 rt 2 

4.18 msec 

12.2$ 
2.9$ 
9.3$ 

- 0.57¢/°C 
- l. 7 x lo-3¢/cc 
> 3$ 

Type 304 stainless steel 
6 ft 
4.500 in. 
3.438 in. 
0.531 in. 
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TABLE A--1 

CHARACTERISTICS OF THE CDC REACTOR (Contd.) 

nv/watt (peak nv in test space -- with no fuel 
and no capsule present per watt of reactor power) 
nvt (peak in test space as above and ±'or 3-msec 
transient) 

Although the CDC has an active core length 
of six feet, control rod poisoning has reduced 
the useful length of the core to about 40 inches. 
This is shown in the vertical flux profile 
(cobalt) of Figure A-7 taken at ~ fuel rod 
position (3-3) adjacent to the experiment tube. 
The depression in flux at a vertical position 

Core Position N3, E3 
-- Spert 1 Data . 
--Spert m: Data 

of 18 inches is due to the presence of an 
aluminum support grid. This "intermediate" 
grid serve·s to prevent fuel rod movement which 
arises due to skewed temperature distributions 
in the fuel and cladding. 

Figure A-8 shows the radial flux profile 
(cobalt) taken at a vertical height near the 
intermediate grid and with no capsule present 
in the experiment tube. The effect of the 
experiment tube as a flux suppressor is clearly 
evident. 

More important to capsule experiments 

c 

en g 30 
a: 
....J 
w 
::J ... 
... 
0 

:IE 
~ 20 
1--
0 
ID 

w 
~ 
ID 
4 

w 
~ 10 
4 
l--
en 
0 

Intermediate Grid 

0.~ 

RELATIVE FLUX n•-•-ona 

is the flux profile in the test space itself. 
FigUI·e A-9 shows the vertical flux (cobalt) 
profile along the center line of the experiment 
space. Within a typical capsule, but with no 
fuel present, there is no obvious depression in 
this profile arising from the intermediate grid. 

FIG. A-7 Vertical Flux Profile at 
Position N3, E3 - adjacent 

' to the Experiment Tube . 

Irradiation Performance of the CDC 

Typical burst shapes of the CDC are shown in Figure A-10 for several 
initial asymptotic per·iods. The upper decade of each of thcGe power bursts j,s 

quite symmetric around the peak; but as the power falls ~fter peak into the 
regiua ur about, 100· MW, the·' cbc. typica.ll y begins a long:;· .re:La:ti vely flat power 
runout. Conventional operation calls for scram shortly after the main power 
burst in order to elimin~.t.A the power ·tail. 

Figures A-ll and A-12 show the experimental relationships of peak power 
and of the energy release in the CDC to the reciprocal of the asymptotic 
period. In Figure A-12, the "total energy release" is defined arbitrarily 
as the energy release up to a time of 0.5 second after peak power. 
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Performance of the CDC as an irradiation facility is related to the number 
of neutrons supplied to the test space during a power burst. The major 
limitations here lie almost entirely upon the heat capacity of the core 
material and the maximum enthalpy to which the core may be raised without damage. 

From experience with the CDC, it has been shown that a hot-spot enthalpy 
of. at least 100 cal/g in the CDC oxide material should be possible. Higher 
entl!alpies may be pocsible, but Rr.or.ching, and thermal expansion problems are 
expected to arise above 120 cal/g. Presently, the CDC is limited to a peak 
enthalpy of 75 cal/g until a portion of the expe:r.tmental program is completed. 

As a measure of the performance of the CDC , a figure-of -me.ri t , Fm, has 
been defined which is simply the ratio of the hot-spot energy releases in the 
test fuel to the core fuel.* Thus, if a sample fuel rod achieves a maximum 
energy r.e;Le:as.e of' 200: c:a;J:/g. of U02 while the core hot-·s-:pot achieves only 100 
cal/ g of uo2'•-· the. figure-of-merit· is 2. 

Representative of the CDC performance is the figure-of-merit possible 
when a standard CDC fuel rod (stainless steel clad, 0.5-inch-OD, 3 percent 
enriched U02) is placed in a capsule, see Figure A-13, in the experiment tube. 
For this configuration, the presently measured figure-of-merit is about 1.9. 
If the same fuel rod were 4 percent enriched, the figure-of-merit would be 2.7. 

* The "hot-spot" as used here is defined as the radial average energy release 
at the axial (vertical) flux peak of the fuel rod in question. 
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Figure A-13. Typical Capsule Designed for Fueled Irradiation Experiments in 
the CDC. The Body of the Capsule is 37 inch-OD by 0.065-inch 
Wall Thickness, Type 304 St~inless Steel. --
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Higher figures-of-merit are possible with smaller diameter fuels and 
with higher enrichments. Lower figures-of-merit arise when clusters of 
fuel rods are placed in the capsules. 

Table A-2 illustrates figures-of-merit possible with various fuel 
samples. From the numbers shown, it is apparent that the CDC should be 
able to produce vaporization of uq2 in the hlghly enriched samples. 

· TABLE A-2 

FIGURES-OF-MERIT FOR CLUSTERS OF FUEL RODS WHICH ARE 0.25 

IN. OD, 0.014 IN. STAINLESS CLAD, 95 PERCENT THEORETICAL DENSITY 

AND WITH ENRICHMENT AND CLUSTER SIZE AS SPECIFIED 

Clu"ster (No. of Rods) Enrichment (percent) F m 

l 3 3.7 

l 5 4.8 

l 10 7.8' 

3 3 'V 2.9 

3 5. 'V 3.9 

3 10 'V 5.9 



APPENDIX B 

Analysis Codes (Through FY 1968) 

The following are brief descriptions of efforts being made in the 
Safety Di,.i.sion of INC to improve analytical capability for predicting 
reactor behavior and fuel failure under power transient conditions. Two 
of these deal with thermo-mechanical behavior of fuel pins and another with 
the reactor kinetics as the fuel experiences a power transient. HEAT-1-
JUNK and CYGR0-2 can be applied to analysis of fuel pin behavior during 
a power burst up to the point of cladding failure. HYDRAX deals with 
reactor performance through pin failure and beyond, but requires input 
on assumed heat exchange from expelled fuel to the coolant. No analysis 
has been attempted for the mechanism of this heat transfer and it appears 
that an experimental approach will be more successful in yielding 
information on this phase. 

In addition,some presently available neutronic codes are briefly 
listed. 

HEAT-1-JUNK 

Introduction 

The purpose for this model is to predict thermal-mechanical behavior 
of fuel rods and. to make a sensitivity analysis to determine the important 
parameters affecting and causing fuel rod failure during reactor power 
excursions. The model has been developed for computer solution using 
finite difference techniques. The model has provision for stuuy of effects 
caused by fission flux distribution, fuel-clad gap, temperature dependent 
thermal properties, system operating conditions, fuel and cladding 
mechanical properties, and fuel rod design. The model will calculate the 
time dependent temperature distribution in the rod and from thj~ predict 
bche.viu:r· such as fuel and cladding thermal expansion, fuel melting, fuel-· 
cladding interfacial pressure, and cladding stress and strain. 

Model Description 

The model consists of a one-dimensional heat conduction code 
coupled with subroutines that compute the fuel-clad mechanical interaction 
and the effect of this on the fuel-clad thermal resistance. The heat 
conduction coue had previously been developed aud is called HEAT-1*. 

The computer code HEAT-1 provides a numerical procedure for 
obtaining a solution, that is the temperature distribution, to the 
one-dimensional time dependent or steady state heat conduction equation 
in slab or cylindrical geometry. Provision is made for regions of different 

* ID0-16867, "HEAT-1, A One Dimensional Time Dependent or Steady State 
Heat Conduction Code for the IBM-650", R. J. Wagner. 
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HEAT-1-JUNK (Continued) 

materials, ie, fuel, fuel-clad gap, cladding, and coolant. The thermal 
properties necessary for solution within the fuel rod, ie, thermal 
conductivity and volumetric specific heat are described as temperature 
dependent functions over an applicable temperat1ITe range. Changes in 
phase may be accounted for by the heat of fusion or heat of vaporization. 

The energy generated within the fuel rod may be distributed as 
a function of space, material, and time. A spatial distribution based 
on fission flux depression must be determined from diffusion or transport 
theory. The time dependent power level to which the model rod is exposed 
is i'ound from kinetics calculations or power measurement of a reactor 
during an excursion. 

The boundary conditions necessary to complete the solution for the 
temperature distribution may be fixed constant or expressed as functions 
of time. 

Although the HEAT-1 code is general in nature, special subroutines 
are needed to calculate changes in thermal properties and boundary 
conditions as a function of parameters other than time and temperature. 
These routines also permit calculation of the rod's mechanical behavior. 
These routines are grouped together under one name called "JUNK". Thus 
the combined program has been called HEAT-1-JUNK. 

The procedures and assumptions used in JUNK are very flexible as 
they may be modified or enlarged to suit the users own special needs. 
The routines as they have been developed so far are not fixed but are 
constantly being improved and modified. 

At the present the following routines are included in JUNK: 

The thermal resistance of the gap between the fuel and cladding is 
a function of gap size or contact pressure as the gap closes during an 
excursion. Thus, one job of JUNK is to determine the size of the gap 
and the interfacial .pressure once contact between the fuel and cladding 
is made. Gap size is determined by calculating the time-wise differential 
thermal cxpo.ncion of thP. f\1el and cladding and comparing this to the 
initial specified gap. The thermal expansion of the fuel is a function 
of temperatu:r·e until contact with the clad occurs. Then it becomes a 
function of the restraint imposed by the clad also. Once contact is 
made the theory developed for shrink-fitting cylinders is applied to 
determine interfacial pressure and fuel-clad deformation until the 
cladding elastic limit is reached. Then deformation is based on fuel 
.exp-e.n~:nn. 

