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ABSTRACT 

This· report describes the results of the fourth test, Test IE-2, 

conducted by the Thermal Fuels Behavior Program of the Water Reactor 
Research Program of EGIG Idaho, Inc. The research is sponsored by the 

Nuclear Regulatory Commission a·nd is part of the_ NRC's Irradiation 

Effects Test Series. This t~st used four, 0.97~m long, PWR-type fuel 
rods with differences in diametral gap and cladding irradiation. The 

objective of this test was to provide information about the effects of 

these differences on· tue1 rod behavior durinq ~uasi-equilibrium and film 
. boiJ1rtg operation. 

The fuel rods were subjected to a series of ~reconditioning power 
cycles of less than 30 kW/m. Rod powers were then increased to 68 kW/m 

at a coolant mass flux of 4900 kg/s-m2. After one hour at.68 kW/m, a 

power-cooling-mismatch sequence was initiated by a flow reduction at 
constant p·ower. At a flow of 2550 kg/s-m2, the onset of film boiling 

occurred on one rod, Rod IE-011. An additional flow reduction to 

2245 kg/s-m2 caused the onset of film boiling on the remaining three 

rods. 

Data are presented on the behavior of fuel rods during quasi­

equilibrium and during film boiling operation. The effects of initial 
gap size, cladding irradiation, rod power cycling, a rapid power in­

crease, and sustained film boiling are discussed. These discussions ar:e 
based on measured test data, preliminary postirradiation examination 

results, and comparisons of results with FRAP-T3 computer model cal­

culations. 
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.. SUMMARY 

.This report describes the results of the fourth test, Test IE-2, 

in the Irradiation Effects Test Series, which is part of the Thermal 

Fuels Behavior Program being conducted at the Id~ho National Engineering 
Laboratory by EG&G Idaho, Inc., to define the behavior of fuel rods 

during transient operating conditions. Research is being sponsored by 
the Fuel Behavior Program of the Nuclear Regulatory Commission. The 

objective of this test was to provide information about the effects of 

diametral gap and cladding irradiation on fuel rod behavior during 
quasi-equilibrium and film boiling operation. 

Test IE-2 was conducted in October, 1976, in the Power Burst 

Facility (PBF) reac~or at the Idaho National Engin~ering Laboratory. 
Four rods designated IE-011, IE-012, IE-013, and IE-014 were used. :Rods 

IE-011 and IE-012 were fabricated from irradiated zircaloy-4 cladding; 

and Rods IE-013 and IE-014 were assembled from unirradiated zircalo~-4 
cladding. All rods contained fresh fuel. The-fuel pellet diameters 

were ground so that Rods IE-011 and IE-013 had small diametral gaps 
(0.10 mm) and Rods IE-012 and IE-014 had large diametral gaps (0.34 mm). 

The fuel rod upper end caps contained a pressure transducer. The rods 
w~re repressurized with an argon and helium gas mixture which had a 

therma 1 conductivity similar to ffssi on gases extracted from similar 

Saxton fuel rods. 

The four rods were mounted in the PBF in-pile tube which is con-
, nected to an external loop capable of providing PWR coolant conditions. 

Each of the rods was surrounded by a separate flow shroud so that they 

were hydraulically and thermally isolated from one another. ·The rods 

and the shroud. assembly were instrumented to monitor fuel rod behavior. 

and coolant cond·itions. 

The firs~ part of the test consisted of about thirty-seven hours of 

preconditioning at various peak rod powers not exceeding 30 kW/m. This 

period was followed by a power ramp to 68 kW/m at a ramp rate.of 3 kW/m 

per minute. rhe rods were held at 68 kW/m for one hour and then were 
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subjected to. a power-cooling:..mismatch'seqt.ien'ce initiate·d 15y 'a flow· 
reduction to induce film ·boiling. At a, coolant flo~ ~f 2550 kg/s-m2, 
the onset of film boiling occur~ed on Rod IE-011. During a further flow 
reduction to 2245 kg/s-m2, film bo.ili.ng was indicated on the remaining 
rods. After one minute of film boiling on Rod IE-011, the reactor was 
rapidly shut down. Rod failure was not indicated by test instruments or 
found during the posttest examination. 

The effects of the differences in gap sizes were readily apparent 
from both the experimental measurement~ and visual posttest examination~ 
Measurements indicated that the rods with the small initial gaps (Rods 
IE-011 and IE~Ol3) exhibited larger axial strai~s. lower internal pres­
sures, and lower centerline temperatures than did the other rods during 
both the pre-film boiling and film boiling phases. Visual posttest 
examination revealed the collapse (radial) strain for Rods IE-011 and 
IE-013 was l~ss than that for Rods IE-012 and IE-014. FRAP-T3 calcula­
tions also exhibited·these effects. 

The effects of cladding irradiation upon fuel rod behavior were 
minimal. Irradiation essentially affects only the mechanical properties 
of the cladding, so that no distinguishable variations in rod internal 
pressures, fuel centerline and cladding surface temperatures were ex­
pected or observed. 11 1n-service11 related differences between the 
previously irradiated and unirradiated cladding apparently resulted in a 
slight variation in the length of the film boiling zone. The effect of 
mechanical property changes, namely an increase in yield-point due to 
irradiation, was expected to cause a difference in cladding elongation 
but a difference could not be clearly identified. During the power 
cycles. no plastic deformation was observed. Evidence of any plastic 
deformation. during the rapid power ramp was marked by fuel creep· during 
and following· the ramp and the subsequent film boiling operation. 
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1. . INTRODUCTION 

This document describes the results of ~he Irradiation Effects 

Test 2 (Test IE-2), the fourth test. in the Irradiation Effects (IE) Test 

Series. The tests ar~ being conducted at the Idaho National Engineering 

Laboratory under the Thermal Fuels Behavior Program bY EG&G Idaho, Inc·. 

This test series, part of the Nuclear Regulatory Commission•s Fuel 
Behavior Program[lJ, is ·designed to st~dy the behavior of irradiated and 

uni rradi a ted fuel rods under abnorma 1 reactor conditions. The r·esults 

of these tests will be used in the development of vertfied analytical 
models for predicting the behavior of irradiated fuel rods. A more 
comprehensive discussion of the scope and objectives of this test series 

is given in the Irradiation Effects Experiment Requirements Document[2J. 

The.objective of Test IE-2 was to provide information on fuel rods 

with differences in diametral gap size and cladding irradiation. The 

data include (a) steady-state data at various fuel rod power levels, (b) 

data on pellet-cladding mechanical interaction (PCI) during transient 
operating conditions, and (c) data for post-DNB fuel rod behavior at 

high power (approximately 68 kW/m peak). 

Four PWR-type fuel rods were mounted in ·the in-pile tube in the 
Power Burst Facility (PBF) reactor. These rods, contained in individual 

cylindrical flow shrouds, were tested simultaneously under the same 
nominal operating conditions. The fuel rods and shroud assembly were 

instrumented to monitor fuel rod behavior and coolant conditions. A 

complete description of the fuel rods and test train is contained in 

Section 2. 

The test consisted of a series of preconditioning power cycles 

followed by a rapid power ramp, high power steady-state period, and a 

power-cooling-mismatch (PCM) seq~ence initiated by a.flow reductio~ to 

produce film boiling while at high power. A piggyback ga~ conductance 

test, which used ~ sinuspidal ·variation of reactor power to produce ·ga~ 

conductance data, was run early in the preconditioning period. The 

results from this piggyback test are presented in a separate report[3J. 
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The description of the test conduct and the experimental results are 
contained in Sections 3 and 4. 

The results of the visual postirradiation examination (PIE) are 
presented in Section 5. The balance of the PIE results will be reported 
separately, following completion of the examinations. 

Section 6 contains an evaluation and a comparison of the calculated 
and experimental fuel ·rod behavior data. 

Conclusions and a discussion: of the test results and the compari­
sons made in Section 6 are provided in Section 7. 

In Appendix A, an assessment of the instrumentation and data system 
errors i.s p.resented. The fuel rod, characterization data are given in 
AppendiX B. A description of_ the data, reduction process. and' additional 
test data not presented in the rna,; n body of the text are given in 
Appendix C. The results of a d~tailed power calibration are presented· 
in fl,ppendfx D. 
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2. EXPERIMENT DESCRIPTION 

The PBF consists of· an open-tank reactor vessel, a driver core 

region with an active length of 0.91 meter, a central flux trap region 

containing an .in-pile t~be (IPT), arid a loop coolant system to provide 

the typical pressurized water reactor system conditions. The re-entrant 

IPT, which encloses the t~st space, has inlet and outlet connections for 
loop coolant flow located at its upper end above the driver core. The 

coolant. flow enters the top of the IPT and is directed downward on the 
outside of a flow tube which surrounds the test assembly. At the bottom 

of the IPT, the coolant flow reverses direction and flows up through the 

test assembly and out the IPT outlet.· 

The four fuel rods tested in Test IE-2 were positioned vertically 
in the IPT. A separate flow shroud surrounded each fuel rod. Hence~.·· 

the fuel rods were hydraulically and thermally isolated from interacting 

with one another, essentially allowing four single fuel rod tests to be 

conducted simultaneously. 

Each. fuel rod and flow shroud assembly was instrumented to monitor 

fuel rod behavior during nuclear operations. The fuel rods, test train, 

flow shroud, and associated instrumentation are described in this section. 

2.1 Fuel Rods 

The four fuel rods were designated Rods IE-011, IE-012, IE-013, 
and IE-014. Rods IE-011 and IE-012 were remotely fabricated from ir­

radiated zircaloy-4 clac:lding, and Rods IE-013 and IE-014 were assembled 

from unirradiated zircaloy-4 cladding. All rods contained fresh 12.5 wt% 

23suo2 dished fuel pellets. The fuel rods we~e app~oximately 0.97-m 

long (not including the instrumented end cap) and had a nomi"nal. active 
fuel stack length of 0.884 m. A summary of selected information de­

scribing the fuel rods is contained in Table I. Complete cladding and 

fuel pellet characterization data for each fuel rod are given in Appendix B. 
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TABLE I 

DESIGN AND TEST PA~AMETERS FOR FUEL RODS USED IN TEST 1~-2 

Rod 
Parameter IE-011 · IE-012 IE-013 IE:..Ql4 

Rod Identification M-15 M-19 925 929 
~ Cladding Fluence (lo20 n/cm2) 4.7 5.2 0 0 

Cladding Length (m) 0.97 0.97 :J.97 0.9·7 

Mean Cladding OD (mm) 9.997 9.967 3.925 9.939 
' Mean Cladding Thi,ckness (mm) 0.630 0.617 0.592 0.600 

Mean Diametral Gap (mm) 0.102 0.343 D. 100 0.'343 
Measured Void Volun;~e (ml) 6.6 9.2 ' 7. 7 10.2 
.Fill Gas Compositi on/Pressi,Jre (MPa} 76% He- 76% He- 76%. He- 76% He-

· (at time of assembly) 24% Ar/2. 51 24% Ar/2. E.Q . 24% Ar/2.69 24% Ar/2.67 



. I 

· 2.1.1 Fuel Rods with·Previously Irradiated Cladding. Rods IE-011 

and IE-012 were remotely fabricated from_MAPI[a] Rods, M-15 and M-19, 

irradiated in.the Saxton reactor[b] to approximate burnups of 5110 and 

5610 MWd/tU, respectivel~[4 J. The cladding from these rods receiv~d 
neutron fluence~ at energies great~r than 1 MeV of 4.7 and 5.2 x 1020 

neutrons/cm2, respectively[4]. The irradiated fuel within the· rods was 

removed and replaced with unirradiated 12.5 wt% 23suo2. The measured 

~ladding outer diameter (OD) ne~r the central region of the irradiated 

cladding was a maximum of 0.04 mm smaller than the nominal cladding OD 
of the unirradiated cladding. This small dimensional change was pro­

bably due to creep experienced during irradiation in the Saxton reactor. 

The OD of the fuel pellets was ground to produce nominal diametral 

fuel-cladding gaps of 0.102 mm and 0_.343 mm. in Rods IE-011 and IE-012, 

respectively. One fuel pellet having an outside diameter of 8.11 mm, 

approximately 0.3-mm smaller than all other fuel pellets, was loaded 
into Rod IE-012 at the 0.58-m elevation[cJ. Fuel pellets at the top of 

the stack were drilled to accommodate a centerline thermocouple. The 

uppei end caps of the two rods_ were replaced with end caps containing a 

pressure transducer. A gas mixture of 76% helium and 24% argon was used 

to backfill the rods to a pressure of 2.5 MPa. This gas composition 
simulates the thermal conductivity of the gases in the irradiated Saxton 
fuel rods[ 2J. 

2.1.2 Fuel Rods with Unirradiated Cladding. Rods IE-013 and 

· IE~Ol4 were fabr1cated from cladding from unitradiated Saxton Rods 925 
and 929 and from fresh 12.5 wt% 23suo2 fuel. The fuel pellet diameters 

were gro.und to produce diametral fuel-cladding gaps of 0.100 mm in Rod 
IE-013 and 0.343 mm in Rod IE-014. The nominal wall thickness of the 

unirradiated cladding was 0.596 mm, approximately 5% thinner than the 

[a] Mitsubishi Atomic Power Industries of Japan. 

[b] The Saxton Reactor was designed by Westinghouse Electric 
Corporation for the USAEC. The reactor was a small, prototypic, 
pressurized water reactor .. 

[c] The smaller pellet was inadvertently loaded and could not be 
removed without severe schedular impact. 
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irradiated 'cladding of Rods IE-011 a11d IE-012. ·Pellets at -th"e t6p ~of 
the fu.el stack were dr'i 11 ed to accommodate an ultrasonic thermometer 
(UT) at the fuel ce~terline of both rods. The rods were fitted with 
upp.er end caps containing a pressure transducer. These rods were a 1 so 
backfilled with a 76% helium/24% argon gas mixture, but to approximately 
2.7 MPa. 

2.2 Test Train 

·The test train hardware symmetrically positions the four fuel rods 
in the PBF iPT ai shown in Figure 1. A fuel rod mounted in a flow 
ihroud with.·a full complement of instruments is depicted in Figure 2. 

. . 

A cross sectional view of the test train assembly presented in ;;~~re 3 
shows the rela~ive location of ~ach flow sh~oud and the self-powered 
neutron detector (SPND) su·pport tubes. Figure 4 shows the relative 
positioning of the SPNDs in the .tes.t assembly. 

2~3 Flow Shroud 

The flow shrouds were fabricated from zircaloy-4. Each flow 
shroud had a nominal inside diameter of 16.31 mm and a w~ll thickness of 
3.15 mm. The outside diameter of each fuel rod was no·minally 9.96 mrri. 

l 

Resultant hydraulic and heated equivalent diameters were 6.35 and 
16.75 mm, respectively. The four flow shrouds were positioned in the 
in-pile tube as shown in Fig~re 1. 

2.4 Instrumentation 

Instrumentation was provided to monitor fuel rod behavior and 
coolant conditions in each flow shroud during the test. A listing of 
the t~ansducer calibrations and error analyses for the test instrum~nts 
is given .in Appendix A. The test instrumentation is divided into two 
cl~ssifications: test train insttumentation and fuel rod instrumenta­

tion. 
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Fig. 1 Test IE-2 four rod experiment assembly and instrumentation shown 
installed in the PBF in-pile tube. 
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Fig .. 2 Typical instrumented fuel rod for Test IE-2, shown installed in a 
flow shroud. 
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Fig. 3 Top view of Test IE-2 hardware orientation in the PBF in-pile tube. 
The zero degree position for each flow shroud is toward the center of the 
test assembly. 
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Fig. 4 Schematic orientation of IE-2 self-powered neutron .detectdrs 
(SPND). 
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2.4.1 Test Train Instrumentation. The test train instrumentation 
consisted of the following: 

(1) Two 69-MPa strain post-type pressure transducers were used to 
measure the system coolant pressure during the test. Both 
were positioned on the test train above the fuel rod assembly 
as shown in Figure 1. 

(2) A turbine flowmeter at each flow shroud inlet was used to 
measure coolant flow through the shroud. This component is 
shown in Figure 5. 

(3) A calibrated copper-constantan (Type T) differential thermo­
couple pair was provided to measure coolant temperature rise 
through each flow shroud. 

(4) Two magnesium oxide insulated, Chromel-Alumel (Type K) thermo­
couples were positioned near the inlet of the test train 
assembly to measure the coolant inlet temperature. The 
coolant outlet temperature of each flow shroud was monitored 
with a similar Chromel -Alumel (Type K) thermocouple. 

(5) One linear variable differential transformer (LVDT) was posi­
tioned at the bottom of each fuel rod to measure changes in 
fuel rod claddin~ len~th as shown in Figure 5. 

(6) Eight, 10-cm long, cobalt self-powered neutron detectors 
(SPNDs) were mounted on support tubes in the test train assem­
bly as shown in Figure 6. The locations of these devices 
relative to the test train are shown in Figure 3. Five of the 
detectors were mounted on the test train with centers at 0.16, 
0.31, 0.47, 0.63, and 0.78 m from the bottom of the active 
core. These devices were employed to measure the relative 

axial neutron flux in the in-pile tube during the test. Three 
additional SPNDs were mounted at the 0.63-m location to pro­
vide a relative measure of the azimuthal neutron flux distri­
bution across the test train. 

11 



N 

- -~-----

----- -

TURBINE 

r-- FLOW SCREEN . 
/ ASSEMBLY 

/ 
/ 

OR FICE PL.lTE 

., ,,. ,., .. ,,,, ,.. 

Fig. 5 Expanded layout ·Jf the linear variable diff=rential transformer, 
coolant flow orifice pl:1te, turbine flowmeter, and coolar~ flow screen 
assembly. 
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SELF POWERED 
~-- NEUTRON DETECTOR 

Fig . 6 Self-po~ered neutron detectors as mounted on support bar. 



(7) A cobalt wire was mounted on the outside of each of three flow 
shrouds to monitor the axial neutron flux profile in the IPT. 
The cobalt wires were positioned to extend below the bottom 
and the top of the active core. 

2.4.2 Fuel Rod Instrumentation. The following transducers were 
utilized . to monitor the response of each fuel rod during the experiment: 

(1) One 17-MPa strain post-type pressure transducer was mounted on 
the upper end <..:diJ u r edcll r·uu Lo 1lloni tor i nterna 1 p1·essu1·e. 

(2) A calibrated thermocouple composed of a tungsten-rhenium 
(W5%Re/W26%Re) alloy wire, with a hard-fired beryllium oxide 
insulation and a tantalum sheath, was provided to measure the 
fuel centerline temperature on Rods IE-011 and IE-012. These 
thermocouples were inserted from the top of the fuel stack 
through drilled fuel pellets. Temperature measurements were 
made at 0.75 m above the bottom of both fuel rods. 

(3) An ultrasonic thermometer (UT) with an active length of 10 em 
was u~cd to measure the fuel centerline temperature 1n Rods 
IE-013 and IE-014. The UTs were inserted from the top of the 
fuel stack through drilled ~uel pellets and centered at 0.61 m 
above the bottom of the fuel rod. 

(4) Two grounded junction, beryllium oxide insulated, tungsten­
rhenium (W5%Re/W26%Re) alloy wire, zircaloy sheathed thermo­
couples were used to measure cladding surface temperatures. 
These thermocouples, depicted in Figure 7, were spring-loaded 
against the outer surface of the cladding with an approximate 
three-pound preload. The thermocouples were located 0.61 m 
above the bottom of Rods IE-011 and IE-012. 
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Fig. 7 Section o: the test train, as assembled for insertion into the !PT. 



(5) Four platinum/platinum 10% rhodium (Type S) spaded tip thermo­

couples were located in 0.25-mm-deep grooves machined in the 

surface of the cladding of Rods IE-013 and IE-014, respec­
tively. The orientation and location of the thermocouples are 

shown in Figure 8. The tips of all thermocouples except 
Thermocouple A (Figure 8) on Rod IE-014 were brazed in the 

grooves. Thermocouple A on Rod IE-014 was laser welded to the 

cladding. Thermocouples B, C, and D of Rod IE-014 were also 

laser welded after being brazed to the cladding. 

/ 
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TC 
No 

A 
B 
c 
D 

Orientation · Distance from Distance from 
Bottom of Bottom of 
End Cap Fuel 

oo 0.612 m 0.599 m 
goo 0.511 m 0.498 m 

1aoo· 0.612 m. 
' 0."599.m 

270° 0.714 m 0.701 m 

1.57 mm 

End of Thermocouple 

0 

0 

J 
_t 

.279mm 

.330mm 

j 

6.35mm 

"\ I'.. 

\ \. \. 

. . Fuel 

B 

Cladding 

1 02mm 
Thermocouple 

Top of Rod ..... 

Side View 

~ .7 \ \ \) \. \. \. \. \. ' 1\ 

~-

50."8mm 6.3 
mm 

2.7mm 

19.1 mm 

t;GG-A-1367 

Fig. 8 Orientation and. location of TypeS thermocouples on Rods IE-013 
and IE-014. 
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3. EXPERIME~T CONDUCT 

Irradiation Effects Test 2 consisted of four phases, which spanned 

a total of .49 hours, including about 38.hours of nuclear operation: 

(1) 'A preconditioning phas·e. 

(2) A rapid power ramp·phase. 

(3) A steady-state operation phase in which the test rod power, 

inlet temperature, and coolant flow tate were held constant. 

(4) A flow reduction phase which ihduced a film boiling transient. 

During the 37-hour preconditioning phase, the fuel r.ods were sub­

jected to different power cycles, which allowed for fuel restructuring. 

In these cycles a maximum power of 30 kW/m was reached. In the power 

ramp phase the peak fuel rod power was increased from 25 kW/m up to 68 
kW/m at a rate of 3 kW/m per minute. The power ramp was used in the 

study of pellet-cladding mechanical interaction, known to be a principal 

factor in irradiated fuel rod failur~. A one hour constant powe~ phase 
follow~d the rapid power ramp to 68 kW/m. This period of steady-state 

operation allowed additinnal· fuel restructuring and relaxation of the 

stresses between the fuel and its cladding. The final test phase was a 

forced flow.reduction to study film boiling behavior by inducing a 
i 

power-cooling-mismatch. 

To avoid possible misunderstanding, a specific terminology· is ~sed 

to'discuss test conduct. S1nce most of the test t:um.litiurl!:l (hllet 

tf:mperature, flow rate, etc.) have small random variations, as shown in 
Figure 9, nominal values are used to describe thes~ conditions. Fuel 

rod ·peak power is the peak linear heat rating (kW/m), whereas fuel rod 

average power is the linear heat rating averaged over the length of the 

rod. Fuel rod average peak power is used for the average of the fuel rod 

peak.powers in all four rods. Fuel rod average powers were calculated 

using a thermal balance, whereas local power was calculated using data 

18 
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Fig. 9 Experiment conduct- inlet temperature, coolant flow rate; fuel rod 
peak power and reactor power for Test IE-2. 
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from three axially distributed SPNDs and two cobalt flux wires~ The 
specific calculational techniques are discussed in Appendix D. 

J.l Preconditioning Phas~. The fi~st part of the test, the 
preconditioning phase, consisted of (a) two cycles designed to study the 
effects of coolant inlet temperature, coolant flow rate, reactor power, 
and tim~ on 'fuel rod and test train measurements, (b) a gap conductance 
piggyback test, and (c) two additional cycles of slowly varying power. 

The. first two cycles consisted of.l6 steps at all possible combina­
tions of two levels ot tlow rate; bUU and /UU cm3/s. inlet temperature~ 
585 ·and 606 K, ~nd fuel rod peak power; 23 and 30 ~W/m[aJ. As shown in 
Figure 9, rod average power was slowly increased at a rate of 0.23 kW/m 
per minute up ~o the first power step. ?ubsequent scheduled power 
changes were completed at ramp rates of 0.5 kW/m per minute; Between 
Cycles 1 and 2 (7 hours after the start of the test) there was ·an un­
scheduled shutdown. The average rod power was decreased and increas-ed 
at approximately 1.25 kW/m per minute for this shutdown and· subsequent 
startup. 

The gap conductance testing. described in another report[3J. con­
sisted Of OScillaLions at IIOIHinal ruel r·uu I..Jedk IJUWer· levels uf 12 and 

19 kW/m. The coolant flow rate and inlet temperature were varied from 
500 to 300 cm3;s and from 583 to 555 K, respectiveiy. No attempt was 
made to retain the frequency content of the data dut'i ng the asci 11 a t'i ons 

·for this report. These data, which show strong aliasing effects, were 
pr~s~nt~d only to 5how the complete sequence of fuel rod preconditioning. 

Following the gap conductance portion of the test, the reactor was 
shut down for instrument recalibration and range changes. The reactor. 

[a] The combination of flow rate, in1et temperature, and rod linear 
heat rating was chosen·using a 2 factorial des1gn w1th one com­
plete replicate to provide estimates of variances. The steps 
were randomly arranged in time with a constraint on the inlet 
temperature as shown in Figure 9. · The design was additionally 

·constrained so that ·the effect of time, electronic drift, etc., 
was confounded with three factor interaction. 
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was returned to power after nine hours to complete two additional cycles 
of preconditioning. This period consjsted of ramps from a rod average 
power of 0 kW/m to 30 kW/m at rates of either 0.25 or 1.25 kW/m per 

' .· 3 
niinute .. Nominal coolant flow rate and inlet temperature were 1000 em /s 
and 606 K, respectively. At the middle of Cycle· 6; as the power was 
being increased to 24 kW/m, a loss of onsite power caused the reactor .to 
scram. After startup, the preconditioning period was completed .. 

3.2 Power Ramp and Steady-State Operation~ The preconditioning 
p,eriod ended with a steady-state fuel rod peak power of 24 .kW/m~ The 
rod peak power was then increased at a ramp rate of 3 kW/m per minute up 
to 68 kW/m~ After a constant power level was reached, a calculation of 
fuel rod average power using coolant flow and temperature differential 
measurements determined that powers of .68.5, 65.0, 72.0, and 64.2 kW/m 
for•Rods IE-011, IE-012, IE-013, and IE-014, respectively, had been 
attained. 

L 

3.3 Flow Reduction. After about one hour at constant power, 
coolant inlet temperature and flow, the flow reduction portion of the 
test was initiated. The fuel rod coolant flow rates, nqminally the same 
for all four rods, were reduced ih steps from an i~itial value of 
1000 cm3Js (4880 kg/s-m2). Following each flow reduction step, flow was 
.held constant for approximately one minute. At a flow of approximately 
530 cm3/s (2550 kg/s-m2), the LVDT on Rod IE-011 indicated the onset of 
film boiling (DNB-departure from nucleate boiling). Concurrently, the 
flow rates for the other thre~ rods were approximately 2700 ~g/s~m2 and 
slight indications of film boiling were observed on Rods IE-01~ and IE~Ol4. 

At· this point, the flow for Rod IE-011 was further reduced to 460 cm3 /s 
(2245 k~/s-m2 )~ During this flo~ reduction, film bo~ling was indicated 

. . . 3 
on the remaining fuel rods. After the flow reduction to 460 em /s, the 
flow was held constant for about one minute after which the reactor was. 
shut down. These events are summarized in Table II. 

Film boiling ceased as the control rods were inserted into ·the 
reactor core. Rewetting of thP. fuel rods was indicated by the LVDTs, 
the fuel rod internal pressure transducers, cladding surface thermo-
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N 
N 

Time after 
DNB {sec} 

0.0 

18.0 

22.0 

24.0 

40.0-50.0 

62.0 

80.0 

115.0 

Mass .:lux 

Rod {k9/s-m2} 

lE-011 2!:50·- 30 
l E-012 2i00 =- 30 
l E-013 2i50 =- 30 
l E- 014 2i50 =- 30 

(S_ame) ( 5ame:• 

l E-012 2E50 - 50 

l E- 011 2220 - 30 
lE-012 24-:'5 =- 30 
l E-013 2360 =- 30 
lE-014 22:'0 ~ 30 

(Same) (Same:• 

(Same) (Same: 

(Same) (Same:· 

l E- 011 2350 -'- 30 
.. ]E-012 2EOO-:;:- 30 

EE-013 2550 -:;:- 30 
] E-014 2540 :; 30 

TABLE II 

M.~SS FLUX AND FUEL ROD POWER DURING TEST IE-2 FIL "'I BOIUNG 

Avenge Rod 
Po'&ler {kW/m} 

50. 5 + l. 5 
49 l + l.-5 
54. 0 + l. 6 
49.3 + l. 5 

:sa.me) 

.-s.:~.me) 

• Same) 

·:same) 

•:same) 

•Same) 

14.3+0.2 
14.4+0.2 
14.1+0.2 
15.0 + 0. 2 

Comments 

First indications. of DNB en ~ods IE-011, IE-013, IE--014: 
(l) IE-011 -cladding elcnga:ion increases, 
(2) IE-013 - centerline temperature increases, slight increase in 

·cla::lding t:!lllperatures at 0.61-m elevation. 
(3) IE-014 - increase i1 internal pressure and cladding surface 

temperatur=~ at·0.61-m elevation. 

Start of final flow redu-:1ion; immediate change in slope. on· mepsure-. 
ments listed abo•ne. Inc~ease in pressure for Rods IE-011 and IE-013. 
Increase in cladding s1rfcce temperatures on Rods IE-013 and IE-014. 

First indication of DNB -•Jr Rod IE-012. 

Lowest flow. 

Increases have leveled of~, equilibrium has been reached. 

Cladding temperat.ure.a: 0.61-n elevation and zero degree orientation 
on Rod IE-014 ha~ dropped, indicating local collapse of vapor layer. 

Reduction in power startec. Flow starting to increase. All measure­
ments which were indicatirg film boiling start to decrease .. 

Measurements have reacbed pre-DNB levels. 



couples on Rods IE-013 and IE-014,· and a fuel centerline thermocouple on 
Rod IE-011. 

Fuel rod internal pressure readings, loop fission monitor readings 
and subs~quent postirradiation visual examination indicated that none of 
the fuel rods failed during or after the film boiling portion of the 

·.test. 
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4. EXPERIMENTAL RESULTS 

The experimental results-presented in 'this section and Section 6 
have been divided into two parts; pre-film boiling behavior and film 
boiling behavior. 

The raw experimental data, described in Appendix C, were reduced 
using a fairly complicated process to obtain the data presented in this 
section. One of the steps involved was to find the uncertainties 
associated with the data due to. instrument calibration and data acquisi­
tion. These uncertainties are discussed in Appendix A. Another step, 
and probably the most important, was the correction of the data for 
known systematic instrument or data acquis1tion errors. Most of these 
corrections were minor except for those concerned with the rod internal 

\. 

pressure transducers. 

The pressure transducers were corrected for large zero drifts due 
to instrument decalibration. -The corrections were determined using a 
multiple regression analysis as discussed in Appendix C. 

As discussed'in the following paragraphs, transformations were made 
for parts of the plots in this section and Section 6 which show cladding 
elongation and rod internal pressure (Appendix C). These transformations 
were made to minimize the effects of instrument uncertainties and 
thermal expansion of the hardware for pressure and elongation, res­
pectively. 

where 

Cladding elongation data are presented in terms of change in strain 

E - cladding strain 

liL .. liL 
0 

Eo = cladding strain at the start of the nuclear portion of the 
test as shown in Table LII and at time zero in Figure 9 
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~L = cladding elongation 

~L0 = cladding eiongation at the start· of the test 

L =cladding cold length (970 mm). 

Rod internal pressure is presented ih terms of the fractiona.l 
change in pressure, 

·where 

.P - p 
o· 

P = rod internal pressure 

(2) 

P
0

= rod internal pressure at the start of the test after cor-
rection for decalibration of the pressure transducer (Table III). 

Rod 

IE-011 

IE-012 

IE-013 

IE-014 

I E-011 

TABLE I II 

REFERENCE INITIAL CLADDING STRAINS AND FUEL ROD 
INTERNAL PRESSURES FOR TEST IE-2 

Initial 
Pressure, P 

(MPa) 0 

5.07 

5.05 

5.43 

5. 39 . 

(FRAP-T3) 2.211 

Initial 
Cladding Strain, E

0 (mm/mm) 

1.18 X 10-3 

0.89 X 10-:~ 

' -0.03 X 10-3 

X 10-3· 1.47 

IE-014. (FRAP-T3) 5.246 -3 1. 51 X 10 

4.1 Pre-Film Boiling Experimental Results. 

Prior to film boiling the fuel rods were essentially in thermo­

dynamic ~quilibrium. The changes in rod power, inlet temperature, and 

flow rate were slow enough that any thermal lag in fuel rod temperature 
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.or coolant temperature was negligible. The fuel rods were not in me­

chanical equilibrium due to fuel creep and slippage between fuel and 

cladding. Nonequilibrium effects were less pronounced at low powers 

( <'30 kW/m) but were qu-ite evident during the. one hour .steady power 

period at 68 kW/m. For this reason, the mechanical data such as cladding 

elongation is more properly termed quasi-equilibrium during the pre-film 

boiling period. 

Representative key measurements made on each rod are presented in 

Figures 10 through 13. Also, the mass tluxes and tod av~rage powers for 

all fo~r rods during the power ramp and steady-state operation are shown 
in Figures 14 and 15. 

4.1.1 Cladding Elongation. Only three LVDTs, on Rods IE-011, 
IE-012, and IE-014[aJ, were operational during the test. The LVDT on 

Rod IE-013 failed prior to the test and could not be replaced without 
substantial schedule impact. The. change in cladding strain versus .power 

for Rod IE-011, which had a diametral gap of 0.102 mm, was consistently 
greater than the change in ·strain of Rods IE-012 and IE-014, which had 

gaps of 0.343 mm. 11 Hard 11 [b] pellet-cladding interaction was initiated 

at lower rod average powers on Rod IE-011, with a resultant increase in 

the slope of cladding strain versus rod power. This effect can be seen 

in Figures 16 through 18. 

[~] Ab~olute cladding elongations on Rod IE-014 are not presenterl 
because of a change in sensitivity of the LVDT as discussed in 
Appendix A. Relative comparisons are included to indicate the 
variations in behavior between Rods IE-012 and IE-014. 

[b] 11 Hard 11 PCI is differentiated from 11 Soft 11 PCI. whi.ch is characterized 
by isolated points of fuel-cladding interaction due to pellet 
fragments or misaligned pellets, and does not result in lockup 
between the fuel and the cladding. During 11 hard 11 PCI the cladding 
elongation approximates that of the fuel stack. 
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Fig. 12 Rod IE-013 behavioral' data for pre-film boiling phase of Test IE-2. 
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Fig. 13 Rod IE-014 behavioral data fbr pre-film boiling phase of Test IE-2. 
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Fig. 14 Coolant .flow rate and mass flux for all 
and steady-state operation. 
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Fig .. 15 Fuel rod average ·power for a 11 four rods during power ramp and 
s·teady-s tat.P. operation. 
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Fig. 16 ~hange in cladding stra1n for Rods IE-011 and IE-012 during 
pre-film boiling pHase of Test IE-2. The power a~ ·the onset of PC! fo~ 
Rod IE-014 is also indicated. 
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Fig. 17 Change in cladding strain for Rod IE-011 during power eye 1 es. 
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in cladding strain for Rod IE-012 during power cycles. 

As the fuel rods were subjected to continued power cycles (Figures 17 
and 18), the relationship between strain and power became "sa/turated"· or 
remained fixed, even for continued cycles. This constant relationship 
is due to the repositioning and deformation of the fuel. At the start 
of the test, because of the ·handling of the fuel rods, there is a noR­
uniform annular gap between the fuel pellets and the cladding. Off. 
center, skewed, and chipped pellets produce a random annular gap with an 
average effective gap smaller than the designed diametral gap. The 
smaller effective gap causes PCI during the initial power cycles at low 
fuel rod powers.· As the cycles continue, stresses between the cladding 
and the fuel column realign the pellets and pellet fragments, increasing 
the effective diametral gap. Once the fuel column has become aligned, 

· PCI results from closure of the di ametra 1 gap by therma 1 expans.i on and 
cracking of the fueL This type of PCI, often called "hard" PCI, happens 
at higher rod powers that are consistent· from cycle to cycle. As the · 
power is increased, "hard 11 PCI. occurs first for Rod IE-011 at approxi­
mately 9 kW/m. The other-two rods, IE-012 and IE-014, show PCI initia­
t·ion at 23 kW/m and 18 kW/m, rc5pectively. Tile power at which "hard 11 
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PCI occurs is a funciion of the diam~tr~l g~p and the 'previous maximum 
pow~r level. Evidently, some PCI exi~ted for Rod IE-011, during all 
power cycles even at rod powers close to zero (Figure 17), since the 
slope of strain versus power was higher than can be explained. by thermal 
expansion of the cladding.alone. The slope for Rod IE-012 is consistent 
with cladding thermal expansion. The differences in relative slopes 
between the two rods above the onset of 11 hard 11 PCI indicates that the 
.axial extent of PCI was also-much less for Rods IE-012 and IE-014 (large 
gaps) than for Rods IE-011 and IE-013 (smal} gaps). 

The influence of prior irradiation damage to the cladding should 
make no difference in the elongation since no plastic deformation nf the 
cladding was observed .. Irrad·iation of zircaloy-4 raises the yield 
point, but has minimal effect on the modulus of elasticity and the 
thermal expansion coefficient[5J. Since the cladding of all three rods 
with LVDTs ~emained in the elasti~ region, excepi perhaps during th~ 
ramp to 68 kW/m, no differences were expected. 

The influence of the diametral gap on elongation rate was also 
· observed during the power ramp to and 6peration at 68 kW/m as shown in 

Figure 19. The cladding strain on Rod IE-011 showed evidence of hot 
pressing_ or creep of the fuel as the slope uf strai~ ver~u~ time de­
creased a_bove 34 kW/m even though the powr:>r increase versus time is 
constant. As the power ramp was terminated, the slope in strain versus 
time went from positive to negative with the strain decreasing in an 
~xponential dP.cay which is an indication of fuel creep[6J. The cladding 
strains in Rods IE-012 and IE-014 also showed evidence of fuel creep 
probably combined with some slippage because the level of PCI was low. 
The slope nf the claddiny strain for Rod IE-012 reached zero about the 
time the ramp was terminated. The difference in cladding strain be­
havior between the three rods is probably due to an interaction of two 
conditions. Jhe lar~er initial gaps in Rods IE-012 and IE-014 would 
cause their average fuel temperatures to be higher. but the stress in 
their fO~l would be less. Since fuel treep increases for b~th increas­
ing fuel temperature and stress, the temperature must play th'e dominant 
role in this case resulting in higher creep rates for Rod IE-012 in 
~omparison with Rod IE-011. 
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Fig. 19 Change in cladding strain for Rods IE-011 and IE-012 during power 
ramp and steady-state operation. 

4.1\2 Fuel Rod Internal Pressure. The fuel rod internal pressure 
transducers showed sizable zero shifts befo~e and during the tests. 
Prior·to the test, all four transducers indicated changes in pressure 
from their 11 as-filled 11 pressure readings. These shifts are tabulated in 
Table C-V of Appendix C. During the test~ the dev1ces exhibited additional 
zero drifts. The data were corrected for these zero shifts using the 
results of a multiple regression analysis as discussed in Appendix C. 
When zero drifts were removed, effects of diff~rent gap sizes were 
readily apparent as shown in Figures 20 through 24. Rods IE-011 and 
IE-.alJ, whicli had the smaller gaps of 0.102 and 0.100 mm, respectively, 
showed lesser increases in internal pressures than did Rods IE-012 and 
IE-014, which had gap sizes of 0.343 mm. This small pressure increase 
was expected, since the average gas temperatures in Rods IE-012 and 

· IE-014 would be higher because of more gas contained in the larger 
nominal gaps and higher fuel surface temperature of the pellets. 
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fig. 21 Change in rod internal pressure for Rod IE-011 during power 
cycles ·(time drift has been removed). 
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The pressure data in Figure~20 are presented in terms of fractional 
pressure chang~. As discussed ·in Appendix C, this transformation 
minimizes the slight differences in initial fill pressure or number:of 
mo 1 es of . fi 11 gas .. Thus, . the differences in fracti ana 1 pressure between 
large and small gap rods is dominated by the differences in the change 
of.average gas temperature-and void volume. 

The power cycling had no discernible effect on the change -in ro.d 
pressure (Figures 21 to 24). Since all the fuel rods had fresh fuel, no 
fission gases were released and no p~essure changes were expected. The 
removal of the zero drift errors could bias these data. However, if a 
shift in th~·~lope of ~~essure versus power had occurred, due-~erhaps to 
fuel cracking allowing more of th~ gas to see hotter interior pellet 
reg_ions, this effect would not have been altered by the correction. 

~ . ~ -
Therefore, fuel cracking and other microstructural changes in the fuel 
pe-llets due to therma i cycl i n·g, had, no observable effect on rod i.nterna'l 
pressure. 

A comparison of the data in Figure 25 shows that th~ internal 
pressu1~~ of Rod I E-011 remained constant during the steady-state opera­
tion at hi~h ~ower whereas the internal pressure of Rod IE-012 decreased. 
This trend is not ~~~n ~n·Rod IE-013 and IF-014; but, these signals were 
so noisy that this shift could have been concealed. Data for th~se twu 
rods (Rods IE-013 and IE-014) were additionally filtered for the figure 
so the data do not appear to be noisy. Howevey, the original noise had 
iln-amplitude. of 1 MPa .. Noise in the other two IJf'essure signals was neg­
ligible. 

The decrease in internal pressu~e for Rod IE-012 may have been due 
to accelerated d·r··il't. of the transducer durinq this period. If so,. that 
drift would· not be removed by the previously mentioned drift correction. 
However, a comparison of the corrected rod pressure after shutdown and 
at the start of· the test revealed no shift of this magnitude ... As ·di-s­
cussed in Sections 4.1.3 ~nd 4.T~A, th~ centerline temperature and 
cladding surface temperature did not decreas~ appreciably during th~ 
steady power operation at high power so the gas temperature should have 
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also remained fairly constant. If the decrease in pressure on Rod 

IE~Ol2 is a tru~ indication of the pressure during the steady-state 

period, the available void ~olume must have increased. 

4.1.3 Fuel Centerline Temperature. All four centerline temper­

ature measurements were valid through part of the ramp to 6a kW/m. The 

ultrasonic thermometers in Rods IE-013 and IE-014 produced extremely 
noisy data; so, the data for the~e rods were numerically filtered, ·as 

discussed in Appendix C. The data shown in Figures 10 to 13 and plots 

in this section have been filtered. 

Both UTs on Rods IE-013 avd IE-014 also exhibited drift during ~he 

test. (ihe dntt of t!1e UT on flod _IE-01'3 nppP.areO. to become negligible 
after the first power ramp). The results from a regression analysis 

(Appendix C) indicated the drift was probably a zero shift, which would 
inrlicate a drift in the signal conditioning equipment. This drift has 

not b~en removed because the reason for the drift 1s not rul1y under~ 

stood. The reader is cautioned on the use of the UT data (see Sec­

tion 6.2.3). 

The differences in the centerline temperatures are apparent in 

Fiyure 26. At the sam~ power levels, the rods w1th Lhe smaller gaps 

(Rods IE-011 and IE-013) have lower centerline temperatures than does 

Rod IE-012. The greater centerline temperature of Rod IE-012 is due to 

the larger temperature drop across the large gap in this rod. No change 

occurs in th~ ~lope of centerline temperature versus power at po~ers 

well in excess of the powers at which PCI occurred. As discussed 1n Llle 
previous section, the onset of PCI occurred at average rod powers rang­

~ng from 9 to 23 kW/m. This range would correspond to a local power -at 

the thermocouple locations of 7 to 19 kW/m on Rods IE-011 and IE-012 
and 10 to 25 kW/m on Rods IE~Ol3 and IE-014. This lack of a slope 

change implies that the PCI is due to localized, random fuel-cladding 

contact rather than uniform gap closure. 

As shown in Figure~ 27 to 29, very little difference in the center­

line temperatures is evident from cycle to cycle. During the first 
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Fig. 26 Fuel centerline temperature for all four rods during pre-film 
boiling phase of Test IE-2 (the zero on the signal for Rod IE-014 drifted 

·severely after the first power ramp so only the. data for Ramp 1 are 
shown). 
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Fig. 27 Fue1 centerline temperature for Rod IE-011 during power cycles. 
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Fig. 28 Fuel centerline temperature for Rod IE-012 during power cycles. 
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Fig. 29 Fuel centerline temperature for Rod IE-013 during power cycles 
(data have additionally been filtered). 
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ramp, the flow rate (which affects the surface temperature) was also 

reduced but this effect on centerline temperature is too small to be 
seen[aJ. 