To determine the cladding elastic limit.the stress and s~rain are 
computed .including the effects of temperature on the pe1·tinent mechanical 
properties', temperature gradient, system pressure and fuel-clad inter
facial pressure. 

The thermal boundary condition between the clad and water coolant 
is also not a simple function of temperature. It is a function of the 
hca.t flu.-..:, C'~K,l~?~.flt, fl nw rate and temperature difference as well. These 
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HEAT-1-JUNK (Continued) 

factors influence the heat transfer mechanism, ie, conduction, convection, 
nucleate boiling or film boiling. Thus the user must select the mechanism 
criteria which JUNK can use to predict a clad-coolant thermal resistance 
which feeds back into the main program as information necessary to 
derive the needed temperature distribution. 

Assumptions and Limitations 

The main assumption inherent in JUNK is that the thermal and 
mechanical behavior can be predicted using a one-dimensional model, ie, 
radius for cylindrical rods. Axial effects are therefore difficult to 
include or are omitted. 

The mechanical behavior is based on elastic theory which is not 
good beyond the yield. points of' either fuel or cladding. 'rhP. i:ncl1.1sion 
ot plastic stress-strain equations has been deemed too complex for the 
initial purpose of the code, ie, sensitivity analysis, however the 
effect of plasticity should be included for more sophisticated analysis. 

The JUNK routine was ~ot intended to compute the mechanical behavior 
as a function of long-term burnup during quasi steady· state operation. 
However, the effects of burnup on mechanical properties, thermal properties, 
and internal fission gas pressure can be included as initial conditions. 

Forced flow steady state correlations are used for all clad-coolant 
heat transfer predictions. 

Problems 

Several problem areas exist in the development of models for the 
prediction of the thermal-mechanical behavior of fuel rods subjecteo tn 
yuwe1· excursions. !Juring a transient the rate of strain has a significant 
effect on the mechanical properties, ie, yield stress, modulus of 
elasticity~ and elongation of the clad prior to rupture. 

Because of·a lack of applicable experimental data and calculational 
techniques, it is difficult to predict the elongation or rupture point 
for a tube exposed to a biaxial stress as would occur during steady 
state or transient operation. Most elongation data are obtained from 
uniaxial tensile tests. However, the allowable elongation is considerably 
reduced during biaxial loading. 

The phenomenon of clad ridging is a problem. A cause has been 
postulated, ie, fuel pellet hour glassing, but no analysis to date. can 
predict its magnitude. This effect could be included in the model if 
a valid theory existed. 

The plastic behavior of the fuel once clad contact is made is not 
w·ell known or described. To calculate how the ceramic fuel will continue 
to expand, radially or axially when restrained by the clad, the axial 
restraint imposed by the fuel and the frictional force between the U02 
and clad are needed. 
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HEAT:....l-JUNK (Continued) 

The effect of pellet cracking on thermal-mechanical behavior is 
not readily amenable to solution.' Nor is the effect of repeated 
transients and the axial growth observed by F- and PBF-rod transient 
testing conducted in the CDC. 

CYGR0-2 

Introduction 

This digital computer program, originated. at Bettis for use on 
the CDC-6600, is being converted for use by Phillips on theUNIVAC-1108. 
It provides a method of structural analysis for an oxide-fueled, metal 
clad rod-type fuel element in a pressurized environment. Major loading 
conditions include fuel swelling, fission gas and coolant pressures, 
clad growth and differential thermal expansion. The application for 
which the program has been developed is Zircaloy tubes containing bulk 
oxide fuel, but the basic techni~ues may be extended to other materials.* 
It is intended to moqify the code for use at Phillips, to include 
behavior of fuel under rapid power excursion conditions. 

Physical Problem 

The problem of interest is the quasi-stattr:! transient stress analysis 
of a nuclear reactor fuel element in the form of a long metal tube which 
is the clad for cylindrical pellets of porous fuel and is closed at 
each end. The pellets may be in radial cont~ct with the clad, but are 
never in contact with the top of the tube. There is axial symmetry, and 
plane cross sections perpendicular to the axis remain plane, so that 
all variables change only with radius and time. 

Each fuel pellet may be solid or may have a cylindrical hole, the 
hole may contain a rigid plug, and the plug may be bonded to the pellet. 
The axial restraint of the plug on the pellet is neglected, Each 
pellet is assumed to be a homogeneous material containing spherical 
holes. Surface tension and gas generation by irradiation effect the 
volume of the holes. 

The fuel element is rubjected to the following time dependent 
forcing functions: coolant temperature, coolant pressure, gap pressure 
between pellets and tube, fission gas pressure in the fuel pores, and 
power level. The power level is a measure of irradiation rate, which 
generates fission gas in the pellet pores, generates fission solids in 
the homogeneous fuel, and generates heat in the plug, fuel and clad. 

· Heat generation causes a temperature rise in the fuel element above 
coolant temperature. Sper:!ific heat and axial heat transfer are neglected, 
so that the temperature distribution at any time is the solution o1' 
the steady-state e~uation of radial heat transfer. Film coefficients are 
used at the outer radial surfaces of both fuel and clad. Thermal 
conductivity of the fuel is a function of temperature and porosity, and 
the conductivity of the clad depends only on temperature. The heat 

* Descriptions here are tal{en from WAPD-TM-547, 



CYGR0-2 (Continued) 

generated in the plug determines the radial temperature gradient at 
the inner surface of the fuel. 

During a change in time, a change in fuel volume is caused by 
thermal expansion, solid fission products, fission gas pressure, surface 
tension of the holes, gap pressure between fuel and clad, and contact 
forces on the fuel by the plug and the clad. The change in clad volume 
is due to thermal expansion, gap pressure, coolant pressure, and contact 
forces on the clad by the fuel. Usually, the variation in fuel volume 
is much larger than that of clad volume. · 

Deformation of the fuel element is affected by the elastic-plastic 
creep properties of the fuel and clad materials. These properties are 
functions of temperature and irradi.~.tion. 

If Lllt= fuel pelle't 1s solid, there is no plug and the inner radius 
of the pellet is zero for all time. If the pellet is bonded to a plug, 
the inner radius of the pellet equals the rigi4, plug :radius :t'or all 
time. If the plug is not bonded to the pellet, there may be separation 
or contact. If there is a radial gap between fuel and plug, the pressure 
on the inner radial surface of the fuel is the gap pressure between 
fuel and clad. Otherwise, there is an additional radial contact force 
between plug and fuel, with the axial restraint of the plug on the fuel 
being neglected. 

If there is a radial gap between fuel and clad, the pressure on 
the outer radial surface of the fuel and the inner radial surface of 
the clad is the gap pressure, the axial load per unit area of the fuel 
is the gap pressure, and the axial load on the clad is produced by 
the tensile effect of the gap pressure and the compressive effect of 
the coolant pressure. Otherwise, when the fuel is in contact with the 
clad, there are radial and axial contact forces between the fuel and 
the clad, in addition to the pressure loads. 

Method of Solution 

The initial forces, dimensions, stresses and strains are assumed 
known. Consider an infinitesimal height of fuel and clad, with both 
fuel and clad partitioned into concentric rings. Each ring is considered 
separately as a free body, with stresses, strains, and material properties 
assumed uniform throughout the ring. For a small increment of time, 
the stress rates and strain rates are·assumed to be constant and uniform 
throughout each :r·lng. 

The radial, circumferential, and axial strain rates are expressed 
in terms of the inner radial, outer radial, and axial deformation rates 
of the ring. Strain rates are related to stress rates by the Prandtl
Reuss equations, modified to include thermal expansion, fuel growth, 
plasticity, and creep. The equations are solved for the radial, 
circumferential, and axial stress rates in terms of the ring deformation 
rates. The internal strain energy rate in a ring is equated to the 
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CYGR0-2 (Continued) 

external work rate on the ring to obtain equilibrium equations relating 
ring boundary loads to stresses. Differentiating the equilibrium 
equations with respect to time gives the ring boundary load rates in 
terms of the stress rates. Since the stress rates have been found in 
terms of the ring nP.~nrm~tion rates, the three ring boundary load rates 
can be expressed in terms of the three ring defqrmation rates. These 
are the flexibility equations of the rings. 

The fuel rings are joined together into one free body of fuel by 
the following process. The radial forces between ad,jacent rings are 
set equal but opposite in sign by Newton's third law of action and 
reaction, and the radial deformation rates at adjacent boundaries are 
set equal for continuity. The axial deformation rates are also set 
equal and the sum of the ring axial force rates is set e·qual to the 
total axial load rate on the fuel. The boundary condition equations are 
combined with the flexibility equations of the rings to determine the 
three flexibility equations of the fuel free body; that is, the inner 
fuel radial load rate, outer radial load rate, and total axial load 
rate are ·expressed in terms of the inner radial deformation rate, outer 
radial deformation rate, and axial deformation rate. The same process 
is used to obtain the three flexibility equations for the clad. 

The boundary conditions of the fuel.and clad have been given in 
the preceding section describing the physical problem. These boundary 
conditions are used with the flexibility equations of the fuel and clad 
to determine the load and deformation rates of the fuel and clad. The 
ring flexibility and boundary condition equations are then solved to 
give the load and deformation rates of each ring. Since stress and 
strain rates have already been expressed in terms of ring deformation 
rates, the stress and strain rates of each ring are now determined. 
The size of the time increment is restricted so that the maximwn changes 
in stress and strain during the time step do not exceed specified limits. 

All rates are multiplied by the 
corresponding variables at the start 
values at the end of the time step. 
the end of the problem. 

time increment and added to the 
of the time step to determine their 
This procedure is repeated until 

Provision is made for up to five types of pores which may contain 
gas. Generation of the gas is determined as a function of irradiation 
rate, and diffusion of the gas from the holes is calculated in terms of 
irradiation and temperature. The pore model is a spherical hole 
cent.el:l'ed. in· an incompr.essible sphere with plast:Lc-"-c-reep properties. 
Pores are subjected to surface tension forces (siritering) and hydrostatic 
pressure (hot pressing) tending to reduce the hole size, densifying the 
ceramic. Fission gas within Lhe JluL·e::; LeuJ.::. to i11crea~c hole oizc 
resisted by surface tension, hydrostatic pressure and ceramic strength 
(fuel swelling). 

Thermal conductivity is a function of both temperature and porosity, 
and elastic-plastic-creep data are given in a table of properties for 
four temperatures. 



CYGR0-2 (Continued) 

A more realistic representation of large deflection theory is 
used to relate strains to deflections, and stresses to forces, in terms 
of the geometry of the element. 

Major Assumptions 

Major assumptions used in the development of the program include: 

1. Axial and azimuthal symmetry of temperature and stresses. 

2. Steady-state temperature·calculations. 

3. Fuel pellet cracking .is not allowed. 

4. Fuel-clad contact always operates without slip. 

5. Mass transfer from ring to rine; is not considered. 

6. Fission gas release from the pellet must be specified for 
each type of hot pore. 

7. The gas pressure in the plenum is specified directly as the 
amount of gas in the plenum is not considered. 

HYDRAX 

Introduction 

The HYDRAX digital computer code for theUNIVAC-1108 is designed to 
calculate the total fission energy that would be released in a water
moder(1ted· power rea~to;r in the event of A. l A.rgP A.rri t'lPnt.R l r~ar:-t i vi t~r 
insertion. It solves the system of coupled differential equations which 
represents the kinetic behavior of a water-moderated reactor in a 
short-period excursion. A number of coupled neutronic/hydrodynamic 
codes are in existence, of which the AX-1 code, which was developed to 
predict the consequences of short period excursions in a fast reactor 
"I!leltdown and reassembly" situation and the RAC code, which was used 
with some success to predict the energy release in the graphite core 
KIWI-TNT test are perhaps the best known. None of these codes, however, 
are directly applic.:able·to the analysis of' a large reactivity accident 
in a water-moderated reactor for reasons which vill be set out in some 
detail below. 

In a water-moderated reactor, unlike a fast reactor, physical core 
disassembly is not an important shutdown effect since there exist strong 
prompt feedback mechanisms which will act to terminate the nuclear portion 
of the excursion before disassembly begins. These feedback effects 
include Doppler broadening of fuel resonances with increasing fuel temperature, 
and decreasing moderator density due to prompt n and y heating of water 
in the coolant channels. In addition, if the transient is so severe that 
the reactor starts to "run away" from the prompt Doppler and moderator 
density feedback, arid fuel vaporization and pin rupture occur, hot fuel 
will be injected into the moderator and the resultant rapid heating and 
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HYDRAX (Continued) 

voiding of the coolant will act to terminate the transient almost 
immediately. 

In the HYDRAX code, the neutronic behavior of the reactor is 
represented by a space-independent "point-kinetics" calculation. Fission 
energy is distributed into the fuel and moderator according to a thermal 
flux profile which may be constant or time-varying. The kinetic behavior 
of the coolant is represented by a !-dimensional, inviscid, compressible
fluid hydrodynamic model which includes a tabular, multiphase water 
equation of state. The reactor fuel is assumed to remain in position 
until after the nuclear portion of the excursion is terminated. Once 
the-fuel energy density in a region reaches a specified threshold level, 
the fuel is assumed to fragment and disperse into the moderator. Energy 
transfer from the failed fuel to the moderator then proceeds according 
to a specified volumetric heat transfer coefficient. Reactivity· feedback 
contributions are calculated locally on the basis of local fuel and 
moderator conditions and then are weighted by an importance function 
before being summed into the total system reactivity and fed back into 
the neutronics equations. Feedback mechanisms considered include f~el 
Doppler, moderator density and moderator temperature effects. 

Neutronics Model 

Physical disassembly of the core is not considered in HYDRAX, 
since it was felt that the additional complexity of a space-dependent 
neutronics calculation could not be justified for the first version of 
the HYDRAX program. Consequent~y, a much simpler space-independent 
"point-kinetics" formulation with a constant or time-varying spacial 
distribution of fission energy was used. 

The neutron kinetics equation in HYDRAX are solved in the form 
proposed by H. Soodak. 

dN(t:f.·flt) s 
=~.....;........;;::...;...<... = 

dL A 
[$(t) - 1) N(t + 6t) + S [$(t + 6t) - $(t)) N(t + 6t) 

1\. 

n 

+ """· f.W. (t + lit) + S(t) L..J ~ ~ 
i=l 

dW. ( L + l'lt) 
__..;~=----- = A. N(t + l'lt) - A .W. (t + 6t) 

dt ~ ~ ~ 

This method of solution is a modified Runge-Kutta scheme suggested by 
A. H. Cohen. 
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HYDRAX (Continued) 

The fission energy calculated in e~uation (1) is distributed into 
the fuel and moderator regions according to a spacial flux profile 
which may be constant or may vary with time. In the latter case, new 
flux profiles are read in at designated times and then the code lineai~y 
interpolates between two appropriate profiles to determine the proper 
spacial energy distribution to use at a specific time. 

The reactivity, $(t), in e~uation (1) is obtained by summing the 
local values of the various reactivity feedback ~uantities in each spacial 
region weighted in each case by an importance factor, the flux times 
the adjoint flux times the region volume, which is normalized such that 
the total importance is one. 

Initiation of nuclear excursions in HYDRAX can be accomplished in 
a variety of ways allowing almost any sort of a reactivity accident to 
be simulated. •Provision is also made for threshold reactivity insertion 
mechanisms dependent on power or energy level for their initiation. 

Fuel Model 

In the HYDRAX code, the fueled reactor core is divided up into 1 or 
more unequally-spaced fueled regions. ThP. fuel is assumed to remain in 
its original position until after the neutronic portion of the excursion 
is over. Fragmentation of the fuel into. small particles may occur in 
a fueled region once the fuel energy density reaches a threshold value; 
however, the fuel fragments are assumed to be retained within the region 
and the relative power distribution is assumed to be unchanged. 

Since the duration of the neutronic port{on of a severe reactivity 
transient is so short and the conductivity of oxide-fuels is so low 
as to preclude any significant prompt energy transfer through convective 
heating, fu-::1 heating in the HYDRAX code is auiabat.ic with a constant 
fraction of the fission energy distributed to a fueled region being 
retained in the fuel. Once the fuel energy density threshold for 
.failure is reached in a fueled region and the fuel ruptures, heat 
transfer between the fuel fragments and the moderator is assumed to 
proceed according to a constant volumetric heat transfer coefficient. 

Since the power distribution, and, hence, the fraction of fission 
energy distributed into any fueled region may vary wj_t.h time, the fuel 
energy density in a. fueled region is obtained by integrating the 
instantaneous rate of fuel heating in that region. The method of 
integration is discussed in Appendix A. 

Moderator Model 

Moderator density reactivity feedback is an important factor in 
determining the total fission energy release during a short period 
excursion in a water-moderated reactor. 

If fuel integrity is maintained, prompt neutron and gamma heating 
of the moderator tends to rapidly reduce. the moderator density in the 
high-flux core regions, and since the void coefficient is.strongly 
negative, this amounts to a sizeable prompt negative reactivity feedback. 
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HYDRAX (Continued) 

If fuel integrity is lost, droplets of hot molten fuel are rapidly 
expelled into the moderator in the vicinity of the ruptured elements. 
The resultant rapid heating of the moderator by the molten fuel droplets 
gives rise to a large pressure pulse which acts to expell water from 
the cor.e and terminA.tP.R the nuclear portion of the excursion almost 
immediately. 

Thus, moderator density reactivity feedback from prompt moderator 
heating or from fuel element rupture is a shut-down mechanism that may 
act to limit the energy release in a severe reactivity accident far 
sho:r:t of the value which might have been predicted on the basis of 
Doppler feedback alone .. 

The driving force behind the reduction in core moderator density in 
a short-period transient is the pressure pulse generated by rapid moderator 
heating. Since this pressure pulse has a very short rise time and can 
propagate quickly through the core, and since the moderator enthalpies 
and densities may vary rapidly over a wide range. as heating and 
vaporization of the moderator occurs, the "incompressible" and "semi
compressible" models often used to describe the fluid dynamics of the 
~oderator in a nuclear reactor are not sufficient in this case and a 
"full compressible" model must be used. 

HYDRAX solves the balance equations of mass, momentum and energy 
which describe the dynamic behavior of a compressible, inviscid fluid 

where 

D~ + + + 2fF 
Dt = - v'VP - u I u I D 

e 

De +' + + + + 2fF 
Dt = vQ - Pv (V' • u) + u • ulul D 

e 

P = P(e,v) 

T = T( e, v) 

and the differential operator ~ is defined as 

Q_=_L+ 
Dt - at 

+ + 
u • r:v. 

in one-dimensional slab, cylindrical-r or spherical-r geometry. 