The differences in centerline temperature due to initial gap are 

also-apparent during the power ramp to and hold at 68 kW/m as shown in 

Figure 30. the ~ods with the larger gaps have higher centerline tem­

peratures than do the rods with the smaller gaps. The centerline tem­

peratures did not change significantly during the steady operation at 

high power; The centerline temperatures exhibit a slight ~ecrease, but 

this is probably due to the decrease in power rather than a change in 

ihe heat transfer· ihrough and from the fuel. 

~~-------~-----~~------~------~~------~-------L------~---------+60 

Signallntermittenf 

Rod IE-011 

---Fuel Rod Average Power 
- Centerline Temperature 

O+--------r---------r-----,--------.---------------.------~---------~0 
-00 0 2a 40 6Q 

Time (min) 
Fig. 30 Fuel centerline temperatures for Rods IE-011, IE-012, and IE-013 
during power ramp and steady-state operation (data for Rod IE-013 have 
been additionally filtered). 

[a] Fuel centerline temperatures have not been shown for Rod IE-014 
because the drift was so severe that results after Ramp 1 would 
be misleading. 
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4.1 .4 Cladding Surface Temperature. No reliable measurements of 
the absolute cladding surface temperature were made due to th~ dominance 
of systematic measurement uncertainty. The spring-loaded thermocouples 
used on the rods with irradiated cladding (Rods IE-011 and IE-012) have 
normally indicated lower temperatures than the absolute cladding surface 
tempe~atures. Because of their design, th~ cladding surface thermo­
couples act as fins pe:turbing the flow and the thermal symmetry of the 
fuel rods. The thermocouples on the other rods (Rods IE-013 and IE-014) 
were mounted in grooves by brazing or laser welding or both. These 
thermocouples gener~lly indicate temperatures higher_th~n the expecteq 
c:;urface temperatul'e due to their mid-wall 'location. The difference in 
temperature between a thermocouple mounted 1n ~ yroove and the absolut.P. 
cladding surface temperature is dependent upon the degree of bonding of 
the .thermocouple to the cladding and exact radial location of the thermal 
junction within the thermocouple sheath. The plots of cladding surface. 
temperature versus power are given in Section 6.2.4 along with the 
FRAP-T3 predictions. 

4.2 Film Boiling Experimental Results 

The PCM transient was initiated by a flow reduction at a constant 
averdye (all four rodC;;) fJ~dk power of 6B I<W/m. A~ shown in Figures 11 to. 34, 
all four rods ~xper·iem:.ed an, .:tbl·upt rr.:'rlur.tion in the heat transfer from. 
their surfaces at the onset of film boiling. Immediately prior to the 
flow reduction, ~11 fo~r rods were in nucleate boiling. As the flow 
decreaseu, departure from nucleate bo111ny occUlnrcd, with thP heat 
transfer going through a transition regime and reaching stable fi'lm 
boiling within 20 .seconds. DNB was indicated by a·n abrupt increase in 
cladding elongation, fuel centerline temperature, rod internal pressure, 
and cladding surface temperatures (for part of the cladding thermocouple 
elevations).· As seen in Figures 31 and 35, at a flow rate of 530 cm3;s 
(2550 kg/s-m2), cladding strain started to increase on Rod IE-011 .. 
There were no corresponding indications in centerline temperature, rod 
internal pressure, and cladding surface temperatures shown by Table II. 
At approximately the same time, there were slight indications of DNB on 
Rods IE-013 and IE-014 (Figures 33 and 34) at mass fluxes .of 2750 kg/s-m2 
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Fig. 35 Change in cladding strain for Rods IE-011 and IE-012 during film 
boiling. 

for both. Rod pressures on both Rods IE-013 and iE-014 increased as 

shown in Figure 36. Centerlin~ temperature of Rod IE-013 also increased 

_as shown in Figure 37. Cladding surface temperatures at the. 0.61-m. 

elevation ~n Rods IE-013 and IE-014, both at 0° and 180°, and the 0.51 m 

elevation on Rod IE-013, at 90°, increased (Figure 38). Aft~r approxi­

mately 24 seconds the flow was further reduced; the resulting m~~s 
2 . 2 

f1u~es were (a) Rod IE-011 - 2220 tg/s-m , (b) Rod IE-012 -.2475 kg/s-m , 

(c) Rod IE-013 - 2360 kg/s-m2, and (d) Rod IE-014 - 2370 kg/s-m2. The 
heat transfer on all four rods then sharply decreased, reaching e~uilib~ium 

in stable film boiling. All measured cladding strains and centerline 

temperatures increased. Rod internal pressure on Rods 1£-012 and IE-014 

and cladding surface temperature at ele~ations of 0~61 m and below also 

increased. The spring-loaded cladding surface thermocquples on Rods· 

IE-011 and IE-012 gave no indication of film boiling, although PIE 

{Section 5) results indicated that these rods were in film boiling over 

essentially the same region. During film boiling~ all of the measured 
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cladding surfac~ temperatures on Rod.IE~OlJ and IE-014 at elevations of 

0.51 and 0.61 m appeared to reach equilibrium except for the temperature 

on Rod IE-013 at 0.51-m elevation (it exhibited fairly periodic oscilla­

tions in temperature until the complete tollapse of the vapor layer at 

termination of the test). 
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Fig. 38 Cladding surface temperatures which indicated film boili.ng during 
film boiling. 

After one minute in film boiling on Rod IE-011, the cladding 

surface temperature at the 0.61-m elevation and 0-degree orientation on 
Rod IE-014 dropped sharply, indicating that the vapor layer collapsed 

over this part of the rod. The region of.the vapor collapse must have 

been small since no corresponding decrea~e in cladding elongation on 

this rod was seen. After 1.5 minutes of film boiling on Rod IE-011, 

the rod power was decreased and the flow increased. Power was decreased 
at a rate of 1.4 kW/m per second from 60 kW/m down to 19 .kW/m and at a 

rate of 0.2 kW/m per second down to 0 kW/m. The flow went up approxi­

mately 200 kg/s-m2 over a 30-second period due to collapse of the voids, 

it then stabilized. At the beginning of the power decrease, cladding 
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strains, rod internal pressures, fuel centerline temperatures, and those 

cladding surface temperatures indicating film boiling started to decline. 
I 

By the .time the average rod power had reached 19 kW/mi all measurements 

were at pre-DNB readings. 

The effects of different initial diametral gap sizes on rod behavior 

were readily apparent during this transient. Large differences in 

cladding strain of the rods were observed during the transition to and 
during film boiling (Figure 35). Rod IE-011 (0.102-mm gap): showed an 

elong~tion increase of approximately three to eight times that of Rods 
ll-UI~ and ll-UI4 (U.~4~ m~ gap). Internal pressures·(~igure ~6) of 

Rods IE-012 and IE-014 showed larger increases than did the pressures of 

Rods IE-011 and IE-013. Cente~line temperatures ~annat be ~ompared 
because the thermocouple on Rod IE-011 w~s the only tenterlin~ tem­

perature measuring device to su.rvive film boiling. Figure 37 shows this 
measurement with the other centerline measur~ment~ ~ntil the time of 

instrument failure. The cladding surface temperatures, for Rods 'IE-013 
and 1[-014, (the spring-loaded thermocouples on Rods IE-011 and IE-012 

did not indicate film boiling) are shown in Figure 38. 'Additional 

discussions are contained in Section 6. 
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5. PRELIMINARY POSTIRRADIATION EXAMINATION RESULTS 

After the completion of Test IE-2, test train hardware was dis­
assembled in the PBF canal and the four rods, in their flow shrouds, 
were shipped to the hot cells. Preliminary results of the visual exam­
inations and dimensional characterization are presented in this section. 
Complete postirradiation examination results, including detailed metal­
lography, are to be published in a separate report. 

5.1 Visual Examination 

All four rods were intact. The film boiling zones were visually 
distinguishable by cladding collapse into pellet-to-pellet interfaces, 
cladding oxidation, and oxide spalling. Detailed observations on each 
rod are presented in the following sections; photographs of the rods 
through their film boiling zones are shown in Figures 39 to 42. 

5.1.1 Rod IE-011. The film boiling zone on Rod IE-011 extended 
from the 0.546 to 0.679-m elevation, as measured from the bottom of the 
rod[aJ. Oxide spalling and cladding collapse into pellet-to-pellet 
interfaces occurred throughout the film boiling zone, but were more 
pronounced on the 180 degree axis of the rod (Figure 40). The rod was 
intact with no obvious cladding failures. 

5.1.2 Rod IE-012. The film boiling zone on Rod IE-012 extended 
from the 0.542 to 0.679-m rod elevation. The rod was intact with no 
obvious cladding perforations. Cladding collapse into pellet-to-pellet 
interfaces occurred over the entire zone, but was less pronounced than 
observed on Rod IE-011 (Figures 39 and 40). On the basis of pretest 
dimensional data in Appendix B, Rod IE-012 contained one fuel pellet 
with a diameter of 8.113 mm, slightly smaller than the nominal diameter 
of 8.390 mm. Cladding collapse onto this pellet was clearly distinguish­
able at the 0.584 to 0.597-m rod elevation (Figure 39). This elevation 

[a] All elevations are referenced from the bottom of the fuel rod. 
The fuel column starts at 12.7 mm above the bottom of the rod. 
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is approximately 7 mm higher than the elevation at which the pellet was 

loaded, which might indicate the axial growth of the fuel column below 

this pellet was 7 mm from cold conditions to film boiling conditions. 

Neutrographs of Rod IE-012 disclosed a 5-mm gap between pellets at the 

0.567-m elevation and a 2-mm gap due to a transverse crack in the fuel 
pellet immediately below the small diameter pellet. No definite in­

dications of cladding collapse into these gaps were observed during the 

visual examination of the cladding. 

No oxide spalling occurred on the zero-degree axis of the rod. 

Black oxide was present in both the film boiling zone and the rest of 
the rod. Oxide spalling did occur on the 180-degree axis of the rod; 

however, bare zircaloy base metal was not exposed. Rather, a dark grey 

colored film was present on the spalled areas. 

5.1 .3 Rod IE-013. Rod IE-013 was intact with no obv1ous cladding 

perforation (Figures 41 and 42). The film boiling zone extended from 

the 0.521 to 0.676-m rod elevation. Cladding collapse into pellet-to­

pellet interfaces which occurred throughout the zone appeared more 

pronounced on the 180-degree axis of the rod. In the film boiling zone, 

most of the oxide had spalled from the rod surface, exposing bare zir­

caloy bd!>e 111etal. The Type S thermocouple~, · which had a spaded junction 

brazed into a groove in the cladding, appeared to be in excellent con­

dition. The junctions appeared to have remained firmly attached in the 

cladding groove. 

5.1.4 Rod IE-014. Rod IE-014 was intact with no obvious cladding 

perforations. The film boiling Lone extended from the 0.505 to 0.676-m 

rod elevation. Cladding collapse into pe11et-to-pelleL intet'laces 
occurred throughout the zone with the collapse more pronounced on the 

180-degree side of the rod. Extensive oxide spalling occurred, exposing 

bare zircaloy base meLal. All cladding surface thermocouples appeared 

to be in excellent condition and remained firmly attached in their 

grooves in the cladding. 
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5.2 Dimensional Characterization 

' The results of diamete~ measurements made along the length of each 

rod are shown in Figures 43 through 46. For Rods IE-012, IE-013, and 

IE-014 the cladding uniformly collapsed throughout the film boiling 

zone. The diameter of Rod IE-011 may have slightly increased through· 
the film boiling zone. As expected~ the 6bserv~d collapse strains for 

Rods IE-Oi2 and IE-014 (initial diametral gaps of 0.343 mm) were greater 
than for Rods IE-011 and IE-013 (initial diametral·gaps of 0.102 .and 

0.100 mm, respectively). 

Estimates were made ~f· the amount uf bowing in each rod. Rod 

IE-011 bowed in the 180-degree direction from the 0.46 to 0.71-m rod 
ele~ation with an estimated maximum deflection of 4 mm. Rod IE-013 

bowed in the 180-degree direction from 0.46 to 0.76-m rod elevation 
with an estimated maximum deflection of 6 mm. Ro·d IE-014 bowed in the 

zero-degree direction from the bottom of the rod to 0.62-m rod elevation 
with a defl.ection of approximately 4 mm. Rod IE-012 bowed in the 

180-degree direction from 0.46 to 0.66-m rod elevation with an esti­

mated maximum deflection of 10 mm. The bow on Rod IE-012 displayed an 
abrupt change in direction or 11 kinked'.' appearance at the 0.57-m location 

· (F~gure 39), 15 mm below the location of the undersized pellet and in 
the region of the 5-m~ gap between pellet interfaces (Section 5.1.21. 
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6. COMPARISON OF EXPERIMENTAL AND ·FRAP-T3 ·CALCULATED RESULTS 

As part of the posttest data evaluation, calculations of fuel rod 
behavior were made using FRAP-T~[aJ, a fuel behavior code, with input 
·determined from test mea~urements. The FRAP-T3[8] code is under con­
tinue~ development. incorporating improvements in fuel behavior models 
based upon comparisons between measured data and calculated results 
similar to those presented i~ this section. 

Calculations from FRAP-T3 were compared with measured data from 
Test IE-2. Quasi-equilibrium calculations were performed for various 
power levels to analyze the quasi-equilibrium portion of the test as 
defined in Section 3. An analysis of the film boiling transient was 

.performed with FRAP-T3 by modeling as closely as possible the measured 
fuel rod powers and mass fluxes versus time. 

Rods IE-011 and IE-014 were specifically modeled using FRAP-T3 to 
study the effects of different gap sizes. Separate calculations were 
not mad~ for Rods IE-012 and IE-013 because of their dimensional sim­
ilarities to Rods IE-014 and IE-011, respectively. The effects of the 
irradiated cladding were not included for two reasons: first, the 
FRAP-T3 code does not include models for irradiated cladding, and second, 
fuel rod instrumentation indicated no significant measureable differences 
between the rods with and without irradiated cladding. 

6.1 Analytical Model 

The FRAP-T3 computer code is a composite of various subcodes that 
are used to calculate fuel rod behavior based on input power and flow 
conditions. The code is designed to allow the user to specify fuel 
behavior submodels,· heat transfer correlations, axial and radial power 
distributions, and the physical characteristics of the fuel rod (for 
example, dimensfons, fuel-cladding gap). 

[a] FRAP-T3, MOD 003, Version 008 on tape T9Pl82 was used in con­
junction with MATPRO MOD 008[?]_ 
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_6.1.1 Fuel Rod Model. For this an~lysis, the fuel rods were 
modeled using 11 radial and 17 axial nodes. FRAP-T3 input included the 
nominal measured conditions of coolant flow, co.olant inlet temperature, 
coolant pressure, fuel rod average power,-and axial flux profile. The 
Westinghouse Electric Corporation W-3[9] critical. heat flux .(CHF) cor-
. . . 

-relation (with the cold wall factor) and the Groeneveld tubes and 
annulus[lO] film boiling heat transfer correlation (Version 5.9) were 
used .. A-free thermal expansion fuel deformation model which assumes 
that radial cracks extend from the fuel surface to the center and the 
Ross and Stoute[ll] model for gap conductance were specified . 

. The axial and radial power profiles used in the calculations are 
shown in Tables IV and V. The radial profile was obtained from neutron 
transport calculations. The axial flux profile was determined from 
gamma scans of two cobalt wires as discussed in Appendix D. 

Input to FRAP~T3 to model the fuel rods included the fresh fuel 
pellet nominal dimensions and the average cladding inside and outside·· 
diametral measurements taken prior to.testing in the PBF reactor. These 
data are summarized in Section 2, Table I and in Appendix B. 

6.l.2 Experiment Conduct Model. Steady-state analyses using 
FRAP-T3 were made using incremental steps in fuel rod average power of 
6 kW/m, from zero to a maximum of 48 kW/m. At each step, the power was 
held constant, allowing the fuel rod parameters to equilibrate. These 
equilibrium fuel rod parameters (cladding surface temperatures, cladding 
elongation, ~tc.) at each 6 kW/m power step were compared with the 
quasi-equilibrium data presented in Section 4.1. 

Transient fuel rod behavior during the flow reduction up to the 
point of DNB was calculated with FRAP-T3 to establish the proper initial 
conditions for film boiling transient calculations which were then 
compared with film boiling data presented in Section 4. FRAP-T3 did not 
calculate DNB well during the flow reduction using the experimentally 
determined fuel rod average power, coolant pressure, coolant inlet 
temperature, and coolant flow history during the flow reduction steps. 
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TABLE IV 

AXIAL POWER. PROFILE FOR TEST IE::.2 FRAP- T.3 CALCULATIONS 
.• "11 

Elevation 
{m a.bove bot'tom of fue 1 ) Local Power/Average Power 

0.0 0.579 
"· 0.0555 0.732 

0.11 ~4 0.884 . 

0.1545 0. 991 
0.1926 1 .1 08 

0.2536 1.204 
0.2993 1.264 

0.3527 . 1. 311 

0.4060 1.321 

0.4517 .1. 306 .,· 

0.4898 '1.270 

0.5508 1 .169 

0.6194 1.077 

0. 6651 ·1. 006 
0. 7108 0.915 

0. 7565 " 0.785 

0.8099· 0.642 

0.8403 0.564 
0.8861 0.448 

T/\BLE V 

RADIAL POWER PROFILE FOR TEST IE-2 FRAP-T3 CALCULATIONS 

Radial Location 
{mm from fuel centerline) Local Power/Average Power 

0.0 ... 0.6178 0.870 
0.6178 - 1.2355 0.880 

1 . 2·355 - 1.8533 0.896 

1 .8533 -2.4711 0.928 

2.4711 - 3.0888 0.970 

3.0888 - 3.7066 1.030 

3.7066 - 4.3243 1 .130 
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The measured mass fluxes at which DNB occurred for Rods IE-011 and 

IE-014 were 2550·! 30 and 2750 ~ 30 kg/s-m2, respectively, whereas the 
calcul~ted mass fl~xes were 3163 and.2924 kg/s-m2, respectively, 'using 

the W-3 correlation with the cold wall factor. To improve the film 
boiling fuel behavior analysis, the FRAP-T3 code was modified to use the 

nucleate boiling heat transfer coefficients until the time DNB was 
measured to occur during the experiment. At.the flow rate at which DNB 
occurred during the experiment, a logic swit~h was used in FRAP-T3 to 
force specific axial locations along the fuel rod into film boiling. 

The transient propagation of the f~lm boiling zone cannot be modeled by 

this method, but equilibrium conditions during film boiling should be 

more correctly calculated. Visual postirradiation examination of the 

fuel rods provided measurements of the axial extent of the film boiling 

zones for input to the F~AP-T3 code. Table VI compares measured film 

boiling zones to those modeled in FRAP-T3. The film boiling zones were 
not modeled exactly because the node str~cture used in FRAP-T3 was 

selected to coincide with temperature measuring devices. 

The-coolant flow, inlet enthalpy (which corresponded to an inlet 
temperature of 605 K), system pressure of 14~8 MPa, and fuel rod power[a] 

that occurred in the experiment during film boiling were input to FRAP-T3. 

The coolant flows and rod powers that were used are shown in Figures 47 
and 48. Results for Rods IE-011 and IE-013, both having initial dia­
metral gaps of 0.10 mm, and for Rods IE-012 and IE-014, with gaps of 

0.34 mm, are compared with FRAP-T3 results from Rods IE-011 and IE-014, 

respectively, in the figures in the remainder of this section. 

[a] The FRAP-3 calculations were completed prior to the determination 
of final rod power levels at DNB. The analysis for the small gap 
rod, Rod IE-011, used a rod peak power of 68.9 kW/m, whereas the 
experimental powers wer~ 66.0 and 70.6 kW/m for Rods IE-011 and 
IE-013, respectively. The calculations for the large gap rod, 
Rod IE-014, used a rod peak power of 65.1 kW/m, whereas the ex­
perimental powers were 64.2 and 64.4 kW/m for Rods IE-012 and 
IE-014, respectively. The differences between FRAP-T3 input and 
experimental powers are well within the confidence intervals of 
the data and should have no effect on the conclusions regarding 
comparisons of caicu1ated and measured fuel rod behavior. 
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TABLE VI 

COMPARISON OF MEASURED FILM BOILING ZONE.S TO FILM BOILING 
ZONE MODELED IN FRAP-T3 FOR TEST IE-2 

Rod 

0.10 mm gap 

IE-011 [a] 

IE-013 

FRAP-T3 
( IE-011) 

·0.34 mm gap 

IE- 012 
IE:.ol4[a] 

FRAP-T3 
(IE-014) 

Lower Film 
Boi li.ng Zone 
Boundary 

(m) 

0.546 
0. 521 

0.523 

0.542 
0.505 

0.498 

Upper Film 
Boiling Zone 

Boundary 
(m) 

0.679 
0.676 

0.663 

0.679 
0.676 

0.663 

[a] Rod geometry explicitly modeled by FRAP-T3. 