(3) 

(4) 

( 5) 

(6) 

(7) 

The hydrodynamic pressure calculated from equations (3), (4) and (5) may 
be augmented by the addition of a term, ~p = C /v [(~r/v) (Dv/Dt)]?, 

v vp 

151 



HYDRAX (Continued) 

when the fluid undergoes a compression. This term represents a viscous 
dissipative mechanism in the fluid in the region of a shock. 

Equations (5) and (6) represent the multiphase equation of state 
of water. The calculation of the moderator pressure and temperature 
from the energy and specific volume is accomplished by interpolating 
in a large "steam-table" construr.ted from experimental data. The method 
of interpolation is based on successive quadratic fits on the energy 
and then the specific volume. 

A constant fraction of the fission energy is assigned to prompt 
moderator heating at a given moderator density with the fraction being 
reduced in proportion to any reduction in moderator density. The 
allocation of energy to indivi c'llJA.l mnnPrAi;.or r'>'e;ion• is aooompliohcd 
by means of' a flux or power profile which may be constant or time
varying. If a time-varying flux profile is used, two appropriate 
profiles corresponding to times preceding ~nn succeeding the current 
problem times are used in an interpolation scheme to determine the 
current flux profile. 

The frictional term in equations (3) and (4) may be used to 
represent the frictional drag of the coolant channel walls (slab 
geometry) or the resistance to radial outflow of the fuel rod matrix 
(cylindrical or spherical geometry). 

The method used to integrate equations (3) and (4) is similar 
to that used for the neutronic equations. 

Fuel-Pin Failure Model 

Once a significant amount of fuel is vaporized within a fuel 
pin, rupture of the fuel clad and ejection of hot fuel into the adjacent 
moderaLur will occur. The actual mechanism of heat transfer between 
the fuel particles and the moderator may be fairly complex involvine; a 
number of distinct phases. However, it seems unlikely that it will 
be possible for the present' to do morP. than to assign a single overall 
heat transfer coefficient to this process. Approximate values for 
this coefficient may then be determined on the basis of experimental 
tests such as those presently being carried out in the Capsule Driver 
Core installed in the Spert IV reactor at the NRTS. 

In the HYDRAX program, once the fuel energy density in a fueled 
region reaches a specified threshold value, the fuel in the region is 
assumed to fragment instantaneously while remaining within the region 
for·purposes of heat transfer calculations. Heat transfer between 
the fuel fragments and the adjacent moderator proceeds according to a 
specified constant volumetric heat transfer coefficient which is assigned 
on the basis of an estimated heat transfer area per unit core volume 
and an estimated overall surface heat t.rR.nsfer coefficient. The flux 
distribution is assumed to be unchanged by the fragmentation of the fuel 
and so the fuel and prompt moderator heating rates are calculated on 
the same basis as before the failures occurred. 
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Reactivity Feedback Models 

In the HYDRAX Code, the various reactivity feedback quantities are 
calculated in each fuel or moderator region on the basis of local values 
uf the fuel or moderator variables in that region. Then, these feedback 
quantities are weighted by an importance function, the normalized product 
of the flux, adjoint flux and the region volume, and s1.unmed into the 
total reactivity·which is used in the neutronic calculations. The 
local values of the. flux and adjoint flux are calculated from profiles 
that are read in as input da.ta. 

Fuel Doppler feedback is calculated on the basis of the local 
value of the fuel enthalpy in each fuel region. The relationship may 
be expressed either as a table of values or as an analytical function with 
specified coefficients. When fuel failure occurs in a regi.on·, the 
Doppler feedback in that region generally increases due primarily to 
loss of self-shielding in the fuel as the lump size decreases. HYDRAX 
makes provision for specifying a certain fraction of the fuel in a 
failed region to have it's Doppler contribution multiplied by a 
specified factor to account for this change. Since Doppler feedback 
is generally expressed as a function of the core-average fuel enthalpy, 
provision is made in the HYDRAX program to normalize the importance
weighted Doppler feedback to the .core-average value at a specified 
core energy level. 

Reactivity feedback effects due to changes in the moderator are 
considered in two parts: first, a pure density coefficient, $ per 
percent change in specific volume at constant temperature; and secondly, 
a pure temperature coefficient, $per Fahrenheit degree change in 
temperature at constant specific volume. These moderator reactivity 
coefficients are assumed to ·be constants in the present model. 

PARET 

A Program for the Analysis of Reactor. Transients 

PARET is a digital computer code which predicts the course of 
non-destructive accidents in small water-moderated reactor cores. 
Its operation is based on an evaluation of the coupled thermal, 
hydrodynl:l.lllic, and nuclear effects in the core. 

Basi.cally, the program is an extension· of the CHIC-KIN code. 
Whereas CHIC-KlN assumes the reactor to be repr~sented by a single 
region, PARET possesses the advantage of providing for up to four 
regions. The several further advantages that PAR~T possesses over CHIC-KIN 
lie primarily in the realm of boiling. 

The reactor model assumed in PARET consists of a water-cooled core 
represented by an arbitrary number of fuel elements and associated 
concentric moderator channels, up to a maximum of four. The fuel 
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elements may be either cylinders or plates. Each of the channels 
included. in the calculations is assumed to represent the average 
behavior of some selected region of the core. Provision is made for 
weighting these average channels for purposes of the reactivity 
feedback calculations. 

A transient problem is forced through specification of externally 
inserted reactivity versus time or average core power versus time. 
Either the pressure drop across a given channel of the core or the 
moderator inlet mass flow rate to that channel must be specified with 
time. The program embodies continuous reactivity feedback from the 
known major feedback mechanisms, detailed heat transfer calculations 
including boiling, as well as nonboiling, convective transfer, and 
hydrodynamic calculations allowing for m0derator flow reversal. 

Heat transfer in each fue1· e.Jem.ent is determined on the basis of 
a one-dimensional conduction solution in each of up to twenty axial 
sections. In turn, each axial section can be subdivided into a maximum 
ol' fifty radial sections for purposes of these calculations. The 
moderator in each axial section is not subdivided radially; it is 
assumed to be adequately represented by an aYerage bulk temperature 
and average fluid properties. A maximum of three regions (eg, fuel, 
insulating region or gas gap, and clad) is allowed in each fuel element. 

IREKIN 

The IREKIN computer code is a numerical solution 6f the ordinary·, 
space-independent, differential equations describing the power-time 
behavior of a reactor in response to an arbitrary reactivity input. 
This code has been used to calculate reactor response at short reactor 
periods where heat transfer effects are not significant. 

The purpose of this code is to obtain a numerical solution of 
the ordinary, space-independent, differential equations whic~ describe 
the power behavior of a reactor in response to an arbitrary function of 
reactivity. In addition, the code yields numerical solutions to other 
ordinary differential equations which might be used to describe a 
particular reactor system. Some, or all, or even none of these 
additional differential equations may describe the feedback mechanisms 
representing the dependence of the reactivity of the system upon the 
reactor power and/or energy release. Thus, the reactivity can be 
represented as the sum of an arbitrary function of time and a function 
of the power, energy, and other variables which may be specified in 
the differential equations. 

In methods and purpose, this code is similar to the AIREK code. 
Neither is a complete code in the sense.that subprograms must be 
_added in order to define the particular model for the reactor feedback 
and to specify the desired varibles and the form for the output. The 
IREKIN code differs from the AIREK code mainly in programmJng details 
in order to permit easier inclusion of a description of the reactor 
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model of interest and also to reduce the computation time to some 
extent. The IREKIN code represents an attempt to write a flexible 
code, readily adaptable to any reactor kinetics problem, but yet 
remaining easy to use. It is hoped that through the use·of the sub
programs, a wide range of reactor kinetics problems with special input 
and output requirements can be easily accommodated. 
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Reactor Neutronics Codes 

As input to analyses for prediction of fuel failure and consequences, 
the following reactor neutronic codes are in use at Phillips, AED. 
However, performance of the CDC facility is now well established and 
empirical data for input to thermodynamic and mechanical studies is 
available in most cases. The brief listing here is includeO. for 
general information. 

A. PDQ 

PDQ solves the neutron diffusion equations in XY or RZ geometry 
for up to 20,000 mesh points, and for one to four neutron energy gro~ps. , 
The boundary conditions allow zero flux, reflective symmetry, and 900 
or 180° rotational symmetry. 

B. IMP 

Reference: W. R. Cadwell, PDQ-4 
(PHILC0-2000), WAPD-TM-230 

(June 1961) 

IMP is the preliminary version of' the'CORE code. The code solves 
the general one-dimensional neutron diffusion problem with up to four 
neutron ener~ groups, forty regions, and two hundred and fifty space 
points. 

C. TEMPEST 

Reference: E. C. Anderson and G. E. Putnam, 
CORE, ID0-17199 (To be published) 

TEMPEST is a neutron thermalization code.and it computes the thermal 
neutro.n flux spectrum based upon one of the followin€: aiJproximations: 

1. The Wigner-Wilkins light moderator equation 

2. The Wilkins heavy moderator equation 

3. The Maxwellian. distribution 

It provides macroscopic and microscopic cross-section averages over the 
thermal neutron spectrum. It provldeo effective diffusion constants 
for highly absorbing, or moderating regions such as control rods. 

Reference: R, H. Shudde and J. Dyer, 
TEMPEST II, TID-18284 (May 1961) 

D. PHROG 

PHROG is Phillips Hanford-Revision of GAM-I and is a multigroup 
code for calculation of fast neutron spectra and multigroup constants. 
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It provides effective diffusion constants for highly absorbing, non
moderating regions such as control rods. 

E. ZUT, TUZ 

Reference: G. D. Joanou and J. S. Dudek, 
GAM-I, GA-1850 (June 1961) 

These codes,calculate resonance integrals from resonance parameters 
for a wide variety of temperatures, compositions, and geometries. The 
resolved resonances are treated by the ZUT program and the unresolved 

·resonances are ·treated by the TUZ program . 

F. DANCOFF JR 

. Reference: G. F. Kuncir, GA-2525 
(August 1961) 

This code calculates the Dancoff-Ginsburg correction which accounts 
for the reduction of surface resonance absorption in a cylindrical 
absorber.lump due to the shadowing effect of nearby lumps. 

G. TOPIC 

Reference: H-. Gellings and A. Sauer, 
DANCOFF JR, KEA-114 (April 1964) 

TOPIC solves the one-dimensional Boltzmann equation in cylindrical 
geometry with up to six energy groups, two hundred and forty space 
points, forty regions, and anisotropic (Pl) scattering. 

H. TOTEM 

Reference: G. E. Putnam, TOPIC, ID0-16968 
(April 1964) 

TOTEM links the TOPIC and the TEMPEST codes into a single package. 
TOTEM iterates between a thermal group cell flux calculation using TOPIC 
and ·.a neutron spectrum calculation made with TEMPEST. The code has not 
been documented. 

Reference: See TOPIC and TEMPEST 
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APPENDIX C 

Listing of CDC Fuel Tests Through FY 1969 

Table C-1 contains a list of all transients cohduc;:ted through FY 1969 
in the CDC for the purpose of testing samples of fuel. Brief comments on 
the results of the tests are also given but are not necessarily complete. 
Arrows indicate sequence testing with one fuel' rod, dashed lines ,i oin 
interrupted sequences. Detailed results of tests performed during FY 1969 
are available in References 1 through 10. 

TABLE C-1 

LISTING OF CDC FUE~ TESTS AND RESULTS 

CDC Transient 
Number 

Period 
(ms·ec) · 

Test Rod 
Type 

Total Energy Deposition 
(cal/ g) Remarks 

0 20.3 

9 16.6 

10 14.4 

11 9.6 

12 7.6 

13 7.6 

14 8.0 

15 8.4 

16 7.9 

17 1·9 

18 7.5 

19 6.9 

20 6.3 

21 5.7 

22 5.7 

23 5.1 

24 7.9 

25 4.75 

26 8.00 

27 4.59 

CDC-3 

CDC-3 

11 
CDC-4 

Q) 
{) 

~ v 
:::1 
o' 
!ll 
Ul 

CDC-3 

J 
iCDC-3 ,_ ;1 
CDC-3 

Q) 
{) 

~ 
Q) 

g. 
(I) 
Ul 

26 

28 

36 

54 

59 

77. 

77 

78 

76 

n 

80 

65 

71 

70 

91 

75 

60 

84 

63, 

93 

158 

No damage 

" 

" 

" 
" 

" 
Waterlogged-rod burst and expelled 
all fuel 

Waterlogged-rod burst and expelled 
most fuel 

Waterlogged - no rupture 

WA.t.l;\rlogged-J:'od burot and expell~d 
all fuel 

Two rods - 1 dry, 1 waterlogged. 
Waterlogged rod ruptured, caused 
5000 psi pressure pulse and expelled 
fuel but did no damage to dry rod. 

No damage 

" 
" 

55 inch rod - no damage 

No damage 

" 
" 

" 
" 



TABLE .C-1 (Continued) 

CDC Transient Period Test Rod Total Energy Deposition 
Number (msec) Type (cal/ g) Remarks 

29 4.3 97 No damage 

30 6.87 CDC-3 73 i.l 

31 4.04 103 II 

3~ n.H; R4 II 

33 5.74 90 II 
Q) 

34 
() 

24 (power calibration) 1\, 500 s:: No damage 
Q) 

35 1\, 500 g. 72 II II 

IV 
[/) 

36 4.67 98 No damage 

37 4.14 CDC-3 112 II 

38 5.12 CDC-3 91 55 inch rod - No damage 

39 4.59 100 II 

40 4.54 99 II 

41 4.59 Q) 98 II 
() 

42 4.61 
s:: 
Q) 99 g. 

43 4.75 Q) 101 II 
[/) 

44 4.65 98 II 

45 4.65 CDC-3 100 No damage 

46 4.73 j 97 II 

47 4.70 101 II 

,. 
48 4.65 CDC-3 96 55 inch rod - No drunage 

49 4.6 96 II 

50 4.6 100 ·II 

Q) 

. 51 4.6 () 95 II 

s:: 
Q) 

52 4.6 g. 95 II 

Q) 

53 4.6 [/) 95 II 

'!)4 :4.6 95 
II 

55 4.6 I CDC-3 95 No damag~ 

56 4.6 95 II 

57 4.6 Q) 95 II 
() 

s:: 
58 4.6 Q) 95 II 

g. 
59 4.6 Q) 95 II 

[/) 

60 4.6 100 II 
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TABLE C-1 (Continued) 

CDC Transient Period Test Rod Total Energy Deposition 
Number (msec) Type (cal/ g) Remarks __,' ~ 

61 4.6 
Q) 95 No damage 

62 4.6 
() 

II s:: 95 Q) 

63 4.6 g. 95 II 

Q) 

64 4.6 
r:Jl 

II 

" 95 . , 
65 4.6 / CDC-3 95 II 

66 4.6 95 II 

67 4.6 95 II 

riA 4.h ,,~ 9;; II 

69 4.6 '· r. II 

r 
95 g. 

70 )1.6 Q) 95 II 

UJ 

71 4.6 95 II 

72 4.6 95 II 

73 4.6 CDC-3 95 II 

74 4.6 j 95 II 

75 4.6 95 II 

76 4.6 CDC-4 120. II 

77 4.6 120 .II 

78 4.6 120 II 
Q) 
() 

II 79 5.0 s:: 115 

80 5.0 ~ 11) " Q) 

81 5.0 
UJ 

112 II 

82 4.6 CDC-3 92 II 

83 4.6 ~ 92 II 

84 8.1 NO TEST ROD IN CAPSULE 

85 4.6 II II II " II 

86 5.3 CDC-4 105 No damage 

87 5.3 

11 
105 II 

88 5.3 105 II 

89 5.3 101 II 

90 4.64 CDC-4 126 Waterlogged rod failed 

108 4.54 CDC-3 108 Waterlogged rod failed and 
fuel was expelled 

109 4.6 CrC-3 97 No damage 

110 4.6 105 II 
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,CDC Transient Period Test Rod Total Energy Deposition 
Number (msec) Type (cal/ g) Remarks 

111 4.6 CDC-3 100 No damage 

112 4.6 CDC-3 100 II 

118· 4.6 CDC-3 lOO II 

119 4.65 CDC-3 101 Waterlogged 6-inch rod failed 
and fuel was expelled 

' 123 4.41 CDC-3 112 II II II 

124 8.23 CDC-3 64 II II II 

125 4.52 

11 
95 II II II 

126 4.6 100 II II II 

127 4.6 100 II II II 

128 3.98 CDC-3 104 No damage 

137 4.6 CDC-3 100 II 

142 4.6 CDC-4 120 II 

143 4.6 

!I 
120 II 

144 4.6 130 II 

145 4.6 125 II 

146 4.6 CDC-4 125 II 

147 4.6 1 125 II 

1"16 4.45 CDC-4 127 Rod bowed and colored light 
brown 

v 
157 4.37 tl 157 Rod bowed and increased ~ v discoloration g. 
158 4.44 v 125 Rod bowed and color became Ill 

brown to dark blue 

159 4.39 CDC-4 118 

160 4.28 123 

161 3.93 134 Run 159 through 166 rod bowed 
Q) 3/8 inch and color darkened 162 3.93' tl 134 ~- w~tb. each run, going from a . Q) 

163 3.9 g. 130 light brown to dark blue 
Q) 

165 4.0 Ill no 
166 3.96 134 

) 
·182 25 F 57 No damage 
183 15 

1 
71.4 II 

184 ll.7 94 II 

185 6.5 152.7 Slight bowing and discoloration 
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CDC Transient 
Number 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 

201 

202 

203 

205 

206 

207 

208 

209 

Period 
(msec) 

5.2 

4.1 

3.5 

3.4 

3.2 

32 

20 

15.5 

12.4 

11.3 

9.1 

6.7 

.6.8 

'h.9 

4.2 

3.4 

TABLE C-1 (Continued) 

Test Rod Total Energy Deposition 
Type (cal/g) 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

()) 
CJ 
Q 
()) 

g. 
()) 
en 

()) 
CJ 
Q 
()) 

g. 
liJ 
en 

PBF 
()) 
CJ 
Q 
()) 

g. 
()) 
en 

.184.4 

219.7 

257.2 

151 

'182.4 

c.L).6 

263 

278.2 

53.7 

69.9 

70.7 

88.5 

100.8 

118.9 

135.7 

155 

152.7 

298.8 

180.6 

22.5 

215 

162 

Remarks 

Magnitude of bowing increased 

Bowing increased and a slight 
increase in diameter was measured 

Bowing increased and integrity 
of cladding was lost 

Slight bow and discoloration 

3/16 inch bow and deep blue color 

Little bow, rod showed ridges 
and discoloration 

1/4-inch bow, Sll:r'fi'J.ce texture 
was dulled 

Little bow. Rod felt more lumpy 
than ridged. Clad integrity lost 

No damage 

" 
0.004 inch diameter growth 

0.005 

-0.007 

" 
" 

" 
" 

slightly bowed 

" 
" and rod 

0.018 inch growth and bow 
incr~alii~d 

0.001 inch growth and bow 
increased 

0. 029 inch growth ancl bow 
increased significantly 

Waterlogged- slight bow, 0.020 
inch growth 

Waterlogged rod discolored and 
.a portion appeared to have metal
water reaction. Rod failen 