6.2 Comparison of Experiment and Analysis 

Length of 
Boiling Zone 

(m) 

0.133 
0.155 

0.140 

0.137 
0.171 

. 0.165 

Ratio of 
Measure.d 

Film 
Boiling 

Zone 
to FRAP-T3 

Modeled Zone 

0.95 
1.11 

0.83 
1.04 

In this section, FRAP-T3 results are compared with meas~rements for 
high power steady-state operation and film boiling operation for cladding 
elongation, fuel rod internal pressure, fuel centerline temperature, and 

claddinq surface temperature. A summary of those comparisons is given 
in Table VII. Values df cladding elongation, fuel rod internal pres­
sure, fuel centerline temperature, and cladding surface temperature 

immediately prior to the occurrence of film boiling are presented with 

the peak transient values·pr~or to shutdown of the reactor. The in­

creases in temperature, pressure, and elongation due to film boiling are 

also tabulated. A more extensi~e discussion of these results 1s pre­

sented in the following sections. 
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TABLE VII 

COMPARISON OF MEASURED ANO ·cALCUL~TED TRANSIENT. VARIABLES FOR TEST 

Maximum Increase 
Steady-State Peak During due to Film 

Pre- Fi 1m Boiling film Boiling Boiling 

Cladding Elongation[a] ~ ~ ~ 

Sma 11 Gap 

IE-011 [b) 3.86 5.63 1.77 
I E-013 
FRAP .( IE-011) 3.65 5.54 1.89 

. Large Gap 
IE-012 2. 51 2.58 0.07 
FRAP (IE-014) 1. 78 1.95 0.17 

Fuel Rod Internal Pressure .lli!'.U .lli!'.U J..l1hl 
Small Gap 

I E-011 6.07 6.11 0.04 
IE-013 7.32 7.42 0.10 
FRAP ( T F, f)ll ) 1 04 3.05 0.0013 

Large Ga'p 
I E-012 8.39 A.70 0.~1· 

IE-01 ~ 9.30 9.60 U.:JU 
FRAP IE-014j 9.00 9.238 0.23 

Fuel Centerline 
ivm~eri!tur.;o ill ill ill 
0.61-m elevation UT 

IE-013 2300 3050 650 
FRAP (IE-011,) 2340 3010 670 
IE-014[c) 
FRiiP (IE-Ql/1) 2870 2890 20 

0.75-m elevation TC 
I E-011 1670 1850 180 
FRAP (IE-011) 1873 1873 0 
I E-012 2375 2445 [d] 70 
FRAP ( IE-012) 2516. 2519 3 

Cladding Surface 
Tem~erature ill ill ill 
0.51-m elevation 

r£-nl:l 657 ROO[e) 143 
FRAP (IE-011) 620 6zo[d) 0 
I [-014 [f) 
FI\AP (lf-014) oZO 1Z57 f)JJ 

0.61-m elevation 
·IE-011 (o•) 611 [ f] 
IE-011 (lao•) 616 [f) 
IE-013(0°) 625 1075 450 
IE-013(180°) 620 700 80 
FRAP(IE-011) 620 1250 630 
a;.ol:l(o•) tiO~ [f) 
1 F-01 ?( 1 110°) fil~ [ f] 
I ~-U 14{ U") b~~ IUIO 355 
IE-014{180°) 650 1080 430 
1'1\AP{I[ OH) ~20 11!10 G70 

0.71-m elevation 
TE-01 ~ fi07 fi07 0 
FRAP(IE-011) 619 619 0 
IE-OH 625 626 0 
FRAP(IE-Oi4) 619 619 0 

[a] Absolute values of cladding elongation are not directly comparable. The 
steady-state measured elongation is a combination of the fuel rod expansion and 
the thermal expansion of the test train support hardware. FRAP-T3 calculates 
onl.v the thermal exPilnsion of the fuel rod. 

[b] LVDT failed prior to test. 
[c) Instrument failed prior to DNB. 
[d] Film boiling not modeled at this location. 

[e) Estimate from erratic signal; thermocouple possibly on edge of film boiling zone. 
[f) Instrument failed at onset of DNB. 
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6.2.1 Cladding Elongation. Quasi-equilibriu~ cl~dding axial 
strains, £-£ as defined in Section 4, measured on Rods IE~Oll and . 0 . 

IE-012, and calculated by FRAP-T3 for ~ods IE-011 and IE-014 are given 
in Figure 49[aJ. FRAP-T3 calculated th~t the diametral gap of Rod 
IE-011 first closed at a. rod average power of 24 kW/m and at 52.4 kW/m 
was c 1 osed over a 11 but the top 7. 4 em of the fue 1 ·rod. 

. I 

0.343-mm diametral gap of Rod IE-014 was not calculated. 
Closure of the 

Based on LVDT 
measurements during the preconditiQning period, contact occurred at 
approximately 9 and 18 kW/m in Rods IE-011 and IE-014, respectively, 

d' ..... 15 
cd s... 
~ 
.rll 

~ 

0.10 mm Fuel Cladding Gap 

_ Rod IE-011, FRAP-T3 
0 Rod IE-011, Power Increase 
EB Rod IE-011 1 Power Decrease 

0.34 mm Fuel Cladding Gap 
---Rod IE-0141 i=RAP-T3 

<) Rod IE-012,. Power Increase 
·$ Rod IE-012, Power Decrease 

1'-1 (free thermal expansion) a -64-,-,-~~~~~~~~~~~~~~~--~0-n~s-et~o-f~PC_I~fo_r~R-od~I-E~-0~14~~-r-r~~-+ 
0 ro ~ ~ ~ 50 

Fuel Rod Average Power (kW/m) 

Fig. 49 Cladding elongation versus fuel rod average power· for Rods· LE-011 
and IE-012. 

[a] As noted in Section 4.1 the sensitivity of the LVDT on Rod IE-014 
changed, therefore, only the onset of PC! is given in Figure 49 
for this rod. Posttest FRAP-T3 calculations were performed for 
Rod IE-014 before the sensitivity change was realized. FRAP-T3 
results for Rod IE-014 can generally be compared with data from 
Rod IE-012 because the fuel cladding gaps are similar. Cladding 
elongation during film boiling for Rod IE-012, however, should be 
approximately 25% less than the elongation for Rod ·IE-014 as a 
~esult of the difference in film boiling zone lengths. 
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after several power cycles had been conducted. Pellet-cl~dding me­

chaniial interaction occurred at lower power levels during the first few 

cycles as discussed in Section 4.1. FRAP-T3 cannot calculate the effects 

of power cycling or c~eep by the fuel or cladding, so the comparisons of 
·calculated and measured strains for each cycle and the steady-state 

operation at 68 kW/m average peak power are not presented. 

Calculated and measured cladding axial strains during the film 

boiling transient are compared in Figures 50 and 51. Figure 50 shows 
results for Rod IE-011, a rod with a small gap, whereas, Fig~r~ 51 shows 

the strain~ for a rod with a large gap, measured on Rod IE-012 and cal­

culated for Rod IE-014. LVDT measurements indicate that during film 

boiling operation, Rod IE-011, with an initial diametral gap of 0.102 mm, 

experienced a substantially greater elongation due to film boiling than 

did Rod IE-012 which had an initial diametral gap of 0.343 mm. Measured 
lengths of the film boiling zones on ·all the rods were not sufficiently 

different to account for the relatively large differences in length 

increase as a result of thermal expansion of the fuel or cladding. 
Diametral gaps in Rods IE-011 and IE-013 were probably closed through 

the film boiling zone during the hold at high power and during the flow 
reduction. ThermaJ expansion of the fuel during film .boiling would then 

produce a large deformation in the cladding if there was no slippage 
between the fuel and cladding. Although quasi-equilibrium axial strain 

measurements indicate9 initial PC! at powers between 18 and 23 kW/m for 

Rods IE~Ol4 and IE-012, it is probable that the PCI was weak and that 
slippage between the fuel and cladding occurred during the flow re­

duction prior to lock up between the fuel and cladding. Fuel. creep 
'during the steady-state period would reduce the severity ot PCl prior to 

the flow reduction and shorten the axial extent of interaction. Weak 

PC! wo~ld account for the minimal lengthening of the cladding on Rods 

IE-012 and IE-014 during film boiling. 

For Rod IE-011, FRAP-T3 calculated that the gap first closed at an 

average rod power of 24 kW/m and was closed over all but the top 7.4 em 

of the fuel rod prior to the flow reduction. FRAP-T3, assuming no 

slippage between the fuel and cladding, ~alculated restrained expansions. 
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for the fuel and cladding of 3.35 and 1.89 mm, respectivelY. Thus,­
plastic deformation of the cladding was calculated by FRAP-T3. If no 
slippage between the fuel and cladding occurs, the cladding will be 
deformed axially· to accommodate the fuel expansion during film boiling. 
Since the film boiling zone length modeled in FRAP-T3 is only 5% larger 
than the measured film boiling zone length for Rod IE-011, the agreement 
between the calculated and measured cladding elongation is excellent. 
The calculated unrestrained fuel thermal expansion resulting from an 
estimated average fuel temperature increase due to film boiling of 700 K 
is approximately 1.5 mm for a t·; lm boiling zone equivalent to that 
measured on Rod IE-011. This length increase compares favorably with 
measured and FRAP-T3 calculated results which would indicate that 
.plastic deformation of the cladding on Rod IE-011 did occur. 

In the large gap fuel rod, Rod IE-014, FRAP-T3 calculated the fuel 
would lengthen by 8~7 mm by unrestrained thermal expansion .whereas the 
cladding would lengthen by 0.17 mm. (FRAP-T3 indicated that the initial 

. . 
nominal diametral gap of 0.343 mm for Rod IE-014 did not close at .any 
axial location _prior to film boiling). Unrestrained axial thermal 
expansion of the cladding due to an estimated average temperature during 
film boiling over the measured film boiltng zone lengths shown in 
Table VI would result in a cladding elongation of approximately 0.2 mm. 
Both ~f these calculated values compare favorably with the 111easur·ed 

elongations for the large gap rod, Rod IE-012. 

Permanent axial and radial cladding deformation was both measured 
and calculated for Test IE-2 fuel rods. The lengths of the rods were 
not measured during postirradiation examination of the fuel rods. 
However, in-reactorLVDT measurements made immediately fol.lowing the 
flow reduction while ·the rod was at 605 K are compared in Table VIII 
with FRAP-T3 analyses of the permanent axial strain in the cladding. 
FRAP-T3 ca·lculated the length change of Rod IE-011 within 5% of the 
measured value and correctly indicated a decrease in cladding length but 
not the magnitude for Rod IE-012 due to axial cladding collapse in the 
film boiling zone. The measured cladding radial strain in Rod IE-012 
and the calculated radial strain in Rod IE-014 were substantially larger 
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TABLE VII I 

COMPARISON OF MEASURED AND CALCULATED CLADDING PERMANENT AXIAL STRAIN 
.FOR TEST IE-2 

Rod Cladding Permanent Axial Strain (mm) 

0.1 0-mm gap 
Measured (Post-DNB) 

I E-011 
IE-013 

FRAP-T3(Rod IE-011) 

Pre-DNB 
Post-DNB 

0.34-mm gap 
Measured (Post-DNB) 

IE-012 
FRAP-T3(Rod IE-014) 

Pre-DNB 
Post-DNB 

0.82 

0. 591 
0.860 

-1.00 

0.0 
-0.239 

than either the measured or calculated radial strains in Rods IE-011 

and IE-013. Permanent radial cladding deformation calculated by FRAP-T3 
.. 

for Rod IE-011 is compared in Figure 52 with the cladding outer diameter 
measured during the PIE for Rods IE-011 and IE-013. Diametral growth[a] 

was measured·in the film boiling zone of Rod IE-011. Collapse in the 
film boiling zone of Rod IE-013 was measured relative to the remainder 
of the rod. Growth in one rod and collapse in the other is attributed to 

variations in fuel swe'lling caused by fuel melting. FRAP-T3 calculated 

· some radial growth prior to the flow ·reduction portion of the test. 

[a] Postirradiation measurements of the cladding OD were performed 
remotely using a micrometer. Relative measurements· on a given rod 
are generally accurate to within +0.02 mm. A comparison of direct 
and remote micrometer measurements indicates that the remote mea­
surements (posttest) may be offset by a maximum of -0.-12 mm re­
lative to the direct measurements (pretest) of the cladding OD. 
Since the cladding below the film boiling zone remained below 
approximately 620 K throughout the test, it was assumed that the 
cladding OD in this region had not been affected by bperation in 

·PBF. From this diameter measurement, the offset was determined 
and the percent strain was calcul~ted. The standard deviation 
of the strain shown in Figures ·52 and 53 is estimated to be +0.026 mm 
or approximately ~0.26% strain for all of the rods. 
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Exten~ive cl.adding growth was calculated over the film boiling zone. 

(Although FRAP-T3 models the volume incre.ase due to fuel melting, no 

molten fuel was calculated for thes~ rods.) Figure 53.compares the 

strain determined from the measured postirradiation cladding 00 of Rods 

IE-012 and IE-014 with the calculated strain in Rod IE-014. Collapse 

throughout the film boiling zone was measured on both rods and cal­

culated by FRAP-T3. The difference between the collapse of irradiated 

cladding in Rod IE-012 and that of the unirradiated cladding in Rod IE-014 

can be partially accounted for by creepdown of the cladding on Rod 
IE-012 during irradiation 1n the Saxton reactor prior to testing 1n PHf. 

In the region of the film boiling zone, the cladding outer diameter .of 

Rod IE-012 is up to 0.03 mm smaller than that of Rod IE-014. Therefore, 

the cladding collapse strain of Rod IE-012 due to creepdown could be up 
to 0.3% less than the measured strain of -2.3% for Rod IE-014 which. 

would result in a -2.0% strain. Since the measured strain for Rod 

IE-012 is approximately -1.4%, cladd~ng creepdown prior to PBF testing 

does not account for all the differences between irradiated and un­

irradiated cladding. 

6.2.2 Fuel Rod Internal Pressure. The calculated and measured 
quasi-equilibrium fuel rod internal pressure data from al"l four rods is 

presented in Figure 54. FRAP-T3 calculated pressures, evaluated by 

assuming insiant pressure equilibrium throughout the rod are shown as a 
function of fuel rod average power. Pressures in the 0.10-mm diametral 

gap.rods tend to be overestimated, whereas those in the 0.34-mm dia­

metra 1 gap rods are s 1 i ghtly underestimated. The di ffere.nce in pres­

sures between Rods IE-011 and IE-013 shown in Figure 54 represents a 

variation of approx1mate1y 10%. The reasun fur" the uvt:!re~Linldlt!~ or the 
rod internal pressure for the rods with the small gaps ·1s not read11y 

apparent, but may be related to gap closure. 

Film boiling transient pressure transducer measurements for Rods 

·IE-011 and IE-013 are compared with FRAP-T3 calculations of the fuel rod 

internal P!essure for Rod IE-011 in Figure 55. Measurements for Rods 

IE-012 and IE-014 are compared to FRAP-T3 calculations for Rod IE-014 

in Figure 56 (also Table VII.) 
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Fig. 56 Transient fuel rod internal pressure during film boiling for 
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Transient pressure increases within the fuel rods were differen­

tiated by the sizes of the initial diametral gaps. Rods IE-011 and 

IE-Ol3 experienced small average pressure increases of 1.0% that are 

barely discernible on Figure 55. Rods IE-012 and IE-014 had average 

pressure increases of 3.5%. FRAP-T3 calculated pressure increases of 
0.3% and ~.6%, respectively. The trends 1n terms of the difference in 

pressure increases due to gap d1fferences were calculated, alLhuuyll Llle 

magnitude of the pressure increases was underestimated. 

As discussed in Section 4.1.2, fractional change in pressure, 

(P-P ) /P , is a function of.the change in gas temperature and void 
0 0 

. volume. For the small gap rods, the gap was probably closed through the 

film boiling zone so that the transition into film boiling would not 

change the void v6lume appreciably. Thus an increase in gas temperature 

of 1%, ~.e. 7 or 8 K, would account for the small pressure increase (the 

7 or 8 K increase is based on a calculated average gas temperature of 
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720 and 820 Kat 68 kW/m prior to DNB for Rods IE-011 and IE-013, re-

spectively, which corresponds to the expected temperature increase from 

zero power conditions if void volume changes a~e neglected). Therefore, 

a slight difference in calculated and experimental gas temperature would 
explain the difference between FRAP-T3 calculated and measured pressure 

increases. For the large gap rods the situation is more complex because 
both gap thickness, thus void volume, and average gas temperature would 

change during transition to film boiling. In fact, measured cladding 

collapse onto the fuel in the film boiling zone would account for a 3% 

increase fn p~essure for Rods IE-012 and IE-014. When the average gas 

temperatures are also calculated for 68 kW/m prior to DNB assumihg no 
change in void volume from zero power, the resulting temperatures are 

1005 and 1044 K ror Rods IE-011 and IE-013. These temperatures should. 
be well in excess of the actual gas temperatures but they do establish 

an upper bound for the increase in temperature necessary to increase the 

pressure an additional 0.5%. Thus, a change in temperature of less 

than 5 K would increase the pressure 0.5%. Again slight differences in 

the calculated and measured cladding collapse and gas temperature would 

account for the difference in internal pressure. 

6.2.3 Fuel Centerline Temperature. Fuel centerline thermocouple 

measurements during the quasi-equilibrium portion of the test are com: 

pared with FRAP-T3 calculations in Figures 57 and 58. The FRAP-T3 
results for both the small and large gap rods are shown. A comparison 

of the data taken with ultrasonic thermometers {in Rods IE-013 and 
IE-014) and the thermocouples (in Rods IE-011 and IE-012) shows a signi­

ficantly higher slope for the data from the ultrasonic thermometers. 

Although the FRAP-T3 calculations compare favorably with the UT generated 

data, this appears fortuitous. A comparison of the UT and thermocouple 
data from this test to data from two Irradiation Effects Scoping Tests 
(Test IE-ST-1[12] and IE-ST-2[l 3J), and Irradiation Effects Test 5[l 4] 

was made[aJ. All data were obtained from thermocouples except for four 
I 

[a] Data from other tests were examined but not included because the 
fill gas composition and hence the thermal conductivity was not 
similar to that observed during the IE Test Series. 
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rods, two each in Tests IE-2 and IE-5, which used UTs. Since diametral 

gap has been a variable in these tests, temperature is plotted versus 
gap size with power as a·parameter. The results are shown in Figures 59 

and 60 for local powers of 18·and 40 kW/m. Apparently the UT·data from 
Test IE-2 are significantly in error compared with similar data from 

thermocouples and the latter produce a more consistent trend. If this 

assessment of the data is correct, then as shown in Figure 58, FRAP-T3 
overestimates the temperature at 40 kW/m by about 200 K. 

Figure 61 compares the fuel centerline temperatures measured.at an 

elevation of 0.61 m in Rod IE-013 and 0.75 m in Rod IE-011 with FRAP-T3 
analyses of Rod IE-011 at the same elevations during the. film boiling 

transient. Figure 62 compares temperature da~a for Rod IE-012 at an 

elevation of 0.75 m with FRAP-T3 analyses of fuel centerline temper­
atures in·Rod IE-014. 

Film boilir19 zones extended only up to the 0.68-m elevation so film 

boiling was not modeled at the 0.75-m elevation.- Since these locations 
were above the film boiling zone, fuel centerline thermocouples at 

0.75 m on Rods IE-011 and IE-012 ~hould not have responded substantially 
to the occurrence of DNB. The fuel centerlin~ thermocouple in Rod· 

IE-Dll indicated a temperature increase from 1670 K to 1850 K. An 

increase of approximately 70 K (2375 to 2445 K) was observed in Rod 
IE-012. FRAP-T3 calculations indicated that pre-film boiling temper­

atures would be 1873 and 2516 K, respectively, and that the-temperature 

differences between_ the rods is due to the original diametral gap. 

Since axial heat conduction within the fuel is not modeled in FRAP-T3, 

an increase of less than 5 K was calculated for both rods during film 
boiling. 

The ultrasonic thermometer at the 0.61-m elevation was in the 

central region of the film boiling zone o~ Rod IE-013. FRAP-T3 pre­

dicted a stable film boiling temperature of 3010 K which corresponds 

well to the measured temperature of 3050 K. (The same cautions apply to­

th1~ mea~urement as previously discussed) .. 
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6.2.4 Cladding Surface Temperatures. Cladding surface temper­

atures were measured at one axial location, 0.61-m elevation, on Rods 

IE-011 and IE-012, and at_three axial locations, 0.51, 0.61, and 

0.71-m elevations, on Rods IE-013 and IE-014. Since the spring-loaded 
thermocouples generally have not provided good measurements of the 

cladding surface temperature during either quasi-equilibrium or tran­
sient conditions, their data are not presented. TypeS thermocouples on 

the remaining rods were all pla~ed in grooves in the cladding and either 
brazed or brazed and laser welded[aJ. 

Figure 63 compares quasi-equilibrium data from cladding surface 

thermocouples located 1n groov~s on Rods IE-013 and 1E-Ul4 at 0.51 m 

above the bottom of the fuel rod with FRAP-T3 calculated temperatures. 

Calculations of the cladding temperatures at both the surface and mid­

radius are presented for both rods. Measured data fall in between these 

two calculated values at local rod powers greater than 30 kW/m since the 
thermocouples are embedded in the cladding. Data from thermocouples 

brazed in grooves on Rods IE-013 and IE-014 at an elevation of 0.61 m 

are compared W1th cladding surfd~~ drrd midradius t~mperatures calculated 

by FRAP-T3 in Figure 64. The high temperature from the thermocouple at 

0° .on Rod IE-014 may be a result of the groove being located deeper that 
at the mid wall radius. Cladding temperature measurements from Rods 

IE-013 and IE-014 at an elevation of 0.71 m are compared with FRAP-T3 
calculations of the cladding surface and midradius temperatures in 

Figure 65. 

Comparison of the data at the three elevations indicates that the 

temperatures measured on Rod IE-013 are consistently below those mea- . 

sured for Rod IE-014. The difference in power between the two rods is 

[a] As discussed in Appendix A, the quasi-equilibrium data has been 
adjusted to reflect intercalibration w1th tnlet temperature. No 
adjustment was made on the film boiling transient data because of 
t~e high·temperature measured. 
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not responsible. The comparatively high temperature measured on Rod 

IE-014 cannot be attributed to the method of attaching the thermocouples, 

because the one brazed thermocouple was consistent with the three brazed 

and laser welded thermocouples on that rod. Circumferential variations 
in heat transfer may be partially responsible for the variations in 

measured temperature. Further, as evidenced by the FRAP-TJ calculations, 

the radial location of the thermocouple wi~hin the cladding wall would 

alter the temperature measured. The. high power steady-state temperature 

gradient across the cladding at the 0.51, 0.61, and 0.71-m elevations 

varies from 60 to 120 K. A consistent variation in the cladding groove 
depth of approximately 0.15 mm (approximately 25% of cladding wall)· 

between rods will produce the 15 to 25 K temperature differences seen in 

the data. 