Waterlogged r-oll buweu e:mu dis
colored. 0.031 inch growth 

Waterlogged - no bowing. 0.029 
inch growth 

Tests 207 through 216. These 
ten tests were a sequential series 
on a PBF prototype fuel rod 

.; 



pDC Transient 
Number 

210 

211 

212 

213 

214 

215 

216 

217 

218 

229 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

.242 

243 

244 

245 

246 

Period 
(msec) 

3.45 

3.2 

9.1 

9.1 

3.6 
3.6 

3.6 

3.6 

3.6 

3.6 

3.8 
3.8 

3.8 

3.8 

J~,. 35 

4.35 

4.35 

4.35 

4.35 

4.3 

4.3 

TABLE C-1 (Continued) 

Test Rod Total Energy Deposition 
Type (cal/g) 

(]) 
0 
Q 
(]) 

g. 
(]) 
m 

F 

F 

F 

F 

F 

(]) 
0 
Q 
(]) 

g. 
(]) 
CJl 

[I 
.... CJl 

F 

F 

t 

(]) 
C) 
,:: 
(]) 

g. 
(]) 
CJl 

256.8 

283.3 

103 

103 

251 

264 

251 

251 

251 

251 

?31 

237 

237 

237 

208 

208 

208 

208 

208 

214 

214 

163 

Remarks 

(#T-18) which had previously been 
subjected to a ten transient 
series in the TREAT Reactor. 
Energy release for each of the 
tests was about~ 215 cal/gram 
fuel (1480 cal/cc). The rod 
showed as a result of these ten 
tests: (1) ?n axial growth of 
10 mils, (2) diametrical growth 
of ~ 4 mils, (3) slightly increased 
bowing, (4) separation between 
insulator sleeves, but (5) no 
indication of sleeve breakdown, fu~l 
displacement into cracks, or 
development of hot spots 

Waterlogged-rod bowed and dis
colored. 0.0~5 inch growth 

Waterlogged-rod ruptured, 75% fuel 
expelled. O.OG2 inch growth 

No damage 
II 

Large bow (about 1.25 inches) 

Test 232 to 236 showed a slight 
bow after first test and pro
gressed to 3/4 inch after fifth 
test 

Test 237 to 240 - No bowing after 
first test bowing occurred on 
sucpeeding tests, reaching a 
maximum of about 1/2 inch 

Test 241 to 245 - Rod was bowed and 
discolored in first test and these 
conditions became progressively 
worse, reaching a maximum of about 
1 inch offset after fifth test 

Very slight bow - cumulative axi.al 
growth 0.129 

Slight bow - 0.389 



CDC Transient 
Number 

248 

249 

250 

2_51 

252 

.253 

25 11 

255 

256 

257 

258 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270. 

27-1 

272 

273 

274 

275 

276 

277 

278 

279 

280 

Period 
(msec) 

4.3 

4.3 

4.3 

4.3 

3.4 

TABLE C-1 (Continued) 

Test Rod Total Energy Deposition 
Type ·(cal/g) . 

I 214 

214 

214 

214 

PBF 250 

164 

Remarks 

1/8 inch bow - 0.577 

1/4 inch bow - 0.861 

3/4 inch bow - 0.970 

-1/4 inch bow - 1.142 

Tests 252 through 280 (29 tests) -
A prototype PBF rod (T-18) - pre
viously subjected to ten transients 
in the TREAT reactor and ten 
transients in the CDC (transient 
#'s 207 through 216) -was sub
jected to 29 additional transients 
each with a period of 3.4 msec 
to establish if any deleterious 
effects in this rod type result 
from repeated short-period series 
ouch as it would cxp.:::ricnce in 
the PBF itself.· The average 
radial energy depo::>ltiun at the 
axial flux peak· was rv 250 cal/ g 
of uo2 for an average radial fuel 
temperature of ''-' 1920°C. AG a 
result of. these transients, there 
appeared to be: (1) no change in 
the gap size, (2) no deterioration 
of the insulator sleeves, and (3) 
a total growth in rod length of 
0.156". 



.. 

CDC Transient 
Number 

281 

282 

283 

284 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

307 

:308 

309 

310 

311 

312 

313 

/' 

Period 
(msec) 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

11.0 

6.8 

6.8 

6.8 

3;4 

3.4 

3.4 

3.h 

3.4 

TABLE C~l (Continued) 

Test Rod Total· Energy Deposition 
Type (cal/g) 

F 

F 

F 

J 
I 

r SPX-3%-SS 
I 
I : .. SPX-10%-SS 

PBF(T-18) 

165 

200 

200 

200 

200 

200 

200 

200 

100 

150 

150 

150 

250 

250 

250 
. 

250 

250 

l 

} 
} 

Remarks 

Increased bowing - cumulative axia 
growth 1.269 

II 

" 
" 
" 
" 
" 

" 
" 
" 

" 
" 
" 

11 1. l1J+2 

" 1. 584 

" 1. 761 
11

' 1. 893 

" 2.017 

" 2 .1.55 

.Tests 288 to 301 ~ No discolor
ation and a slight bow was noted 
during these 14 tests. There was 
0.260 inches of axial growth 

Slight coloring, axial growth to 
152 mils, slight bowing 

Figure-of-merit measurements 

A continuation of testing on the 
PBF (T-18) rod. During this 
series of 9 tests, the rod grew 
aoout 102 mils in length to a 
total growth of 446 mils. No 
apparent damage occurred 



CDC Transient 
Number 

314 

315· 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

Period 
(msec) 

3.4 

3.4 

3.4 

3.4 

4.c · 

6.8 
6.8 

3.4 

6.2 

6.8 
6.8 

3.75 

3.15 

3.0 

TABLE C-1 (Continued) 

Test Rod Total Energy Deposition 
Type (cal/g) 

PBF(6 5/8" 
stack) 

SPX-3%-SS 

J 
r SPX-3%-SS 
I 
I 
I 

I SPX-10%-SS 

SPX-10%-SS 

SPX-10%-SS 

SPX:._l0%-88 

SPX-3%-SS 

250 

250 

250 

~50 

200 

150 "} 
150 

2?,0. 

275. 

150 } . 

150 

375 

475 

5'(0 

275 

166 

Remarks 

200 KW for 5 minutes 

Axial growth of 177 mils. Badly 
discolored, slight bow 

Axial growth continued to 263 
mils, bowing alight 

axial e;rowth of 258 mil::;, badly 
discolored, slight bow 

Clad melted but no fragmentation, 
no pressure, 1% M-W reaction 

Axiai growth continued to 365 
mils, bowing slight to about l/8~ 
inch off-cente,.. 

Clad melted, fuel rod breakup 
100 pRi prPRRlll"P pul:;e, 6% M-W 
reaction. 

Rod fragmented, clad melted, 300 
poi pressure pulse, 14% M-W 
reaction. 

Rod fragmented before clad 
melting, 600 psi pressure pulse, 
36% M-W reaction 

Clad melted, no fragmentation, 
no pressure, 1% M-W reaction 

·~ 



!" CDC Transient 
Number 

330 

429 

430 

431 

432 

'\) 

433 

434 

435 

436 

437 

TABLE C-1 (Continued) 

Total Energy Period 
(msec) 

Test Rod 
Type Deposition (cal/g) Remarks 

Periods range 
between 3.0 
and 5.6 msec 
with most 
between 3.0 
and 3.4 msec. 

PBF 
(T-1-F) 

SPX-10%-Zr 

4.30 SPX-3%-Zr 

3.60 SPX-3%-Zr 

3.15 SPX-3%-Zr 

6.73 SPX-10%-Zr 

SPX-10%-Zr 
in center of 
5x5 Array of 
Aluminum Tubes 

SPX-3%-Zr 

5 .. 02 SPX-10%:-Zr 

Peak energy 
disposition 
for the series 
was about 280 
cal/g of fuel 
mixture. 

197 

239 

269 

296 

388 

167 

Fuel mixture is 30;6 wt.% 
urania~ 62.3 wt.% zirconia, 
and 7.1 wt.%· calcia. Pellet 
breakup observed. Dynamic 
axial growth during each 
t~st was between 60 and 80 
mils. Total residual rod 
growth was about 140 mils. 

Figure-of-merit measurement. 

Axial growth of 323 mils. 
Cladding discolored and rod 
bowed. 1.8% M-W reaction. 

Rod fractured, cladding 
discolored and rod bowed. 
5.3% M-W reaction. 

Rod separated, melting and 
deformation of the cladding 
occurred. 8.1% M-W reaction. 

Rod separated in two locations. 
Melting and extensive damage 
of cladding. 12 .1% M-\v reac-
tion. 

Figure-of-merit measurement. 

Figure-of-merit measurement. 

Extensive fragmentation into 
·;targe pieces. 28.7% M-W 
reaction. 



CDC Transient 
Number 

438 

439 

440 

443 

446 

447 

448 

451 

452 

453 

455 

TABLE C-1 (Continued) 

Total Energy Period 
(msec) 

Test Rod 
Type Deposition (cal/g) Remarks 

4.09 

3.43 

3.27 

3.13 

3.33 

3.41 

4.09 

3.31 

5.10 

SPX-10%-Zr 

SPX-10%-Zr 

PBF-T24 

Waterlogged 
PBF-T24 

FBF-'1'25 

WEJ,terlogged 
PBF-T25 

PBF-T26 

PBF-T26 

Waterlogged 
PBF-T26 

4.18 SPX-10%-Zr 
in 5x5 Array 

in Alu.mimun Tubes 

4.13 Waterlogged 
PBF-T26 

6.91 SPX-10%-Zr 

5.09 SPX-10%-Zr 

4.00 SPX-10%-Zr 

168 

469 

245 

266 

240 

245 

205 

240 

160 

391 

205 

286 

388 

Extensive fragmentation. 
60.4% M-W reaction. 

Extensive fragmentation. Clad
ing temperature ~ 580°C at 
time of cladding failure. lOU% 
M-W reaction. 120 psi pressure 
pulse. 

Test used to crack fuel pellets 
prior to waterlogging. 

Waterlogged rod failed at fuel 
temperA.t.ure of 2180°C. Maximum 
capsule pressure was 2350 psi. 
About 2/3 of fuel expelled. 

Test used to crack fuel pellets 
prior to waterlogging. 

Waterlogged. rod failed at fuel 
temperature of 1920°C. Maximum 
pressure was 2675 psi. About 
2/3 of fuel expelled. 

Test used to crack fuel pellets 
prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

No cladding rupture of water
logged rnn. F11Pl t.~mp<ira.two 

reached 128ooc. 52 mil maximwn 
diametral growth. 

Active fuel length f:r·agmented. 
48.9% M-W reaction. 

Rod·failed at fuel temperature 
of 16oooc. Maximum capsule 
pressure of about 2000 psi. 
About 2/3 of fuel expelled. 

Rod separated, partial melting 
of the cladding over about ~ 
of active fuel length. 10.9% 
M-W reaction. 

Extensive fragmentation. 30.4% 
M-W reaction. 

Extensive fragmentation. 57.6% 
M-W reaction. 

' 



r. 

• 

CDC. Transient 
Number 

457 

459 

460 

461 

462 

463 

1.,61., 

465 

466 

467 

468 

472 

477 

478 

TABLE C-1 (Continued) 

Total Energy Period 
(msec) 

Test Rod 
Type .Deposition (cal/g) .Remarks 

3.30 SPX-10%-Zr 

3.35 SPX-10%-Zr in 
center of 5x5 

Array of Aluminum 
Tubes. 

6.0 PBF-T27 

4.05 PBF-T27 

3.05 

6.11 

4.04 

3.01 

4.24 

PBF-T27 

PBF-T27 

PBF-T27 

PBF-T27 

Waterlogged 
PBF-T27 

GEX-7%-Pellet 

GEP-7%-Pellet 

4.09 Waterlogged 
PBF-T27 

6.44 GEX-7%-Pellet 

6.65 GEX-7%~Powder 

4.80 GEX-7%-Pellet 

5.02 GEX-7%-Powder 

590 

471 

205 

275 

140 

205 

280 

195 

205 

194 

200 

257 

255 

3.66 GEX-7%-Pellet 342 

Extens~ve fragmentation. Clad
ding surface temperature of 
280°C at. time of failure. 4oo 
psi pressure pulse. 96.7% 
M-W reaction. 

Extensive fragmentation. 500°C 
cladding temperature at time 
of failure. 67.2% M~W reaction. 
215 psi pressure pulse. 

Test used to crack ~uel pellets 
prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

Test used to further crack fuel 
pellets prior to waterlogging. 

The waterlogged rod did not fail. 
Cladding exhibited maximum dia
metral growth of 63 mils. 

Figure-of-merit measurement. 

Figure-of-merit measurement. 

Waterlogged rod failed. M~imum 
capsule pressure was 3275 psL. 
About 2/"3 of' fuel was expelled. 

18 mils permanent axial growth. 
Cladding surface blackened and 
slightly bowed. 1. 3% M-W reaction. 

ll mils permanent axial growth. 
Cladding· discolored. and slightly· 
bowed. 0.6% M-W reaction. 

Rod separated and several regions 
of melted cladding. 8.8% M-W 
reaction. 

23 mils permanent axial growth. 
Only slight discoloration of 
cladding. 3.2% M-W reaction. 

Gross melting of fuel and clad
ding. 1.5 inches of the rod 
fragmented. 19% M-W reaction. 
375 psi pressure pulse measured. 



CDC Transient 
Number 

479 

480 

481 

483 

484 

485 

487 

488 

489 

490 

491 

492 

TABLE C-1 (Continued) 

Total Energy Period 
(msec) 

Test Rod 
Type Deposition (cal/g) Remarks 

2.95 GEX-7%-Powder 

3.88 GEX-7%-Powder 

2.97 Unclad 10% SPX 
Pellets in Alumina 

Crucible. 

2.98 GEX-7%-Powder 

3.76 GEP:_7%-Pellet 

3.99 GEP-7%-Powder 

3.00 

2.98 

3.84 

5.26 

2.96 

3.05 

3.07 

GEP-7%-Pellet 

GEP-7%-Powder 

GEP-7%-Pellet 

GEP-5%-Pellet 

GEX-7%-Pellet 
24 inch active 

fuel length 

GEX-7%-Powder 
24 inch active 

fuel length 

Waterlogged 
GEP-7%-Powder 

170 

414 

342 

605 

440 

194 

193 

243 

254 

201 

123 

427 

460 

Three inch length of rod frag
mented. 720 psi pressure pulse 
measured. 25.9% M-W reaction. 

Four inch. length of rod melted 
and fragmented. 50 psi pressure 
pulse. 23% M-W reaction. 

Maximum capsule pressure was 
410 psi. 13.1 cc of hydrogen 
gas released per gram of uo2. 

Font. i ,.,. ad iva length mel ted 
and fragmenteu. 4oo psi p:r~ssure 
pulse. 27.1% M-W reaction. 

22% increase in diameter. Per
manent axial growth of 10 mils. 
0.4% M-W reaction. 

Rod sustained an S-shaped bow. 
Cladding discolored. 1.0% M-W 
reaction. 

Cladding failed at 205 cal/g. 
39 psi capsule pressure pulse. 
Rod remained i.ntact. 6. O% M-W r 
reaction. 

Permanent axial growth of 46 
mils. Several hairline cracks 
in cladding. Mean diametral 
growth of 19 mils was measured. 
'(. o% M-W reaction. 

Mean diametral growth of 17 mils. 
Permanent axial growth of 19 
mils. Rod slightly discolored 
and slightly bowed. 0.7% M-W 
reaction. 

Fuel pellets cracked. Permanent 
axial growth of 7 mils. 

Rod failed at 333 cal/g. Maximum 
capsule pressure was 715 psi. 
Extensive fragmentation occurred. 
22% M-W reaction. 

Rod failed at 391 cal/g. Maximum • 
capsule pressure was 575 psi. 
Rod. was extensively fragmented. 
24% M-W reaction. • 

Waterlogged rod failed at 66 
cal/g of uo2 . All fuel was 
expelled from the rod. 



.. 

CDC Transient 
Number 

496 

501 

503 

504 

505 

506 

507 

509 

510 

511 

514 

Period 
(msec) 

5.17 

7.60 

6.86 

3.27 

4.93 

4.10 

3.02 

ii:.t 

3.03 

2.98 

TABLE C-1 (Continued) 

Test Rod 
Type 

Waterlogged 
GEP-5%-Pellet 

GEP-5%-Peliet 

SPXM-10%-Zr 

SPXM-10%-Zr 

SPXM-10%-Zr 

SPXM-10%-Zr 

SPXM-10%-Zr 

GEP-7%-Powder 
24 inch active 

fuel length 

Waterlogged 
GEP-7%-Powder 

Waterlogged 
GEP-5%-Pellet 

Total Energy 
Deposition.(cal/g) Remarks 

220 

120 

257 

287 

613 

378 

490 

251 

168 

265 

220 

171 

Waterlogged rod failed at 
60 cal/g of uo2 . About 90% 
of the fuel was expelled from· 
the rod: 

Fuel pellets cracked. Cladding 
surface did not sustain any 
no~iceable damage. 

Permanent axial growth of 73 
mils. Very little cladding 
strength. Cladding discolored 
and deformed. 15.5% M-W reac
tion. 

Regions of melted fuel and 
cladding. Several holes formed 
in cladding. Rod fractured 
in four locations. 21.5% M-W 
reaction. 

Cladding failed a.t 4 70 cal/ g. 
Extensive fragmentation. 1.35% 
energy conversion. All of the 
cladding reacted with water. 

Cladding failed at 365 cal/g. 
65 psi capsule pressure pulse. 
Most of active fuel region was 
melted and fragmented. 37% 
M-W reaction. 

Cladding failed at 4oo cal/g. 
180 psi pressure pulse. Exten
sive melting and fragmentat,libn. 
51.7% M-W reaction. 

Most of energy was deposited 
at time of failure. 36 psi 
maximum pressure pulse. Melted 
cladding at flux peak. Cladding 
discolored and deformed. 3% 
M-W reaction. 

Permanent axial growth of 38 
mils. Cladding surface was 
blackened and dulled and rod 
was bowed slightly. 

Waterlogged·rod failed at 60 
cal/g. 3300 psi capsule pressure 
pulse. All of the fuel was 
expelled from rod. 

Waterloe;ged :rod failed at 33 
·cal I g. Capsule pres sure pulse 
of 1680 psi. All. fuel was expelled~ 



CDC Transient 
Number 

517 

518 

5l9 

520 

521 

522 

523 

524 

525 

526 

527 

TABLE C-1 (Continued) 

Total Energy Period 
(msec) 

Test Rod 
Type Deposition (cal/g) Remarks - -1 

3~11 SPX-10%-Pellets 
clad with Flint 
Glass Tubing 

5.13 GEX-7%-Powder 

4, 62 01~X-7%"'Fuwlle!' 