The cladding thermocouples located at the 0.61-m elevation on Rods 

1~-013 and IE-014 all responded to film boiling. Measured temperatures 
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on Rods IE-013 and IE-014 during the film boiling transient are compared 

with FRAP-T3 calculated values for Rods IE-011 and IE-014 in Figures 66 

and 67, respectively~ FRAP-T3 calculated peak temperatures of 1250 and 

1198 K for Rods IE-011 and IE-014, respectively. Measured peak tem­

peratures for three of the four thermocouple locations generally varied 

from 1010 to 1080 K. One thermocouple on Rod IE~Ol3, however, recorded 
a peak value of only 700 K. The difference in measured and calculated 

values can be attributed to a fin-cooling effect on the thermocouple. 

The thermocouples act as fins to cool the cladding and actually measure 
temperatures between the coolant temperature and the actual cladding 

surface temperature. 

Several of the cladding thermocouples recorded an increase in 

temperature of 50 to 100 Kat time zero as shown on Figures 66 and 67. 
A subsequent decrease in temperature at approximately 15 seconds in­

dicates collapse of the film boiling zone. An additional flow reduction 
reestablished film boiling on the rods. The time dependence of the film 

boiling zone length could not be adequately mode]~d by the current 

version of FRAP-T3. The onset of film boiling in FRAP-T3 was .adjusted 

so that it would occur at the time stabilized film boiling occurred in 

the experiment. 

One thermocou~le on each of Rods IE-013 and IE-014 was located 
at 0.51 m above the bottom of the fuel rod. Only the .thermocouple of 

Rod IE-013 operated during the rlow reduction. The pre-film boiling 
measured temperature was 657 K. During film boiling, the signal was 

very erratic, reaching a peak of approximately 800 K, as shown in 

Figure 68. The bottom of the film boiling zone was determined to be at 

an elevation of 0.546 m from visual examination. FRAP-T3 predicted a 

pre-film boiling cladding surface temperature of 620 K and a peak tem­

perature of 1257 K for full film boiling on Rod IE-014. Film boiling 

was not modeled at the 0.51-m elevation on Rod IE-011, the· rod com-. 

parable to Rod IE-013, because it was apparently outside the film 

boiling zone. The measured temperatures for the 0.51-m elevation 

thermocou~le on Rod IE-013 are attributed to the transition to film 

boiling with intermittent rewetting. 
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tures at the 0.61-m elevation during film boiling on Rod IE-013. 
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Fig. 67 Comparison of calculated and measured cladding surface tempera­
tures at the 0.61-m elevation during film boiling on Rod ·IE-014~ 
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7. DISCUSSION AND CONCLUSIONS 

The purpose of Test IE-2 was to study the behavior of fuel rods 
with variations in diametral gap siz~ and cladding irradiation damage 

state. The data from this test will be used in conjunction with data 

from other tests in the Irradiation Effects Test Series to establish the 

effects of differing design or operating conditions upon fuel rod 
behavior. 

7.1 Effertc; nf r~np nnd l:ladd1ngJn:,ad1at1on 

Of the four rods tested in Test IE-2, two had 0.10-mm diametral 

fuel-cladding gaps (Rods IE-011 and IE-013) and two had 0.34-mm gaps 
.{Roas IE-012 and IE-014). One out of each pair of similar gap size rods 

h~d u~irradiated cladding (Rods IE-013 and IE-014) and irradiated 
, cladding (Rods IE-011 and IE-012). The remaining fuel rod design_ para­

meters were nominally the same among all four rods. 

Comparison of the data as a function of gap size indicated that th~ 

rods with larger gaps experienced: 

(1) Higher fuel centerline tcmpcrat~res b8Ca~S8 of lower aar 
conductance; 

(2) Onset of pellet-cladding mechanical interaction at higher rod 

powers because of the larger available volume for fuel ex­

pansion; 

(3) Less total cladding elongat1on dur1ng both ~uw~r· cycling and 

film boiling because ~f reduced levels of pellet-cladding 

mechanical interaction; 

(4) Increased rod rel~xation strains at high power due to fuel 

creep or slippage or both because of reduced PCI friction 

force and increased average fuel temperature; 
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(5) Grea~er cladding collapse onto the fuel during film boiling 

with a resulting shortening of the cladding after shutdown; 

(6). Larger pressure increases as a function of power due to larger 

number of moles of fill gas, increased gas temperature, and 

greater decrease in void volume due to fuel expansion with 
increasing power. 

Because of cladding creepdown, fuel swelling, relocati-on, and den­
sification, the effect of initial gap size should lessen as the irradia­

tion time increases. This lessening of the initial gap size effect is 
shown by the results from Test IE-1 and Halden[a] tests that indicate 

the influence of gap size on irradiated fuel ~od behavior was relatively 
mi nor[l5 and 16] 

The effect of prior cladding irradiation upon fuel rod behavior 
during Test IE-Z was minimal. The influence of prior irradiation damage 
on cladding behavior was expected to be significant only where the 

cladding strain and strain rates were high, such as in the power ramp 

to 68 kW/m. Plastic deformation resulting from the power ramp could not 

be measured by the LVDTs, since the power was not decreased to zero 
power .after the power ramp and prior to fil~ boiling which masks any 

effect of the ramp. The key result is that the rods with the irradia­

tion damaged cladding did not fail as a result of PC! strain during the 

high power ramp. No discernible effect of prior cladding irradiation on 

fuel rod behavior during film boiling was observed. 

7.2 FRAP-T3 Comparisons 

The results from this and other tests in the IE Test Series are 

important for the development of verified analytical models for fuel rod 

behavior computer codes. A version of one of these codes, FRAP-T, has 

[a] The OECD Halden Reactor Project, located in Halden, Norway. 
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been used throughout this test program for (a) prediction of fuel rod . . - . . . . 
behav.ior to be.expected during a test (for.design and operation pur­

poses), (b} comparisons of calculations with test data to determine 

whether any systematic errors in the data are present, and (c) to. 
provide feedback for continued development of the code. The comparison 

made in Section 6 using FRAP-T3 shows that agreement between calculated 
and measured results is generally good. The co~parisons are discussed 

in more detail in the following subsections, but the basic comparisons 

are as follows: 

(1) Calculated fuel rod behavior generally agreed with measured 
behavior except that PCT w~s c.alculated at a higher power (or 

not at all) than was measured, resulting in less axial growth 

of the rrids. This result was probably due to the differentes 

in the annular gap modeled by FRAP-T3 and the actual gap. 

(2). Du~ing the flow reduction phase, the calculation for the oc­

currence of DNB was the main discrepancy in FRAP-T3 results 

relative to the data. The consequences of this discrepancy 

were minimized in the calculations by forcing DNB to occur at 
a zone corresponding to the measu~ed film boiling zone. Th1s 

method yielded good agreement between calculated and measured 
film boiling fuel rod behavior for part of the measurements 

made. Correctly calculating the onset of DNB is only a 

function of using or having a DNB correlation app.licable for 

these unique test conditions and geometr1es. 

7.2.1 Pre-Film Boiling Behav~or. During the pre-DNB phase of the 

experiment, the folluwiny we·re noted: 

(1) Rods IE-011, IE-012 and IE-014 showe·d 1nitiation of PCI at rod 

average powers of 9, 23~ an~ 18 kW/m, respectively. 'Th~ · 

FRAP-T3 analyses indicated that PCI would occur on Rod IE-011 

at 24 kW/m and PCI would not occur on either Rod IE-012 or 

IE-014 even during the ramp to 68 kW/m. Therefore, cladding 

elo'ngation was also not well calculate.d. 
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(2) Calculat~d fuel rod pressures showed_good agreement with the 

data. 

(3) Quasi-equilibrium fuel centerline temperatures were over­
estimated. 

{4) Comparisons of surface tempe~ature calculations were limited 

by the scatter in the data. 

7.2.2 Film Boiling Behavior 

During· the film boiling phase of the test the following were noted: 

{1) Cladding elongation due to film boiling was 9enerally well 

calculated. FRAP-T3 calculated the length increase of Rod r 

IE-011 to within 8%. This agreement indicates that the fuel 
creep and probable cladding plastic deformation duririg the 

{2) 

/ 

operation at 68 kW/m resulted in fuel .and cladding stresses 
representative o( a rod with a uniform gap width. Posttest 

. axial permanent strains -were also generally well-calculated by 

FRAP-T3. The code correctly calculated a decrease in length 

of the large gap rods, but not the magnitude. 

'f' 
Extensive radial cladding collapse due to film boiling opera-· 

tion was measured and calculated in the film boiling zone of 
the large gap rods. FRAP-T3. calculated cladding swelling for 

Rod IE-011 which did show some diameter increase in the film. 

boiling zone. 

(3) The magnitude of the rod internal pressure increases were not 

Well calculated; however, the trends with regard to the dif­

ferent gap sizes were reasonably well calculated. 

{4) On the basis of fuel centerline thermocouple. data, FRAP-T3 

overestimated fuel centerline t~nper~ture. 
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(5) FRAP-T3 generally calculated c:ladd.ing temp.eratures that were 

higher than those measured.· The m~asured values are probably 

low due to ·fin-cooling effects and other systematic errors. 

Ove.ra 1 r assessment of the adequacy of the c.a 1 cul a ted versus 
measured temperature results during film boiling will depend 

on the results of the postirradiation examination . 
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·APPENDIX A 

INSTRUMENTATION AND DATA ACQUISITION SYSTEM UNCERTAINTIES 

The calibration equations that were used to convert the transducer 

output to· engineering units during the data r~duction process for Test 
IE-2 are presented in this appendix. 

Data obtained during the conduct of the test are subjected to thre~ 
. . 

significant sources of error: (a) instrument calibration error 1 (b) 

data system acquisition error, and (c) systematic measurement ·error. 

Estimates of both the instrument calibration error and data system 

acquisition error are provided in this appendix. The systematic mea­

surement error is a consequence of the transducer design and installa­
tion. To quantify the effect of the measurement error it would be 

necessary, either by analysis or experiment, to simulate the in-use 

configuration of the transducer. Since this effort has not been made, 

an estimate of the systematic measurement error is not available. A 

qualitative assessment of the systematic measurement error indicates 

that this type of error is not significant except as stated below and 
that the measurements provided by the instruments should closely reflect 
values of the physical parameter measured, within the error estimates 

specified in this appendix~ This assumption does not apply to the 

cladding surface temperature measurements. Also, this statement is made 

assuming that the instruments do not decalibrate prior to or during the 
experiment. As indicated by the test data from rod internal pressure 

transducers, ultrasonic thermometers, and the linear variable differ­

ential transformer (LVDT) on Rod IE-014, significant ~rrors due to 

decalibration can occur. Data corrections or coordinate transformations 

were used to minimize these errors (Appendix C). Posttest calibrations 

were not performed on the test instrumentation to check for instrument 

decalibration due to the difficulties involved in handling irradiated 

components. 

Calibration ~quitions for each instrument·are presented in a tab­

ular form in Table A-I. Included in the table is the 95% confidence 
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TABLE A-I 

Slof4MNW OF CALIBRATION EQUATIO~S AND UNCERTJI.INTIES IN TEST IE-2 EXEERIMENTAL ME.!\SUR~MENTS 

Transducer Fuel Rod Calitration Output Data Calibration Total 
Measurements (serial numJer~ Number Egue.tion (% of S~an~ (L~Ut ~~stem Error Error Error 

(MPa) Q!hl ~ ~ 
System Pressure 69-MPa Str~in Post [a] MPa = -<2.35.+ 3.856(mV) 0 0 0.22 0.12 0.25 

(SN 159) -L.583 X l0- 4{mV) 2 25 10.3 I 0.27 0.08 0.28 
~l.725 X i0-2(T) 50 ~:0. 7 0.35 0.08 0.36 

75 ~:1.0 0.46 0.09 0.47 ' 
100 Ll,4 0.58 o·.14 0.60 

ill ill ill ill 

Coolant In.let Chromel-Al wrel [a] K = 3~3.6 + 24.05 (mV) 0 ' 540 0.3 0.1 1.0 

1.0 and Outlet ThermocuJle 25 568 0.3 1.1 1.1 
00 Temperature (a 11 devices) 50 595 0.4 1.2 L3 

75 623 0.5 1.3 1.4. 

100 1)50 0.7 1.4 1.6 

Cladding W5%/W26%~.e IE-011 K = 351.2 0 5-lO 10 2 10 
Surface T hermoco_ p 1 e· IE-012 +53.50(mV) 25 ~90 11 4 12 
Temperature -0. 5598(mV) 2 50 lBO 15 5 16 

+O.J2044(mV) 3 75 1370 20 . 7 21 
100 2320 25 9 26 

Cladding Platinum IE-013 :< = 380 .2 0 5JO 7 7 
Surface 10% Rhodi urn IE- 014 +103~7(mV) 25 332 9 3 9 
Temperature (Type S) +0.7667:mv) 2 50 1230 11 5 13 

Thermocouple 75 1530 14 7 17 

100 . 2J30 17 8 21 



TABLE A-I (Continued) 

SUMMARY OF CALIBRATION EQUATIONS AND UNCERTAINTIES IN TEST IE-.2 EXPERIMENTAL MEASUREMENTS 

Transducer Fuel Rod Cali brati.on Putput Data Calibration Total 
Measurements {serial number} Number Eguation {% of S~an} Ou~ut System Error Error Error 

(cm3Ls} (cm3/s} (cm3ts} {cm3ts} 

Coo·lant Flow Turbine Flowmeter IE-011 cm3ts = -0.6800 0 0 6.8 0.32 6.8 
(SN 10094) +O.l265(mV) 25 210.3 7.9 0.27 7~9 

50 420.5 9.8 0.79 9.8 
75 630.8 11 .5 0.27 11.5 

100 841;0 14 ·.1 0.32 14.1 

Coolant Flow Turbine Flowmeter IE-012 cm3 /s = 0. 3621 0 ·o . 6.8 0.32 6.8 

1.0 ( Srt 1 0092) +O.l257(mV) 25 209.1 7.9 0.27 7".9 
1.0 50 418.3 9.8 0.22 9·.8 

75 627.4 11.5 0.28 11.5 
100 836.6 14.1 0.38 14.1 

~ool ant Flow Turbine Flowmeter IE-013 cm3 ;s· =. -0.6868 0 0 6.8 0.32 6.8 
( Srt 1 0095) +O.l265(rrV) 25 211.2 7.9 0".24 7.9 

50 422.4 9.8 0.22 9.8 
75. 633.6 11.5 0.28. 11.5 

100 844.8 14.1 0.32 14.1 

Coolant Flow Turbine Flowmeter IE-014 cm3ts = -0.0053 0 0.0 6.8 0.32 6.8 
(SI'l 1 0093) +0. 1254(n:V) 25 213.6 7.9 0.28 7.9 

50 427.1 9.8 0.22 9.8 
75 640.7 11.5 0.28 11.5 

100 854.3 14.1 0.35 14 .·1 



TABlE A-I (Continued) 

SUMMARY OF CALIBRATION EQUATIQtiS AND UNCERTAINTIES IN TEST IE-2 E::pE~Ifv'ENT~L I>'EASU~EMENTS 

Transduce"' Fuel Rod Cal·bration Output Data Calibration Tota:l 
Measurements (serial m.111ber} Nlllli:::Er Eguati on (% of S~an} Ou~ut Si:stem Error Error Error 

ill ill ill ill 

Coolant Copper-Constantan IE-011 K = 16.1 O(nV) [b] 0 0 0.12 0.12 a. i7 
Temperature Thermocouple 25 5.EO 0.11 0.14 0.18 
Differential (Type T) 50 11.20 0.19 0.11 0.22 

(SN DTC-!) 75 16.EO o:25 0.11 0.27 
100 22.40 0. 31 0.12 0.~4 

Coolant Copper-Constantan I E-012 K = 16.08(nV)[b] 0 '0 0.12 0.07 0.14 

0 
Temperature Thermocouple 25 5.EO 0.14 0.07 0.16 ' 

0 Differential (Type T) 50 11 .20 0.19 0.07 0.20 
(SN DTC-8) 75 0.25 0.25 0.07 0.26 

100 22.40 0. 31 0.08 0.32 

Coolant Copper-Constantan (£-·013 K = 16.12(nV)[b] 0 ' 0 0.12 0.08 0.14 
Temperature Thermocouple 25 5.EO 0.14 0.08 0.16 
Differential (Type T) 50 11.20 0.19 0.07 0.20 

(SN DTC-1·0) 75 16.EO 0.25 0.08 0.26 
100 22.40 a. 31 0.08 0.32 

Coolant Copper-Constantan [E....rQ14 k = 16.08(ny)[c] 0 ·0 0.12 ' 0.16 0.20 
Temperature Thermocou,p 1 e 25 5.EO 0.14 CL 15 0.21 
Differential (Type T) 50 11.20 0.19 0.15 0.24 

(SN DTC-9) 75 16.80 0.25 0.16 0.30 
100 22.4Q 0.31 0.17 0.36 



TABLE A-I {Continued) 

SUMMARY OF CALIBRATrON EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS 

Transducer Fuel Rod Calibration Output Data Ca 1 i bra ti on ' Tota 1 
Measurements { seri a 1 nurr,ber) Number Eguation {% of S~an) ~ 

S.z:stem Error Error Error 
a lHhl 1!10 ~ 

Fue 1 !Rod 17.2-MPa Strain IE-011 M?a = 5.699 + 3.389(mV) 0 0 0.11 0.18 0.21-
Pressu·re Post +3.616, X l0-3(mV) 2 25 ' 4.3 0.13 0.12 0.18 

(SN 301) -2.070 X l0- 2(T) 50 8.6 0.15 0.13 0.20 
75 12.9 0.17 0.12 0. 21 

100 17.2 0.20 0.19 0.28 

Fuel R·)d 17.2-MPa Strain IE-012 MPa =-6.128 + 3.470(mV) 0 0 0.'11 0.18 0. 21 
Pres~ure Post -4.789.x 10-2(mV) 2 25 4.3 0.13 0.12 0.18 

0 
(SN 222) +9.871 X l0-3(T) 50 8.6 0.15 0.13 v 0.20 

_. 
75 12.9 0.17 0.12 0. 21 

100 17.2 Q.20' 0.19 0.28 ' 

Fuel Rod 17.2-MPa Strain I'E- 013 MPa = 3.945 + 3.450(mV) 0 0 0.11 0.12 0.16 
Pres~ure Post +3.046 x l0"'2(m\') 2 25 4.3 0.13 0.08 0.15 

( SN 2'57) -1.181 X l0- 2(T} 50 8.6 0.15 0.08' 0.17 
75 12.9 0.17 0.08 0 .. 19 

100 17.2 0.20 0.13 0.24 

Fuel Rod 17.2-MPa Strain I E-014 MPa = -3.297 + 3.232(mV) 0 0 0.11 0.04 0.12 
-1.603 X l0- 2(mV) 2 -

· Pres~.ure Post 25 4.3 0.13 0.03 0.13 
(SN 306) +7.588 X l0-3(T) 50 8.6 0.15 0.03 0.15 

75 . 12.9 0.17 0.03 0.17 
100 17.2 0.20 ·o.o4 0.20 



-As: E A-I (Continued) 

SUMfiARY OF Cf.ILIB~.AT:ON EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS 

Transducer Fuel ~.od Calibration Output Data Calibration Total 

r-leasurements !serial number} tlumber Eguation {% of S~an) Ouput S~~-tem Error Error Error 

~ __i&_ ill __(_Q__ 

Fuel W5%/W26%Re :E-011 K = 341.(• + 65.09(mV) 0 34<: 14 [c] [c} 
Centerline -:-hermocouple -0.95/1 (u1V) 2 25 soc 16 [c] [c] 
Temperature •:sN 435) +0.02~7(nv) 3 so· 14K 19 [c] [cj 

75 19EC 23 [c] [c] 
100 25\:C 28 [c] [c] 

Fuel U5%/W26%Re [ E-01 ~ K = 346.2 + 59.92(mV) 0 3:C 14 [c] [c] 
Centerline Thermocouple -0. 75~•S (rlV) 2 25 91( 16 [c] [cj 

__, Temperature ·:sN 434) +0.0224(11V) 3 50 141( 19 [c] [c] 
0 75 20~( 23 [c] [c] N 

100 25SC 28 [c] [c] -
~ 

Fuel Ultrasonic IE-Oi 3 K[et -11:6.9 + 4Ct8.96(mV) 0 3!( [c] [c] [c] 
Centerline -:-hermometer - 11 • 5 58 ( mV ) ;;: 25 10~( [c] [c] [cl 
Temperature :sN 443) -O.C3t48(mv) 3 50 17<:c [c] [c] [c] 

K[f}= 173E.~ + 19~.44(mV) 75 241( [c] [c] [c] 
-12.6J9(mV);;: 100 31(( [c] [c] [c] 
+O.ll5~0l(mv) 3 

Fuel Ultrasonic I E-014 K[g]= -16E9. 1 + 5E7.92(mV) 0 3!( [c] [c] [c] 
Centerline -:-hermometer -11.3t7(mV);;:~ 25 1 0~( [c] [c] [c] 
Temperature ·:sN 442) -0./130(mV) ~· 50 17<:c [c] [c] [c] 

K[h]= 216i.B + 138.52(mV) 75 241( [c] [c] [c] 
-7.11J(mv)2 100 31(( [c] [c] [c] 
+O.cl517(mv)3 



TABLE A-I (Continued) 

SUMMARY OF CALIBRATION EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS 

Transducer Fuel Rod Calibration Output Data Calibration Total 
MeasLr:ments (serial number} Number Eguation (% of S~an) Ou~ut S_ystem Error Error Error 

i'l!!!!l (rran} ~ l!!!!U_ 
Cladting L'JDT I E-011 mm = 1.510 0 0 [c] [c] [c] 
Elon~ation [SN 039) +9.538 X l0-3{mV) 25 3.81 [c] [c] [c] 

+1.038 X l0-6{mV) 2 50 7.62 [c] [c] [c] 
-2.392 X 10-3(T) 75 11 .43 [c] [c] [c] 

100 15.24 [c] [c] [c] 

Cladc:ing LVDT IE-012 mm = 1. 777 0 0 [c] [c] [c] 
Elongation (SN 433) +1.070 X l0- 2(mV) 25 3.81 [c] [c] [i:] 

+2.319 X l0-7(mV) 2 50 7.62 [c] [c] [c] __, 
-2.fm X 10-\T) 0 75 11.43 [c] [c] [c] w 

100 15.24 [c] [c] [c] 

Cladding !..VDT I E-014 mm = -0.3090 0 0 [c] [c] [c] 

Elongation (SN 2"10) +1.974 ·x l0-2(mV) 25 3. 81 [c] [c] [c] 
-1.637 X l0- 5(mV) 2 75 7.62 [c] [c] [c] 
+9.706 X l0-9{mV)[d] 100 15.24 [c] [c] [c] 

[a] CaTibrations are not unique to a particular fuel rod. 
[b] These equations are applicable to coolan: inlet temperature at 600 K. 
[c] Undefined, see Appendix A discussion. 
[d] This equation is for a coolant temperature of 606 K. 