4. 94 GEX-7%-Powder, 

2.98 Waterlogged 
F Rod 

8.60 F 

8.53 GEX-7%-Powder 

3. 93 · GEX-7%-Powder 

4.22· GEX-7%-Powder 

3.84 SPX-10%-Pellets 
clad with Flint 
Glass Tubing 

2.98 Waterlogged 
F Rod 

552 

262 

292 

266 

300 

100 

151 

343 

314 

452 

304 

172 

_,, 
Failure at 388 cal/g. Maximum 
capsule pressure was 310 psi. 
14.3 cc of hydrogen gas released 
per gram of uo2. 

Mean diametral growth of 5.9 
mils. Permanent axial growth 
of 20 mils. Slight discoloration 
and very slight axial bow. 1.5% 
M-W reaction. 

Cladding temperatures nf ?0?5°r.. 
Melted cladding over active fuel 
length. Rod fractured. No pres
::;ure. 14.6% M-W reaction. 

Permanent axial growth of 10 mils. 
Cladding surface was discolored. 
2% M-W reaction. 

Waterlogged rod failed at 245 
cal/g. 1850 psi capsule pressure 
pulse. About half of the fuel 
was expelled. 

fl 
Fuel pellets cracked. 

Maximum cladding temperature of 
·~ 9000C. Cladding surface was 

discolored and rod was sliiht.ly 
bowed. 

Rod failed at 330 cal/g. Maximum 
cladding temperature of 1775°C. 
Melted cladding and complete 
separation of cladding at two 
points. 18.9% M-W reaction. 

Cladding failed at 290 cal/g. 
36 psi pressure pulse. Maximum 
cladding temperature of 1875°C. 
Extensive melting. 17.4% M-W 
reaction. 

Failure at 414 cal/g. Maximum 
capsule pressure was 40 psi. 
11.1 cc of hydrogen gas released 
per gram of uo2. • 

Waterlogged rod failed at 240 
cal/g. 2200 psi capsule pressure • 
pulse. About 67% of the fuel 
was expelled from the rod. 



CDC Transient 
Number 

529 

531 

532 

533 

534 

536 

537 

538 

539 

)40 

Period 
(~sec) 

4.29 

5.07 

3.42 

12.1 

3.28· 

8·.25 

3.03 

8.11· 

::L05 

5.59 

TABLE C-1 (Continued) 

Test Rod 
Type 

Total Energy' 
Deposition (cal/g) 

SPX-10%-Pellets 
Clad vii th Flint 
Glass Tubing 

SPX-lO%..:.Pellets 
clad with Flint 
Glass Tubing 

SPX-10%-Pellets 
clad with Flint 
Glass Tubing 

SPX-10%-Pellets 
clad with Flint 
Glass Tubing 

SPX-10%-Pellets 
clad· with Flint 
Glass Tubing 

SPXM-10%-Zr 

SPXM-10%-Zr 

Waterlogged 
SPXM-5%-SS 

SPXM-10%"-'Zr 

Waterlogged 
SPXM-5%-SS 

SPXM-10%-Zr 

412 

389 

328 

508 

153 

620 

235 

240 

393 

338 

173 

Remarks 

Failure at 376 cal/g. Maximum 
capsule pr~ssure was 185 psi. 
10. 5 cc of· hydrogen gas releas·ed 
per gram of uo2. 

Failure at 310 cal/g. Maximum 
c'apsule pressure was "87 psi. 
9.5 cc.6f hydrogen gas released 
per gram of uo2. 

Failure time unknown. No pressure 
generation. 5.3 cc of hydrogen 
gas released per gram of uo2. 

Failure at 420 cal/g. Maximum 
capsule pressure was 830 psi, 
12.5 cc of pydrogen gas released 
per gram of uo2. 

Figure--of-merit experiment: 

Cladding failure at 420 cal/g. 
500°C cladding temperature at 
time'of failure. 380 psi pressure 
pulse. l. 44% energy conversion.· 
Essentially all of the cladding 
had undergone M-W reaction. 

102 mil· permanent axial groWth: 
Cladding surface was discolored·· 
and bowed slightly. 6.6% M-W' 
reaction. 

Waterlogged rod failed at 350 
cal/g. Maximum capsule pressure 
was 1275 psi. All of the fuel 
was~ expelled. 

Cladding temperature of 170ooc. 
Permanent·axial growth of 169 
mf:J..'s. Cladding surface discolored· 
and deformed. 14.7% M-W reaction. 

Waterlogged rod failed at 255 
cal/g. Maximum capsule pressure 
was 485 psi. 

Cladding temperature of 1880°C. 
Rod broken into several pieces 
with extensive melting and slight 
fragmentation. 22.2% M-W reaction. 



CDC Transient 
Number 

544 

.. 545 

546 

548 

550 

551 

552 

Period 
{•insec) . 

5.20 

2.99 

7.26 

3.03 

2.97 

3.01 

3.00 

2.99 

3.01 

TABLE C~l (Continued) 

Test Rod 
Type 

Total Energy 
Deposition.(cal/g) Remarks 

·I 
) 

SPXM-10%-Zr 

Waterlogged 
SPXM-5%-SS 

SPXM-10%-Zr 

WA.t.erlogged 
SPXM~5%-SS 

Waterlogged 
SPXM-5%-Zr 

SPX-10%-Pellets 
clad with Flint 
Glass 'l'ubing 

SPXM-10%-Zr 

360 

392 

267 

193 

410 

655 

SPX-10%-Pellets 509 
clad with Flint 
Glass Tubing 

SPXM-10%-Zr 653 

Waterlogged 412 
SPXM-5%-Zr 

Cladding failed at 330 cal/g. 
Cladding temperature was 1440°C 
at time of failure. Extensive 
fragmentation. 23.9% M-W reac
tion. 

Waterlogged rod failed at 116 
cal/g . .Maximum capsule pressure 
was 330 psi. All of the fuel 
wa~:> expelled. 

Maximum cladding temperature of 
186ooc. Partial melting and 
crn.cldng of cladding. Rod frac
tured in three places. 17.1% 
M-W rP.R.r.t. ion, 

Waterlogged rod failed at 352 
cal/g. Maximum capsule pressure 
was psi. All of the fuel was 
expelled. 

Waterlogged rod failed at 85 cal/g. 
Capsule pressure pulse of 130 l1 
psi. All of the fuel was expelled 
from the rod. 

Figure-of-merit measurement. 

Cladding failure at 360 cal/g. 
Cladding temperature of 30ooc at 

. time of failure. 1750 psi cap
sule pressure pulse. 2.75% energy 
.conversion ratio. Essentially 
all of the cladding had undergone 
a metal-water reaction. 

Failure at 374 cal/g. Maximum 
capsule pressure was 1510 psi. 
13 cc of hydrogen ga.s released 
per gram of uo2. 

Cladding failure at 400 cal/g. 
Cladding temperature at 30ooc at ,_ 
time of failure. 1600 psi capsule 
pressure. 2.2% energy conversion. 
Essentially all cladding reacted .; 
with water. 

Waterlogged rod failed at 164 
cal/g. Capsule pressure pulse of 
920 psi. All of the fuel was 
expelled. 



( 

CDC Transient 
Number 

553 

555 

556 

559 

566 

Period 
(msec) 

5.50 

5.60 

5.54 

.5.69 

7.37 

4.53 

·6.06 

3.55 

TABLE C-1 (Continued) 

Test Rod 
Type 

SPXM-5%-SS 

Waterlogged 
SP~-5%-Zr 

Waterlogged 
SPXM-5%-Zr 

Waterlogged 
SPXM-5%-Zr 

Waterlogged 
SPXM-5%-Zr 

GEXPR-T2 
Pu02-uo2 

GEXPR,.·Tl 
P\.l0~-TJ02 

Irradiated 
GEX-7%-Pellet 

'Irradiated 
GEX-7%-Pellet 

Irradiated 
GEX-7%-Pellet 

Total Energy 
Deposition (cal/g) Remarks 

207 

223 

225 

224 

223 

274 

225 

260 

200 

340 

175 

'l'ransient ~igure-of-merl L 
measurement. Cladding dis
colored and rod slight~y bowed. 

Waterlogged rod failed at 159 
caJ/g. .Capsule pressure 'pulse 
of 325 psi. Less than 1 gram of 
fuel was expel1ed ·from the rod. 

Waterlogged rod failed at 150 
cal/g. Capsule pressure pulse 
of 450 psi. Less than 1 gram 
of fuel was expelled from the 
rod. 

Waterlogged rod failed at 157 
cal/g. Caps~le pressure pulse 
of 380 psi. ;Less than 1 gram 
of fuel was ·e~elled from the 
rod. 

Waterlogged rod failed at 121 
cal/g. Capsule pressure pulse of 
330 psi. Less than l gram of 
fuel e~pelled. 

Cladding failure occurred. Clad
ing was partially melted and rod 
was separated into 2 major·pieces. 
Maximum cladding temperature was 
19109C. 13% M-W reaction. 

Maximum cladding temperature·was 
l4oooc. Permanent axial growtP.:of 
63 mils measured. Cladding sur
face dj,scolored. 

Ro.d irradiated to 3330 MWd/MTM 
in ETR. Rod failed at 225 cal/g. 
300 psi capsule pressure pulse. 

· 5 .. 1% :M-W reaction. 

Rod failed at 147 cal/g. Maximum 
capsule pressure was 180 psi. 
Cladding blistered and cracked. 
1.7% M-W reaction. 

Rod failed at 300 cal/g. MaximUm 
pressure was 2400 psi. Melted 
cladding and hole formed in 
small area. 