[e] This equation applies-over the range of 300 to 1750 K. 
[f] This equation applies over the range of 1750 to 2800 K. 
[g] This equation applies over the range of 300 to 2150 K. 
[h] This equation applies over the range of 2150 to 2800 K. 



interval estimate for each equation. The.data system error and linear 

sum of the data system error and calibration instrument error are also 

provided. 

The criteriorr for the 95% ibnfidence interval estimate for those 

transducers that had a linear calibration equation was established using 

the following relation: 

Li = Yi + t(l-a/2) 

where 

l. 
1 

y. 
1 

t(l-a/2) 

s 
.Y•X 

n 

X 

-
X 

s y·x 

2 

-
n(_x=-. _x)_ 11/2 

+ 1 + 1 

m::x2 - U:x)2 .. 

= the confidence interval estimate 

(A-1 ) 

= calculated value of the dependent variable from 

the regression equation 

= value from a student•s distribution for n-2 degrees 

of freedom 

= level of confidence (0.95 was used here) 

= standard error of.the regression of yon x 

= number of points 

= independent variable 

= mean value of the independent variable 

= value of the independent variable for which error 

estimate applies. 

The evaluation for L. for several x. values established the 95% con-, 1 

fidence jnterval estimate. 
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For those transducers that had functional relationships that were 

nonlinear or more multivariate, the 95% confidence interval estimate -is 

given by: 

L. = Y. + t(l - a/2)E 
1 1 -

(A-2) 

where E is the standard error for the multivariate or polynomial re- _ 

lationship, and the other terms are as defin~d previously. The standard 

error term contains cross terms of the'coefficients and independent 

variables. The preceding procedures were extracted from Reference A-1. 

For those transducers that were not calibrated, the 95% confidence 

interval estimate is assumed to be specified by the accuracy limits as 
established. by a manufacturer or an ANSI standard. The type of error 

estimate for each transducer is specified in the following discussions. 

Test Train Instrumentation 

{1) System Pressure. Two 69-MPa strain post pressure transducers 

were used to manito~ the coolant pressure. One 69~MPa pressure trans­
ducer (SN 156) failed prior to the test, therefore only the calibration 

for the other {SN 159) .is p~esented. As discussed in Section 3, this 

transducer drifted excessively. 

(2) Coolant Inlet Temperature. Two Chromel-Alumel (Type K) 

thermocouples were .used to measure the coolant inlet'temperature. These 

devices were not calibrated. The 95% confidence interval estimate was 
taken to be 0.375% of reading, as stated by the manufacturer when using 

the standard calibration tables. 

(3) Coolant Outlet Temperature. One Chromel-Alumel {Type K) 

thermocouple was provided to obtain the coolant outlet temperature of 

each fuel rod. Again, these devices were not calibrated and the error 

estimate for these devices was the same as for the inlet temperature 

thermoc:ouples. 
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(4) Coolant Temperat~re Rise. One copper-constantan differential­

temperature measurement thermocouple pair, was positioned in ea-ch flow 

shrou'd. Each-thermocouple pair was calibrated for inlet temperatures of 

583, 600, and 605 K for a 20 K temperature rise at each inlet tempera­
ture. All of the differential -thermocouples correlated well. 

(5) Coolant Flow. Four flowmeters with graphite journal bearings 
were used to measure the coolant flow rate through each-flow shroud. 

These flowmeters were calibrated by the manufacturer (Flow Technology 
Incorporated). Although the calibrations were conducted with a slightly 

different inlet and outlet flow geometry than was used during the test, 
it has been established that these deviations do not affect the measured 

coolant flow accuracy. 

(6) Cladding Elongation. A linear variable differential trans­

former (LVDT) was used on each fuel iod to measure the cladding elon­

gation. The calibration equations for these devices are shown in 

Table A--I. 

The output of each LVDT is sensitive to the transducer temperature, 

the lead wire resistance, and the electronic settings of the signal 

conditioner u5cd. The tran~duccr~ that were utilized for this 9Xpsri­

ment were not calibrated at the temperatur~ and with the same lead wire 

and electronics settings that were used during the test. The procedure 

followed in determining a calibration function for the LVDTs was briefly 
described in the IE-1 Test Results Report[A- 2J. 

--
Due to the nature of the calibration of these LVDTs, a formal 

estimate of the 95% conf1dence 1nterva1 i.s nut dee111ec.l d~pr·upl'iale; but, 

it is estimated that the calibrations described the cladding elongation 

changes within 5% (except for the LVDT on Rod IE-014). The calibration 

procedure used is not considered optimum, but practical limitations 

prevented cor-recting the- deficiency for this test. (The LVDT on Rod 

I E-014 had deca 1 i br.ated severely, so that the data were not presented). 
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Fuel Rod Instrumentation 

. ( 1) Fuel Rod Interna 1 Pressure. Each fuel rod was fit with a 

17-MPa strain post-type pressure transducer to measure the fuel rod 

internal pressure. The error estimates provided in this appendix re­
present the uncertainty associated ~ith a multivariate (transducer case 

temperature and diaphragm pressure) fit to the calibration data. The 

design of these devices is such that they are occasionally subject to 

changes in the zero offsets b~tween repeated pressure incre~se and 

decrease cycles. Sometimes this drift is excessive. A revi~w of cal­
ibration data for several of.these pressure transducers has shown that 

. . 

the calibration of the transducer generally does not shift during a, 

pressure increase cycle and that any zero offset change usually occurs 

during the pressure decrease portion of a cycle. Consequently, the 

pressure differentials indicated during power increases are likely to be 
an accurate measure of the fuel rod internal pressure. 

The reason for the zero shift is not fully understood, .but it is 

most likely due to the strain gauges not being integrally attached to 

the strain post ·in the pressure transducer. Transducers SN 222 and 

SN 257 were not calibrated at temperatures above 590 K so they were 
expected to be less accurate than the· remaining two. transducers, cal­

ibrated at 606 K, the temperature at which the preconditioning and flow 

reduction portions of the test were conducted. 

(2) Fuel Centerline Temperature. Tungsten-rhenium thermocouples 
were used to measure the fuel centerline temperature in Rods IE-011 and 

IE-012. The thermocouples ·used in the test consisted of a short, high 

temperature section spliced to·a long lead-out cable. The lead-out 

cable was insulated with MgO, a stainless steel sheath, and wires 

(405/426 Hoskins alloys). These alloys match the standard calibration 

for W5%Re/W26%Re thermocouples. The high temperature zone had a tan­

talum sheath, BeO insulation, and st~anded W5%Re/W26%Re wires. This 

high temperature portion for Rod IE-011 was calibrated prior to use·, but 

the calibration of this zone did.not match the standard calibration. 
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However. it did remain within 25 K of the standard calibration. The 

result is a thermocouple with a dual calibration which responds dif­

ferently t~ temperature gradients along different parts of its length. 
This condition is discussed in 1[ Scoping Test 2 Test Results Report[A- 3]. 

The high temperature portion of the thermocouple for Rod IE-012 

was not calibrated, thus the standard calibration for a W5%Re/W26%Re 
thermocouple was .used. The estimated uncertainty for these two thermo­

couples is ~30 K over the range from 600 to 2500 K. 

Ultrasonic thermometers (UTs) wer~ used to measure the fuel center­

line temperature in Rods IE-013 and IE-014. The UTs were calibrated up 
to 2800 K using a combination of an optical pyrometer and a tunssten­

rhenium thermocouple. The instrumentation for this device is set up 
such that a change of output range occurs during the DNB portion of the 

test. ·The UTs are expected to be accurate within +5% but based on the 

arguments in Section 6.2.3 the error may be much larger. 

(3) Cladding Surface Temperature. Uncalibrated tungsten-rhenium 
thermocouples, spring-loaded against the cladding, were used to measure 

the cladding surface temperature on Rods IE-011 and IE-012. The 95% 

confidence interval estimate was taken to be 0.375% of the reading, as 

stated by the manufacturer when using standard calibration tables. 

Type S thermocouples were used on Rods IE-013 and IE-014. Again, 

standard calibration tables were used to convert these data. 

The uncertainties listed in Table A-I are for the test following 

the gap conductance phase. As discussed in Section 3.1, the recording 
range was switched from a small range to a large range at this point in 

the test. Because of the range changes, two separate calibration 

equations were used to evaluate the data. During the power.caJibrati9n 

cycles, a calibration equation for the narrow range of 500 to 700 K was 

used. The instrument error was approximately ~1 K. During the pre­
conditioning period and ramp to high power, an equation for a range of 

500 to 2000 K was used in preparation for temReratures expected during· 
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the flow reduction. The associated instrument error for this equation 

was ~10 K for the spring-loaded thermocouples and ~7 K for the Type S 

thermocouples. In an attempt to minimize this uncertainty in .the ab­

solute temperature, each cladding thermocouple was ".intercalibrated with 

the inlet temperature at zero power. After the data were adjusted using 

.the inter-calibration results, the instrument uncertainties were es­
timated to be ~2 K for temperatures betwee·n 500 and 700 K. Above 700 K, 

the ~ncertainties given in Table A-I apply. 

Another type of systematic error is also present in the cladding 

surface thermocouple data. Both spring-loaded and Type-S thermocouples 
measure temperatures other than ~ladding surface temperatures. The 

spring-loaded thermocouples measure temperatures between coolant and 
cladding surface temperature due to the coolant cooling the thermo-

.· 

couples which act as a fins in the flow. During film boiJing operation, 

the errors are extreme with differences ·between actual and indicated 
' temperatures on the order of several hundred degrees. The error in the 

Type S thermocouple data is apparently a function of the type of flow 
regime·surrounding the rod. During forced convection and nucleate 

boiling, the Type S thermocouples measure temperatures between cladding 
midradius and surface because they ar~ embedded in the cladding. During 
film boiling operation, these thermocouples indicate temperatures 100 to 

200 K less than is calculated for the cladding surface temperatures. 
Because of the measurements during forced convection and nucleate 
boiling, it is·felt that the thermocouples are indicating the actual 

temperature of the cladding somewhere between the midradius and su~face, 

but have 1 oca lly coo.l ed the cladding due to the thermocouples acting as 

fins. 

Data Acquisition System 

A summary of the data recording system errors associated with 

decalibration and drift of the electronics used to record and reduce the 

data are given for each transducer in Table A-I. A thorough discussion 

of the source of these errors is given in Appendix B of the IE Scoping . 
Test 1 Report[A- 4]. 
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-rhe data system amplification, ~afn, and offset are such that the 

input signal (transducer output) and the output signal (recorded data· 

signal) are related by the equation: 

where 

V
0 

=recorded data signal (volts) 

V; - tran!jduccr outpu~ !jignal (volt!j) 

V - offset (volts) z 

G = gain. 

(A-3) 

The standard deviation of.the recorded data signal, SV
0

, can then 

be determined to be 

For the calibration, SVi can be considered to be zero such that 

Syo = r (~or SG2 + G2SVz2] l/2 (A-5) 

s A test performed to evaluate the data system resulted in v~lu~s of 
GG and GS to be.0.65% and 2.7 millivolts, respectively. 

vz 

For a total span (Ym~x - Ymin) on the recording channel of 1000 
millivolts~ Equation (A-5) can be simplified to 

.,..,----· s_..· --:-:--- % = r( ---:-:Y,---v_m.......,i n:-;----,.- ) .2 X ( 0 . 6 5% ) 2 + ( b ·. 2 7% ) 2 ] . 1 I 2 (A -6 ) . 
ymax - ymin r ymax-Y.min 

1.10 

... 



' ' 

where 

Y = measured signal in engineering units 

Sy = standard deviation of Y 

Ymax = maximum output signal 

Ymin c minimum output signal 

Ymax-Ymin =span of output signal. 

The total transducer measurement uncertainty, excluding the system­

atic measurement error, can be estimated by combining ·the uncertainty in 
the calibration and the uncertainty associated with the data acquisition 

system. The 11 total error 11 .is given to be the square root of the sum of 
the squares of these two errors. Table A-I summarizes the data system 

error, calibration error and the resultant total error for each of ·the 

transducers that functi~ned during the test. 
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APP.ENDIX B 

FUEL ROD CHARACTERIZATION DATA · 

The pretest fuel rod characterization data for Test IE-2 are 

presented in this appendix to: (a) facilitate a comparison of"fuel rod 

physical characteristics between IE experiments, (b) provide input for 

the analytical models used for prediction of fuel rod behavior during 

nuclear operations, and (c) provide data for pos"ttest model verification 

activities. The amount and type of characterization data available are 

different for each fuel rod used in the test. All measurements, with 

the exception of mass and volume, were obtained using devices that are 
scaled for U. S. Customary Units. These values were then converted to 

SI· units. 

Rod IE-011 was constructed with cladding from a MAPI fuel rod 
(M-15) irradiated in the Saxton reactor to.an approximate burnup of 

5110 MWd/t and fresh fuel. Irradiated fuel within the MAPI rod was 
removed and replaced with unirradiated 12.5 wt% 23suo2 fuel. The 

original en~ cap was replaced with an instrumented upper end cap. 

Characterization data for the Rod IE-011 are presented in Table B-I. 
The 95% population loaded value in the table refers to the dimensional 

range of a parameter within which 95% of the measurements were found. 
The void volume measurement includes the void found in the fueled 

region, the plenum, and the instrumented end cap. The measurement 
accuracy is+ 0.2 cm3. The cladding mechanical properties are typical 

of MAPI fuel ·rod cladding prior to irradiation in the Saxton reactor . 
.. , 

Table B-II contains characterization data for the fresh fuel pellets . 
inserted into Rod IE-011. Pellet length measurements were obtained by 

measuring the length between the upper and lower dish shoulder of each 
pe 11 et. Both the diameter· and 1 ength measurements were performed using 

a Bausch and Lomb optical gauge,-Model BR-25. The measurements are 

accurate to within + 0.0005 em. An analytical balance, accurate to 

within+ 1 milligram, was used to weigh the pellets .. Table B-III con­

tains cladding dimensions for Rod IE~Oll. An air gauge_was used to 
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- ' 

obtain measurements of the cladding inner di.ameter (ID) for the length· 

cif the rod. The accuracj of these measurements is estimated to be 

wjthin ~ 0.002 em. Figure B-1 combines the fuel pellet outer diameter 

(OD) and cladding ID measurements to illustrate the diametral gap as a 
function of axial position. 

Rod IE-012 is similar to Rod IE-011. Cladding from a MAPI fuel rod 
(M-19) irradiated in the Saxton reactor to an approximate burnup of 

5610 MWd/t was filled with fresh 12.5 wt% 23suo2 fuel and fitted with an 
instrumented upper end cap. Characterization data for the fuel rod is 

contained in Table B-IV. The fuel pellets, .for which characterization 

is presented in Table B-V, wer~ slightly smaller in diameter than those 

used in Rod I E-011. to create a 1 arger di ametra 1 gap between the fuel and 

cladding. Measured cladding dimensions are presented in Table B-VI. 
Figure B-2 illustrates the diametral gap versus axial position for Rod 

IE-012. Two fuel pellets had an OD slightly different from the re­
mainder of the pellets loaded in the rod. 

Rod IE-013 was constructed using the cladding from an unirradiated 
Saxton fuel rod (925) and fresh 12.5 wt% 23suo2 fuel pell~ts ~ith the 

same OD as those pellets used in Rrid IE-011. Characterization· data for 

the fuel rod, fuel pellets, and cladding are presented in Tables B-VII. 

B-VIII, and B-IX, respectively. Figure B-3 contains the axial profile 

of the diametral gap for Rod IE-013. 
I 

Rod IE-014 was also manufactured with tladding from an unirradiated 
Saxton fuel rod (929). Fresh 12.5 wt% L.::l!>U0 2 fuel pellets having an OD · 

similar to the pellets used in Rod IE-012 were inserted in Rod IE-014. 
Table5 B-X, B-XI, and B-XII, respectively, contain characterization d~ta 

for the fuel rod, fuel pellets, and c·ladding. Fuel pellet OD and 
cladding ID ~easurements are·shown in Figure B-4 to illustrate the axial 

profile of the diametral gap. 

A det:ailed. characterization of these and other fuel rods used in 

the IE test series can be found in Reference B-1. 
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Fig. B-1 Diametral fuel-cladding gap versus .axial position for Rod IE-011. 
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Fig. B-2 Diametral fuel-cladding gap versus axial po~ition for Rod IE-012. 
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Fig. B-3 Diametral fuel-cladding gap versus axial position for Rod IE~Ol3 . 
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TABLE B-1 

OVERALL PRETtST FUEL ROD AND CLADDING 
DATA FOR ROD IE-011 

.Finished Tube Data: 

Mean OD 0~9997 em 
Mean ID 0.8738 em 
Ovality (Max ID/Min ID) 1.0050 
Cladding Length 96.949 em 
Overall Length 103.38 em 

Mechanical Properties Of Unirradiated Fuel Rod Cladding[a]: 

Yield Tensile Strength 

At Room Temperature 
At.658 K 

Ultimate Tensile Strength 

. Fuel Data: 

At Room Temperature 
At 658 K 

Enrichment 
Mean·Geometric Density 

95% Population Loaded 
Mean Diameter 

95~ Population Loaded 
Stack Mass 
Measured Stack Length 
Dish Dimensions 

Dish Chord 
Dish Depth 

Grain S1ze 

Grain Diameter 

Center Hole Length 
Plenum Length 
Mean Fuel-Cladding Gap. 
Measured Void Volume 

Fi 11 Gas Data 

Pressure 
Composition 

. -

568.7 ~1Pa-
320.3 MPa 

749.1 MPa 
423.0 MPa 

12.49% 235U 3 10.3661 gram/em . 3 10.3661 (+ 1.3184, - 0.2059) gram/em 
0.8636 em 
0.8636 (+0.0005, -0.0015) em 

523. 6631 gram · 
88.3996 em 

0;6604 em 
0.0343 em 

22.5 + 6.5 x l0-4cm 

18.2093 em 
5.7404 em 
0.0102 em 
6.6 ml 

2.51 t~Pa 
76% He, 24% Ar· 

[a] Data supplied by Westinghouse Electric Corporation. 
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TABLE 8-II 

FUEL PELLET C~ARACTERIZATION DAT~ FOR ROD IE-011 

PELLET[a] DIAMEHR (em) LENGTH (em} W::IGHT GEOI4ETRIC IMMERSION 
NO. TOP CEIHn I!OHJM AVERAGE oo goo AVERAGE (.;RAMS) DENSI3Y DENSI3Y 

(g/ em ) (g/em ) 

1 0.8633 0.3635 0.8636 0.8635 1. 5403 1 .5222 l. 5312 9.1360 10.3236 .. 0.0 
2 0.8636 0 .. 3633 (1. 86~8 0.8633 1.5438 1. 5400' l. 5419 9.2181 10.3495 0.0 
3 0.8623 0 .. 3623 (1.86~3 0.8623 1. 5433 1. 5390' l. 5411 9. 2171 10.3762 o.o· 
4 0.8639 0 .. 363~ IJ. 8636 0.8638 1. 5222 1.5174 1 . 5198 9.0904 10.3442 0.0 
5 0.8636 0.3635 (1.8631 0.8634 1 . 5573 1 . 5514 1.5544 9.2891 10.3405 10.3822 
6 0.8616 0 .. 3623 IJ.86~6 0.8622 1. 5220 1.5176 1.5198 9.0921 10.3853 0.0 
7 0.8636 0 .. 363~ (1.8636 0.8637 l. 5301 1.5265 1.5283 9.1731 10.3814 0.0 
8 0.8626 . 0 .. 3631 0.8631 0.8629 l. 5154 1 .509Qi 1 . 5122 9.0245 10.3422 0.0 
9 0.8636 0 .. 363~ 0.8639 0.8638 1 . 5413 1 . 5367 1.5390 9.2372 10.3785 0.0 

....... 10 0.8623 0 .. 362.3 0.8631 0.8628 1.5629 1. 5608 1.5618 9.3486 10.3726 10.3766 

....... 11 0.8636 0.8635 0.8639 0.8637 1. 5189 1 .5138 1.5164 9.0608 10.3362 0.0 
CX> 12 0.8639 0.3633 0.8636 0.8636 1 . 5281 1. 5207 1.5244 9.1222 10.3529 0.0 

13 0.8636 0 .. 363~ 0.86~1 0.8639 1.5423 1 . 5380 1 . 5401 9.2200 10.3493 0.0 
14 0.8639 0.363~ 0.8639 0.8639 1.5240 1. 5207 1 . 5223 ·9.1063 10.3427 0.0 
15 0.8639 0.863~ tJ.8639 0.8639 1.5187 1.5138 1 . 5163 9.0849 10.3604 10.3831 

. 16 0.8639 0 .. 363~ (1.'8639 0.8639 1.5187 1 . 5143 1 . 5165 9.0570 10.3629 o.o· 
17 0.8636 0.8635 0.8636 0.8636 1 . 5314 1.5276 1.5295 9.1339 10.3313 0.0 
18 0.8639 0 .. 363~ ().8639 0.8639 1.5357 1. 5321 1.5339 9.2119 10.3828 0.0 
19 0.8633 0.363~ tJ.8639 0.8637 1 . 5192 1.5123 1. 5157 9.0653 10.3457 o.b 
20 . 0.8639 0 .. 3635 (1.8636 0.8637 1 . 5314 l. 5255 1. 5284 9.1187 10.3190 10.3754 
21 0.8633 0 .. 3635 tJ.8636 0.8635 1.5530 1 . 54.81 1.5505 9.3002 10.3766 u.o 
22 0.8633 0 .. 3633 IJ.8633 0.8633 1. 5283 1 . 5217 1 . 5250 9.1264 10.3595 . 0.0 
·23 0.8639 0.8641 0.8636 0.8639 1.5194 1 . 3856 1 .4525 9.0435 10.7722. 0.0 
24 0.8639 0 .. 3635 0.8636 0.8637 1 . 3967 1 . 5197 1 . 4582 9.1316 10.8383 0.0 
25 0.8633 0.8635 0.8633 0.8634 1.5121 1. 3795 1 .4458 8.9978 10.7791 10.2919 
26 0.8631 0.862:3 0.86~6 0.8628 1. 5489 1.5453 1. 5471 9.2356 10.3441 0.0 
27 0.8636 0.8639 0.8636 0.8637 1 . 5141 1. 5113 1.5127 9.0685 10.3705. 0.0 
28 0.8633 0.8633 tJ.8633 0.8635 1. 3820 1. 3769' 1. 3795 9.0093 10.3170 0.0 

·29 0.8636 0.863~ 0.8639 0.8638 1. 5425 1.5367 1.5396 9.2380 10.3751 0.0 
30 0.8636 0 .. 8633 0.8631 0.8633 1. 5207 1 . 5164 1.5185 9.0800 10.3514 . 10.4241 



TABLE B-II (Continued} 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-011 

PELLET[a] DIAMETER (em} LENGTH (em} WEIGHT GEOMETRIC IMMERSION 
NCD. TOP CENTER BOTTOM AVERAGE oo goo AVERAGE (GRAMS) , DENSI!Y DENSI!Y 

(g/em } (g/em } 

31 0.8633 0.8636 0.8633 0.8634 1 . 5321 1.5303 1 . 5312 9.1.799 10.3753 0.0 
32 0.8639 0.8641 0.8636 0.8639 1 . 5451 1.5377 1 . 5414 9.2033 10.3220 0.0 
33 0.8639 0.8636 0.8633 0.8636 1 . 5230 1.5121 1 • 5175 9.0841 10.3569 0.0 
34 0.8636 0.8633 0.8633 0.8634 1. 5207 1.5174 1 . 5190 9.0806 10.3465 0.0 
35 0.8636 0.8639 0.8636 0.8637 1 . 5182 1 . 5151 1 . 5166 9.0650 10.3392 10.3997 
36 0.8639 0.8639 0.8636 0.8638 1.5113 1.5065 1.5089 9.0121 10.3303 0.0 . 
37 0.8626 0.8628 0.8628 0.8628 1 . 5166 1 .5154 1 . 5160 9.0373 10.3346 0.0. 
38 0.8628 0.8628 0.8628 0.8628 1 . 5151 1 . 5118 1 . 5135 9.0282 10.3397 0.0 
39 0.8631 0.8628 0.8628 0.8630 1 . 5187 1 . 5146 1 . 5166 9.0362 10.3228 0.0 
40 0.8636 0.8639 0.8633 0.8636 1.5070 1 .4989 1 . 5029 9.0.035 10.3661 10.4119 

_. 41 0.8626 0.8628 0.8626 0.8627 1 . 5428 1. 5380 1 .5404 9.2000 10.3539 0.0 _. 42 0.8636 0.8636 0.8636 0.8636 1. 5230 1 . 5146 1 . 5188 9.0672 10.3289 0.0 
1.0 43 0.8633 0.8636 0.8639 0.8636 1. 5220 1 . 5192 1 .5206 9.0825 10.3341 0.0 

44 0.8641 0.8641 0. 8641 0.8641 1 • 5291 1 .5263 1 . 5277 9.1344 10.3317 0.0 
45 0.8626 0.8628 0.8628 0.8628 1. 5306 1.3960 1.4633 9.1388 10.8323 10.4244 
46 0.8639 0.8641 6.8641 0.8640 1 . 5126 1 . 51 00 ·1.5113 9.0706 10.3744 0.0 
47 0.8639 0. 8641 0.8639 0.8639 1 . 5281 1 . 5225 1 .5253 8.7298 10.3491 10.2935 
48 0.8639 0.8641 0.8641 0.8640 1 . 5105 1 .5067 1.5086 8.6282 10.3475 10.1772 
49 0.8639 0.8641 0.8641 0.8640 1 . 5258 1 . 5199 1 . 5229 8.6888 10.3419 10.2101 
50 0.8641 0.8641 0.8636 0.8639 1.5250· 1 . 5212 1 . 5231 8.7157 10.3406 10.2988 
51 0.8641 0.8641 0.8639 0.8640 1 . 5380 1 . 5326 1 . 5353 8.7641 10.3255 '·10.3160' 
.52 0.8639 0.8636 0.8639 0.8638 1.5202 1 . 5149 1 . 5175 8.6948 .1 0. 3855 10.3058 
53 .0.8633 0.8639 0.8633 0.8635 1.5037 1 .4956 1 .4996 8.5646 10.3400 10.1963 
54 0.8639 0.8639 0.8636 0.8638 1. 5235 1 . 5182 1. 5208 . 8.6820 10.3339 10.1602 
55· 0.8639 0.8641 0.8639 0.8639 1.5237 1 . 5189 1 . 5213 8.6735 10.3227. 10.6845 
56 0.8636 . 0.8639 0.8636 0.8637 1.5049 1.4994 1 . 5022 8.5823 10.3460 10.1556 
57 0.8639 0.8639 0.8639 0.8639 1 . 5128 1 .5083 1 . 5105 8.6299 10.3406 10.1720 
58 0.8636 0.8639 0.8641 0.8639 1 . 5161 1 . 5126 1 . 5143 8.6476 10.3421 10.2486 

[a] Pellets are numbered· from bottom of fL.el stack. 



TABLE B-Ill 

FUEL ROD CLADDING DIMENSIONS FOR ROD IE-011 

Tube Inside Diameter Measurements Tube Outside Diameter Measurements 

Location[a] Inside Diameter Location[a] Outside Diameter 

(em) (em) (em) (em) 

oo goo oo goo 

2.54 0.8768 0.8758 71.12 0.9967 1 • 0025 
5.08 0.8755 o. 87,50 73.66 0.9980 1 .0018 
7.62 0.87!j!j 0.87!;0 76.20 0.9992 1 . 0010 

10.16 0.8740 0.8740 78.74 o.ggn 1 . 0023 
12.70 0.0735 0.0730 
15.24 0.8735 0.8735 
17.78 0.8735 0.8735 
20.32 0.8715 0.8722 
22.86 0.8745 0.8748 
25.40 0.8750 0.8748 
27.g4 0.8730 0.8725 
30.48 0.8748 0.8750. 
33.02 0. 8725 0.8725 
35.56 0.8710 0.8710 
3A .1 0 O.A733 ().8722 
40.64 0.8730 0.8727 
43.18 0.8710 0.8710 
45.72 0.8707 0.8717 
48.26 0.8715 0.8717 
50.80 0.8725 0.8725 
53.34 . 0.8738 0.8725 
55.88 . 0.8735 0.8738 
58.42 0.8722 0.8725 
60.g6 0.8730 o. 8725 
63.50 0.8722 0.8727 
66.04 0.8733 0.8738 
68.58 0.8733 0.8730 

. 71 .12 0.8722 0.8720 
73.66 0.8725 0.8717 
76.20 U.8730 0.0743 
78.74 0.8740 0.8730 
81 .28 0.8738 0.8750 
83.82 0.8750 0.8748 
86.36 0.8745 0.8750 
88.90 0.8745 .Q.8733 

[a] Distance from bottom of fuel rod. 
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TABLE· B-IV 

OVERALL PRETEST FUEL ROD AND CLADDING 
DATA FOR ROD IE-012 

Finished Tube Data: 

Mean OD 0.9967 em 
Mean ID 0.8733 em 
Ovality {Max ID/Min ID) 1.0050 

. Cladding Length . 96.954 em 
Overall Length 103.378 em 

Mechanical Proper~ies Of Unirradiated Fuel Rod Cladding[~]: 

Yield Tensile Strength 

At Room Temperature 
At 658 K 

Ultimate Tensile Strength 

Fuel Data: 

At Room Temperature 
At 658 K 

Enrichment 
Mean Geometric Density 

95% Population Loaded 
Mean Diameter 

95% Population Loaded 
Stack Mass 
Measured Stack Length 
Dish Dimensions 

Dish Chord 
Dish Depth 

Grain Size 

Grain Diameter 

Center Hole Length 
Plenum Length 
Mean. Fuel-Cladding Gap 
Measured Void Volume 

Fi 11 Gas Data 

Pressure 
Compos.ition 

----~·--··· ·····----

568.7 MPa 
320.3 MPa 

749 .. 1 MPa 
423.0 MPa 

12.49% 23 5U 3 ·1 0. 2776 gram/em 
10.2776 (+0151_9, -0.8977) gram/cm3 
0.8390 em · 

·0.8390 (+0.0104, -0.0277) em 
493.2690 gram 
88.3768 em 

0.6604 em 
0.0343 em 

__ 22.5 ~ 6.5 x 10-4 em 

18.2677 em 
5.7404 em 
0.0343 em 
9.2 ml 

2.50 MPa 
76% He, 24% Ar 

[a] Data supplied by Westinghouse Electric Corporation. 
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TABLE B-V 

FUEL PELLET C-lARACTERIZATION DATA FOR ROD IE-012 

PELLET[a] DIAMETEr. (em) LENGTH (em) WEIGHT GEOMETRIC IMMERSION 
NO. TOP CENTER BOTTOM AVERAGE oo goo AVERAGE (GRAMS) DENSlT'3 DENSIT'3 · 

-- (g/cm ) (g/cm ) 

1 0.8392 0.8397 0.8395 0.8395 1 . 5372 1.5397 1 .5385 8.7112 10.3739 0.0 
2 0.8390 0.8395 0.8395 0.8393 1 .5270 1.5225 1 .5248 8.5758 i0.3100 0.0 
3 0.8390 0.8392 0.8387 0.8390 1. 5283 1 . 5316 1 .5300 8.6524 10.3747 . 0.0 
4 ' 0.8390 0.8395 0.8395 0.8393 1. 5443 1.5484 1 . 5464 8.6074 10.2015 0.0 
5 0.8395 0.8392 0.8387 0.8391 1.5204 1.5176 1 . 5190 8.5725 10.3496 10.3904 
6 0.8382 0.8385 0.8387 0.8385 1 . 5403 1 .5448 1 .5425 8.6899 10.3462 0.0 
7 0.8392 0.8395 0.8397 0.8395 1.5367 1 . 5375 1. 5371 8.6971 10.3666 0.0 
8 0.8390 0.8392 0.8390 0.8390 1. 5245 1. 5278 1 . 5262 8.6077 10.3451 0.0 
9 0.8392 0.8395 0.8395 0.8394 1 . 5016 1.5065 .1 . 5041 8.4900 10.3473 o:o 

10 0.8395 0.8397 0.8397 0.8396 1.5151 1. 5207 1 .5179 8.5518 10.3198 10.3813 __, 
11 0.8392 0.8395 0.8395 0.8394 1. 5133 1 . 5176 1 .5155 8.5600 10.3528 0.0 N 

N 12 0.8395 0.8397 0.8397 0.8396 1. 5337 1. 5377 1.5357 8.6955 10.3700 0.0 
13 0.8390 0.8395 0.8392' 0.8392 1. 5222 1.5278 1 .5250 8.6189 10.3622 . 0.0 
14 0.8379 0.8379 0.8379 0 .. 8379 1.5283 1.5329 1.5306 8.6152 10.3512 0.0 
15 0.8494 0.8496 0.8494 0.8495 1.5215 1. 5245 1.5230 8.8182 10.3581 10.0975 
16 '0.8392 0.8392 0.83% 0.8393 1.5329 1 . 5367 1.5348 8.6583 10.3402 0.0 
17 0.8392 0.8392 0.83% 0.8393 1 . 5100 1. 5138 1.5119 8.5233 10.3351 0.0 
18 0.8392 0.8397 0.8395 0.8395 1.4999 . 1 .5075 1.5037 8.5074 10.3690 0.0 
19 0.8395 0 .. 8395 0.8395 0.8395 1 . 5060 1 .5088 1.5074 8.5109 10.3476 0.0; 
20 . 0.8395 0.8395 0 .B39C· 0.8393 1.5093 1.5141 1.5117 8.5011 10.3099 . 10.3829 
21 0.8390 0.8392 0.8395 0.8392 1.5255 1.5288 1.5272 8.6113 10.3382 0.0 '_ 
22 0.8392 0.8392 0.8392 0.8392 1. 5255 1.5298 1.5277 8.7837 10.5416 0.0 
23 0.8392 0.8395 0.8395 0.8394 1.5116 1.5199 1.5157 8.5340 10.3196 o.b 

. 24 0.8395 .0.8395 0.8397 0.8396 1.5293 1 . 5331. 1.5312 8.6473 10.3429 0.0 
25 0.8392 0.8395 0.8395 0.8394 1 . 5210 1. 5240 1.5225 8.5844 10.3340 10.3880 
26 0.8395 0.8395 0.8395 0.8395 1.4994 1. 5039 1.5016 8.4709 10.3387 0.0 
27 0.8395 0.8392 0.8392 0.8393 1. 5403 1.5453 1.5428 8.6967 10.3314 0.0 I 
28 0.8392 0.8395 0.8395 0.8394 1. 5433 1.5469 1 . 5451 8.5679 10.1611 0.0 
29 0.8392 0.8395 0.8395 0.8394 1.5088 1 . 5136 1.5112 8.5522 10.3733 0.0 
30 0.8395 0.8395 0.8395 0.8395 1.5042 1.5090 1.5066 8.4845 10.3208 10.3678 
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TABLE B-V (Continued} 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-012 

PELLET[a] DIAMETER (em} LENGTH (em} WEIGHT GEOMETRIC IMMERSION 
NO. TOP CENTER BOTTOM AVERAGE oo goo AVERAGE (GRAMS) DENSIT3 DENS IT~ 

-- (gLcm } (gLcm } 

31 0.8932' 0.8392 0.8390 0. 8391 1. 5263 1 . 5156 1 .5210 8.5868 10.3537 0.0 
32 0.8395 0.8395 0.8395 0.8396 1. 5039 1.5062 1 . 5051 8.5132 10.3642 0.0 
33 0.8395 0.8395 0.8392 0.8394 1.5286 1. 5334 1 . 5310 8.6589 1 o. 3649 0.0 
34 0.8392 0.8397 0.8392 0.8394 1 . 5329 1. 5364 1 . 5347 8.6363 10.3127 0.0 
35 0.8392 0.8397 0.8392 0.8394 1.5370 ·1. 5405 1.5387 8.6682 10.3231 10.3898 
36 0.8397 0.8397 0.8392 · ·o.8396 1 . 5395 1.5438 1 . 5417 8.7100 10.3487 0.0 
3! 0.8392 0.8395 0.8395 0.8394 1.5161 1.5243 1 . 5202 8.6094 10.3799 0.0 
38 0.8113 0.8113 0.8113 0.8113 1 . 5159 1 . 5199 1 . 517 9 7.9232 10.2519 . 0.0 
39 0.8392 0.8392 0.8395 0.8393 1 . 5189 1 . 5235 1 . 5212 8.5920 10.3540 0.0 
40 0.8390 0.8392 0.8395 0.8392 1 . 5138 1.5169 1 . 5154 8.5510 10.3470 10.3516. 

__. 41 0.8392 . 0.8395 0.8392 0.8393 1 . 5202 1 . 5151 1 . 5176 8. 5779 10.3616. 0.0 
N 42 0.8392 0.8395 0.8395 0.8394 1. 5334 . 1.5278 1 . 5306 8.6324 10.3358 0.0 w 43 0.8400 0.8397 0.8392 0.8396 1. 5268 1 .5220 1 . 5244 8.6147 10.3509 0.0 

44 0.8397 0.8397 0.8395 0.8396 1. 5194 1 . 5159 1 . 5176 8.5847· 10.3613 0.0 
45 0.8397 0.8397 0.8397 0.8397 1 . 5293 1 .5240 1 . 5267 8.6183 10.3374 )0.4076 
46 0.8395 0.8395 0.8395 0.8395 1.5174 1 . 5136 1 . 5155 8.5717 10.3648 0.0 
4Y 0.8397 0.8400 0.8395 0.8397 1.5174 1 . 5105 1 . 5140 8:1426 10.3384 10.3363 
48 0.8395 0.8397 0.8395 0.8396 1. 5255 1 .5227 1 . 5241 8.2093 10.3549 10.2526 
49 0.8392 0.8395 0.8397 0.8395 1 . 5184 1.5128 1. 5155 8.1601 10.3559 10.2463 
50 0.8390 0.8395 0.8392 0.8392 1 . 5215 1 . 5166 1 . 5190 8.1612 10.3402 .10.3179 
51 0.8397 0;8392 0.8385 0.8385 1 . 5138 1 .5077 1 . 5108 8.0965 10.3472 .1 0.3053 
52 0.8372 0.8392 0.8397 0.8387 1. 5326 1 . 5276 1 . 5301 8.2270 10.3606 10.3997 
53 0.8400 0.8400 0.8400 0.8400 1. 5344 1 . 5301 1 . 5323 8.2570 10.3501 10.2396 
54 0.8395 0.8397 0.8392 0.8395 1 .4986 1 .4920 1 .4953 8.0451 10.3650 10.4295 
55 0.8395 0.8397 0.8397 0.8396 1 ; 5349 1. 5324 1 . 5337 8.2450 10.3488 10.0694 
56 0.8397 0.8397 0.8400 0.8398 1.5273 1 .5205 1 . 5237 8.1827 10.3348 10.3799 
5Y 0.8392 0.8397 0.8397 0.8396 1 . 5184 1.5143 1 . 5164 8.1607 10.3491 10.4141 
58 0.8395 0.8397 0.8397 0.8396 1. 5337 1 . 5'293 1 . 5315 8.2303 10.3307 10.2511 

[a] Pellets are numbered from the bottom of the fuel stack. 



TABLE B-VI 

FUEL ROD CLAD[jiNG DIMENSIONS FOR ROD IE-012· ··· • 

Tube Inside Diameter Measurements Tube Outside Diameter Measurements 

Location[a] Ins1de Diameter Location[a] Outside Diameter 

(em) (em) (em) (em) 

oo goo oo goo 

2.54 0.8766 0.8776 71.12 o.g944 o.gg85 
5.08 0.8771 0.8773 73.66 o.gg57 0.9g77 
7.62 0. 8773 U.8763 76.20 0. 9957 . U.YY82 

. 10.16 0.8778 0.8766 78.74 0.9959 0.9982 
12./0 0.8748 o. 8735 
15.24 0.8743 0.8735 
17.78 0.8760 0.8753 
20.32 0.8760 0.8750 
22.86 0.8768 0.8758 
25.40 0.8743 0.8730 
27.g4 0.8740 0.8730 
30.48 0.8748 0.8740 
33.02 0.8760 0.8750 
35.56 0.8735 0.8730 
38.10 0.8i35 0.8733 
40.64 0.8750 0.8748 
43.18 0.8766 0.8763 
45.72 0.8740 .0.8740 
48.26 0.8748 0.8748 
50.80 0.8730 0.8743 
53.34 0.8738 0.8753 
55.88 ·o.8725 0.8738 
58.42 0.8728 0.8735 
60.g6 0.8740 0.8753 
63.50 0.8753 0.8753 
66.04 0.8735 0.8755 
68.!18 0.8745 0.8740 
71 . 12 0.8735 0.8753 
73.66 0.8738 0.8758 
76.20 0.8740 0.8758 
78.74 0.8745 0.8758 
81 -~8 0.8743 0.8763 
83.82 0.8753 0.8763 
86.36 0.8763 0.8766 
88.go 0.8766 0.8760 

[a] Distance from.bottom of fuel rod. 
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TABLE B-VI I 

OVERALL PRETEST FUEL ROD AND CLADDING 
. DATA FOR ROD IE-013 . 

Finished Tube Data: 

Mean OD 
Mean ID 
Ovality (Max ID/Min ID) 
Cladding Length 
Overall Length 

Mechanical Properties Of Unirradiated Fuel 

Yield Tensile Strength 

At Room Temperature 
At 658 K 

Ultimate Tensile Strength 

Fuel Data: 

At Room Temperature 
At 658 K 

Enrichment 
Mean Geometric Density 

95% Population Loaded 
Mean Diameter 

95% Population Loaded 
Stack Mass 
Measured Stack Length 
Dish Dimensions 

Dish Chord 
Dish Depth 

Grain Size 

Grain Diameter 

Center Hole Length 
Plenum Length 
Mean Fuel-Cladding Gap 
Measured Void Volume 

Fill Gas Data 

Pressure 
Compos it i.on 

[a] Not obtained. 

0.9925 em 
0.8741 em 
1. 0017 
[a] 
103.51 em 

Rod Cladding[b]: 

571.4 MPa 
388.9 MPa 

772.8 MPa 
489.5 MPa 

12.49% 2 35U 
10.3725 gram/cm3 
10.37~~ (+0.792, -01 .207) gram/cm3 
0.8641 em 
0.8641 (+0.0005, -0.0005) em 

521.6914 gram 
88.6079 em 

0.9604 em 
·o.0343 em 

22.~ + 6.5 x 10-4 em 

36.6116 em 
5.7404 em 
0.100 em 
7.7143 ml 

2.69 MPa 
76% He, 24% Ar · 

[b] Data supplied by Westinghouse El~ctric Corporation; 
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TABLE B-VIII 

_;UEL PELLET CHARACTERIZATION DATA FOR ROD IE-013 

PELLET[a] D rAMETER (em) LENGTH (em) WEIGHT GEOMETRIC IMMERSION 
NO. TOP CENTER BOTT0~1 AVERAGE oo goo AVERAGE (GRAMS) DENSIT3 DENSIT3 

(g/cm } (g/cm } 

1 0.8636 0.8636 0.8636 0.8636 1.5347 1; 5408 1.5377 9.1972 10.3463 0.0 
2 0.8644 0.8644 0.8644 0.8644 1.5022 1.5047 1.5034 9.0060 10.3469 0.0 
3 0.8646 0.8646 0.86.f6 0.8646 1.5342 1.5408 1.5375 9.2241 10.3536 0.0 
4 al.8639 0.8639 0.8639 0.8639 1.4983 1.5037 1.5010 9.0109 10.3818 0.0 
5 al.8639 0.8639 0.8639 0.8639 1. 5499 1. 5524 1.5512 9.3068 10.3714 10.4054 
6 0.8639 0.8639 0.8639 0.8639 1 .5380 1.5438 1.5409 9.2308 10.3563 0.0 
7 0.8641 0.8641 0.86-ll 0.8641 1. 5466 1 . 5512 1.5489 9.3230 10.3988 0.0 
8 0.8644 0.8644 0.86.f4 0.8644 1.5083 1 . 5133 1.5108 9.0536 10.3502 0.0 
9 0.8641 0 .. 8641 0.86.fl 0.8641 1. 5067 1 . 5136 1 . 5102 9.0171 10.3190 0.0 

__, 10 0.8"639 0.8639 0.8639 0.8639 1. 5055 1. 5093 1.5074 9.0243 10.3528 10.4081 
N 11 0.8646 0 .. 8646 0.86-l6 0.8646 1 . 5189 1.5245 1 . 5217 9.1480 10.3759 0.0 
0"1 12 0.8636 0.8636 0.8636 0.8636 1 . 5189 1 . 5225 1.5207 9.1291 10.3862 0.0 

13 0.8644 0.8644 0.86-+1 0.8643 1.5273 1. 5321 1.5297 9.2011 10.3890 0.0 
14 0.8641 0 .. 8641 0.86-+1 0.8641 1.5204 1. 5245 1.5225 9.1423 10.3765 0.0 
15 0.8639 0.8639 0.86.39 0.8639 1.5524 1.5568 1.5546 9.3446 10.3902 10.4313 
16 0.8641 0.8641 0.86-ll 0.8641 1. 5296 1 .5380 1 . 5338 9 .. 2131 10.3788 0.0 
17 0.8641 0.8641 0.86~1 0.8641 1.5392 1.5448 1. 5420 9.2715 10.3879 0.0 
18 0.8641 0.8641 0.86~1 0.8641 1. 5428 1. 5469 1 .5448 9.2747 10.3725 0.0 
19 0.8644 0.8644 0.86~4 0.8644 1. 5047 1 .5080 1.5063 9.0450 10.3713 0.0 
20 0.8644 0.8644 0.86H 0.8644 1 . 5197 1 .5225 1 . 5211 9.1317 10.3680 10.4056 
21 0.8641 0.8641 0.86~1 0.8641 1. 5347 1 .5377 1.5362 9.2092 10.3579 0.0 
22 0.864i 0.8641 0.86~1 0.8641 1. 5143 1.5123 1.5133 9.1032 10.3954 o:o 
23 0.8646 0.8646 0.86~6· 0.8646 1. 5270 1 . 5316 1.5293 9.1982 10.3802 0.0 
24 0.864i 0.8641 0. 86~ 1 0.8641 1 . 5212 1. 5278 1.5245 9.1393 10.3591 0.0 
25 0.864i . 0.8641 0. 86~ 1 0.8641 1.5385 1 . 5443 1 . 5414 9.2425 10.3598 10.4012 
26 0.8641 0.8641 0. 86~1 0:8641 1 . 5108 1.5131 1.5119 9.0775 . 10.3758 0.0 
27 0.8641 0.8641 0.86~1 0.8641 1 . 5494 1 . 5532 1.5513 9.3149 10.3734 0.0 
28 0.8646 0.8646 o:86~6 0.8646 1.5390 1.5425 1.5408 9.2645 10.3764 0.0 
29 0.8646 0.8646 0.86~6 0.8646 1 . 5276 1.5234 1~5300 9.1699 10.3439 0.0 
30 0.8636 0.8636 0.8636 0.8636 1. 5197 1. 5240 1.5218 9.1401 10.3908 10:4205 



TABLE B-VI II {Continued) 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-013 

PELJ..ET[a J DIAMETER {em) LENGTH {em) WEIGHT GEOMETRIC IMNERSION 
NX>. TOP CENTER BOTTOM AVERAGE oo goo AVERAGE (GRAMS) DENSIT3 DENSIT3 

{g/cm ) {g/cm ) 

31 0.8644 0.8644 o.il644 0.8644 1 . 5138 1 . 5189 1 . 5164 9.1058 10.3710 0.0 
32 0.8644 0.8644 0.8644 0.8644 1.5370 1.5420 1.5395 9.2542 10.3797 o.o 
33 0.8644 0.8644 0.8644 0.8644 1 . 5276 1 . 5334 1.5305 . 9.1903 10.3701 0.0 
3-l 0.8641 0.8641 0.8641 0.8641 1.5423 1.5464 1.5443 9.2909 10.3941 0.0 
35 0.8639 0.8639 0.8639 0.8639 1 • 5210 1.5253 1 • 5231 8.7155 10.3491 10.3933 
35 0.8646 0.8646 0.8646 0.8646 1 .5083 1 . 5135 1 • 51 09 8.6.41 0 10.3310 10.4002 
37 0.8646 0.8646 0.8646 0.8646 1 . 5192 1 . 5237 1 • 5215 8.7274 10.3486 10.4123• 
38 0.8644 0.8644 0.8644 0.8644 1 . 5278 1 . 5311 1 • 5295 8.7849 10.3681 10.3253 
3:1 0.8641 0.8641 0.8641 0.8641 1.5248 1.5303 1.5276 8.7427 . 10.3444 10.3686 
40 0.8646 0.8646 0.8646 0.8646 1.5080 1 .5121 1.5100 8.6760 10.3867 10.4108 
41 0.8636 0.8636 0.8636 0.8636 1.5278 1. 5334 1. 5306 8.7378 10.3440 10.3785 

_.. 42 0.8641 0.8641 0.8641 0.8641 1 • 5133 1. 5199 1 . 5166 8.6919 10.3727 10.4073 
N 43 0.8636 0.8636 .0.8636 0.8636 1 . 5171 1. 5215 1 . 5193 8.7107 10.3762 10.3429 
-.....! 44 0.8639 0.8639 0.8639 0.8639 1 .4928 1.4968 1 . 4948 8.5461 10.3428 10.3849 

45 0.8636 0.8636 0.8636 0.8636 1 . 5154 1. 5199 1 . 5176 8.6908 10.3572 10.3911 
45 0.8639 0.8639 0.8639 0.8639 1 . 5458 1. 5502 1.5480 8.8854 10.3790 10.4274 
47 0.8639 0.8639 0.8639 0.8639 1 . 5222 1.5265 1 .5244 8. 751 0 10.3758 10.3747 
4.3 0.8644 0.8644 o. 8644 0.8644 1. 5286 1 . 5321 1 • 5303 8.7751 10.3504 10.3713 
4:1 0.8641 0.8641 0.8641 0.8641 1.5095 1 . 5143 1.5119 8.6641 10.3521 9.1655 
:5•) 0.8641 0.8641 0.8641 0.8641 1 . 5105 1.5141 1 • 5123 8.6626 10.3745 10.3860 
:51 0.8636 0.8636 0.8636 0.8636 1. 5377 1.5423 1.5400 8.7962 10.3287 10.3593 
52 0.8641 0.8641 0.8641 0.8641 1.5339 1 . 5370 1 • 5354 8.7929 .1 0.3564 10.3782 
:53 0.8641 0.8641 0.8641 0.8641 1. 5143 1 . 5184 1 . 5164 8.7069 10.3856 10.3792 
54 0.8639 0.8639 0.8639 0.8639 1 • 5169 1 . 5232 1 . 5201 8.7038 10.3629 10.3557 
:55 0.8641 o. 8641 0.8641 cf. 8641 1.5385 1. 5428 1.5406 8.8691 10.4240 9.6781 
:56 0.8641 0.8641 0.8641 0.8641 1. 5326 1.5370 1 . 5348 8.8047 10.3680 11 .1645 
:57 0.8641 0.8641 0.8641 0.8641 1.55o7 1.6845 . 1.6176 8.9024 9.9397 10.3838 
58 0.8636 0.8636 0.8636 0.8636 1 . 5182 1. 5222 1.5202. 8.7165 10.3769 10.9676 

[a] Pellets are numbered from bottom of fuel stack. 



TABLE B-IX 

FUEL ROD. CLADDING DIMENSIONS FOR -ROD IE-:-013 

Tube Inside Diametef.Measurements Tube Outside Diameter Measurements · 

Location[a] Inside Diameter Location[a] Outside Diameter 

(em) (em) (em) · (em) 

oo goo oo goo 

2.54 0.8741 0.8742 2.54 0.9944 0.9g31 
5.08 0.8744 0.8741 30.48 o. 9g31 0.9g31 
7.62 0.8745 0.873g 58.42 o.g906 0.9925 

1 0.1 b U.8744 U.I:Qjy 8b.j6 U. Y!:fl Y U.Ynb 
12.70 0.8743 0."873g 
15.24 0.8743 0.8742 
1/.78 0.8744 0.8742 
20.32 0.8744 0.8739 
22.86 0.-8744 0.8738 .. 
25.40 0.8743 0.8738 
27.94 0.8744 0.8738 
30.48 0.8743 0.8739 
33.02 0.8743 0. 8740· 
35.56 0.8743 0.873g 
38.10 0.8743 0.8738 
40.64 0.8744 0.8736 
43.18 0.8742 0.8736 
45.72 0.8743 0.8736 
48.26 0.8745 0.8736 
GO.OO 0.8742 0.8737 
!:13.34 0.8741 0.8738 
G5.88 0. 8740 0.8740 
58.42 0.8743 0.8737 
60.96 0.8742 0.8733 
63.50 0.8740 0.8737 
66. Ot1 0. 87,1 0.8738 
68.58 0.8741 0.8738 
71 . 12 0.8741 0.8747 
73.66 0.8741 0.8748 
76.20 0.8741 0.8747 
/'d./4 O.'d/40 U.'d/46 
81 .28 0.8739 0.8747 
83.82 0.8738 0.8747 
86.36 0.873g 0.8746 
88.90 0.873g 0.8745 

[a] Distance from bottom of fuel rod .. 
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TABLE ·s-X 
. . 

OVERALL PRETEST FUEL ROD AND CLADDING 
DATA FOR ROD IE--014 

Finished Tube Data: 

Mean OD 
Mean ID 
Ovality {Max ID/Min ID) 
Cladding Length 
Overall Length 

0.9939 em 
0.8738 em 
1.0023 
[a] 
103.5.1 em 

Cladding Me~hanical Properties Of Unirradiated Fuel Rod Cladding[b]: 

Yield Tensile Strength 

At Room Temperature 
At 658 K 

Ultimate Tensile Strength 

At Room Temperature 
At 658 K . 

Fuel Data: 

Enrichment 
Mean Geometric Density 

95% Population Loaded 
Mean Diameter 

95% Population Loaded 
S.tack Mass 
Measured Stack Length 
Dish Dimensions 

Dish Chord 
Di"sh Depth 

lirain !:>ize 

Grain Diameter 

Center Hole Length 
Plenum Length 
Mean Fuel-Cladding Gap · 
Measured Void Volume 

Fill Gas Data 

Pressure 
Composition 

[a] Not obtained. 

571.4 MPa 
388~9 MPa 

772.8 MPa 
489.5 MPa 

12.49-% 235U 3 
10.4127 gram/em 
10.4127 (+0.0831, -0.0791) gram/cm3 
0.8395 em 
0.8395 {+0.0076, -0.0102). em 

489.7859 gram 
88.4022 em 

0.6604 em 
0.0343 em 

22.5 + 6.5 x 10-4 em 

36.5176 
5.7404 em 
0.0343 em 
10.2497 ml 

2.67 MPa 
76% He, 24% Ar 

[b] Data supplied by Westinghouse Electric Corporation. 
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TABLE B-XI 

FUEL PELLET CH.~RACTERIZATION DATA FOR ROD IE-01 ~ 

PELLET[a] D1AMETER (em) LENGTH (em) WEIGHT GEOMETRIC IMMERSION 
NO. TOP CENTER BOTT•JM AVERAGE oo goo AVERAGE ·(GRAMS) DENSIT3 DENSI~Y 

-- (g/em ) (g/em ) 

1 0.8397 0.8397 0.8337 0.8397 1.5227 1 . 5273 1 .5250 8.6337 10.3673 0.0 
2" 0.8400 0.8400 0.8400 0.8400 1. 5387 1.5453 1.5420 8.7304 10.3597 0.0 
3 0.8395 0.8395 0.8335 0.8395 1.5260 1 . 5314 1.5287 8.6404 10.3563 0.0 
4 0.8392 0.8392 0.8332 0.8392 1. 5202 1 . 5237 1.5220 8.6108 10.3735 0.0 
5 0.8397 0.8397 0.8337 0.8397 1. 5415 1. 5471 1.5443 g. 7271 10.3466 10.3835 
6 0.8390 0.8390 0.8330 0.8390 1.5049 1.5093 1 . 5071 8.4685 10.3104 0.0 
7 0.8400 0.8400 0.84)0 0.8400 1 . 5149 1 . 5179 1.5164 8.6087 10.3906 0.0 
8 0.8390 0.8390 0.8330 0.8390 1. 5342. 1.5390 i.5366 8.6810 10.3636 0.0 
9 0.8400 0.8400 0.84•)0 0.8400 1 . 5281 1.5359 1 . 5320 8.6721 10.3589 . o.o· 

10 0.8390 0.8390 0.8330 0.8390 1.5248 1.5286 1.5267 8.6229 10.3620 10.3697 ..... 
11 0.8397 0.8397 0.8337 0.8397 1.4948 1.4989 1.4968 8.4512 10.3420 0.0 w 

0 12 0.8400 0.8400 0.84•)0 0.8400 1.4996 1 . 5047 1.5022 8.5032 10.3618 0.0 . 
13 0.8392 0.8392 0.8392 0.8392 1.5481 1.5502 1 . 5491 8.7938 10.4055 0.0. 
14 0.8390 0.8390 0.8330 0.8390 1.5138 1 . 5194 1.5166 8.5817 10.3817 0.0 
15 0.8397 0.8397 0.8337 0.8397 1.5070 1.5118 l .5094 8.5500 10.3745 10.3923 
16 0.8400 0.8400 0.84")0 0.8400 l. 5136 1 . 5187 1 .5161 8.5562 10.3290 0.0 
17 0.8397 0.8397 0.8337 0.8397 1.5161 1 . 5212 1 . 5187 8.5860 10.3537 0.0 
18 0.8390 0.8390 0.8330 0.8390 1.5375 1.5408 1 . 5391 8.7046 10.3744. 0.0 
19 0.8392 0.8392 0.8332 0.8392 1. 5263 1 . 5316 1 .5290 8.6457 10.3673 0.0 
20 0.8395 0.8395 0.8335 0.8395 1.5403 1.5453 1 .5428 8.7089 10.3417 10.3336 

-21 0.8400 0.8400 0.84•)0 0.8400 1. 5230 1 . 5281 1.5255 8.6257 10.3478 0.0 
22 0.8400 0_.840.0 0.8400 0.8400 1 . 5367 1 . 5418 1.5392 8.7306 10.3790 0.0 
23 0.8400 0.8400 0.84t)Q 0.8400 1. 5342 1.5390 1.5366 8.6861 10.3443 0.0 
24 0.8392 0.8392 0.8332 0.8392 1. 5235 1.5309 1.5272 8.6313 10.3622 0.0 
25 0.8402 0.8402 0.84t)2 0.8402 1.5309 1. 5359 i .5334 8.6884 10.3624 10.3660 
26 0.8397 0.8397 0.8337 0.8397 .1.5293 1. 5324 1.5309 8.6236 10.3151 o.o 
27 0.8402 0.8402 0.8402 0.8402 1.5347 1.5400 1.5373 8. 7037 10.3537 0.0 
28 0.8400. 0.8400 0.84)0 0.8400 1 . 5215 1.5248 1 . 5231 8.6398 10.3814 0.0 
29 0.8397 0.8397 0.8337 0.8397 1 .5202 1. 5258 1.5230 8.6042 10.3458 0.0 
30 0.8397 0.8397 0.8337 0.8397 1. 5255 1 . 5316 1.5286 8.6497 10.3620 10.3769 



TAELE B-XI (Continued) 

FJEL PELLET CHARAGTERIZATION DATA FOR ROD IE-014 

PELLET[a] DIAMETER (em) LENGTH (em) WEIGHT GEOMETRIC IMMERSION 
~00. TOP CENTER BOTTOM AVERAGE oo goo AVERAGE (GRAMS) DENS IT~ DENSI!Y 

-- (g/cm ) (g/cm ) 

31 0.8397 0.8397 0.8397 0.8397 1 . 5476 1 . 5405 1 . 5441 8.7252 10.3461 . 0.0 
32 0.8395 0.8395 0.8395 0.8395 1 . 5270 1. 5298 1 . 5284 8. 6331 10.3493 0.0 
33 0.8400 0.8400 0.8400 0.8400. 1 . 5199 1 . 5255 1 . 5227 8.6169 10.3565 0.0 
34 0.8400 0.8400 0.8400 0.8400 1.4935 .1 .4976 1 .4956 .8.4578 10.3527 0.0 
35 0.8397 0.8397 0.8397 0.8397 1 . 5108 1 ~ 5156 1 . 5132 8.360 10.3425 10.3839 
36 0.8392 0.8392 0.8392 0.8392 1.5202 1. 5240 1 . 5221 8.1791 10.3418 10.3594 
37 0.8385 0.8385 0.8385 0.8385 1 .4953 1 .5004 1.4978 8.9441 10.3511 10.3639 

.38 0.8390 0.8390 0.8390 0.8390 1 • 5314 1 .5359 1 . 5337 8.2753 10.3902 10.4792 
39· 0.8387 0.8387 0.8387 0.8387 1. 5324 1 . 5367 1.5345 8.2703 10.3846 10.4464 
¢0 0.8395 0.8395 0.8395 0.8395 1.5034 1 . 5072 1.5053 8.0962 10.3460 10.4298 
41 0.8390 0.8390 0.8390 0.8390 1 . 53,39 1. 5377 1.5358 8.2748 . 10.3748 10.4389 

~ 42 0.8397 0.8397 0.8397 0.8397 1. 5278 1 . 5324 1 • 5301 8.2128 10.3090 10.4107 
w 43 0.8392 0.8392 0.8392 0.8392 1. 5192 1.5240 1 . 5216 8.1650 1 0. 3275. 10.41.75 ~ 

4!4 0.8392 0.8392 0.8392 0.8392 1 . 5171 1 . 5212 1.5192· 8.1643 10.3433 10.4958 
4!5. 0.8387 0.8387 0.8387 0.8387 1. 5222 1.5250 1 . 5236 8.1942 10.3710 10.4255 
4!6 0.8395 0;8395 0.8395 0.8395 1 . 5164 1 . 5215 1 . 5189 8.1955 10.3779 10.4592 
47 0.8385 0.8385 0.8385 0.8385 1 . 5075 1.5126 1 . 5100 8.1087 10.3559 10.4096 
48 0.8362 0.8362 0.8362 0.8362 1.4986 1. 5032 1.5009 8.0519 10.4073 10.4441 
49 0.8397 0.8397 0.8397 0.8397 . 1.5204 1. 5230 1 . 5217 8.2055 10.3645 1 d .4332 
50 0.8400 0.8400 0.8400 0.8400 1;5243 1.5309 1 . 5276 8.2016 10.3128 10.4152 
El 0.8395 0.8395 0.8395 0.8395 1 . 5182 1.5225 1 . 5203 8.1951 10.3677 10.4561 
52 0.8395 0.8395 0.8395 0.8395 1. 5143 1 . 5197 1 . 5170 8.1650 10.3524 10.4311 
53 0.8390 0.8390 0.8390 0.8390 1.5288 1 . 5334 1 . 5311 8.2557 ·1 0.3688 10.4400 
54 0.8395 0.8395 .0.8395 0.8395 1 . 5118 1. 5161 1.5140 8.1324 10.3321 10.3907 
55 0.8397 0.8397 0.8397 0.8397 1. 5377 1 . 541 0 1.5394 8.2833 10.3411 10.4247 
56 0.8397 0.8397 0.8397 0.8397 1 . 5037 1.5095 1.5066 8.1006 10.3290 . 10.4101 
57 0.8392 0.8392 0.8392 0.8392 1.5055 1.5083 1.5069 8.1253 10.3792 10.4019 
58 . 0.8387 0.8387 0.8387 0.8387 1 . 5321 1 .. 5352 1 . 5337 8.2602 10.3708 10.3906 

[a] Pellets are· numbered from bottom .of fuel stack. 



. TABLE B-XI I 

FUEL ROD CLADDING DIMENSIONS FOR ROD IE-014 

Tube Inside Diameter Measurements Tube Outsfde Diameter Measurements 

Location[a] Inside Diameter Location[a] Outside Diameter 

(em) (em) (em) (em) 

oo goo oo goo 

2.54 . 0.8750 0.8755 2. 54. o.gg38 0.9944 
b.08 0.8752 0.8148 30.48 . 0.9930 0. 9931 
7. 62 0.0757 0.0740 50.42 0.9919 0.99!i0 

10.16. 0.875g 0.8750 86.36 0.9957 0.9944 
12.70 0.8755 0.8752 

. 1 5. 24 0.8753 0.8754 
i 7. 78 0.8752 0.8755 
20.32 0.8752 . 0.8754 
22.86 0.8754 0.8752 
25.40 0.8757 0.8752 
27. gl 0.8754 0.8750 
30.48 0~8752 -0.8750 
33.02 0.8754 0.8751 
35.56 0.8750 0.8751 
38.10 0.8753 0.8745 
40.64 0.8755 0.874g 
43.18 0.8750 0.8752 
45.72 0.8748 0.8749 
48.26 0.8750 0.8745 
~0.80 0.8753 O.l.rl4l 
53.34 0.8753 0.8745 
55.88 0.8750 0.8747 
58.42 0.8745 0.8747 
60.g6 0.8744 0.8747 
63.50 0.8743 0.8744 
66.04 0.8744 0.8744 
68.58 0.8743 0.8745 
71 . 12 0.8743 0.8740 
73.66 0.8743 0.8741 
76.20 0.8743 0.8743 
78.74 0.8738 0.8745 
81 .28 0.8736 0.8745 
83.82 0.8742 0. 8741 
86.36 0.8742 0.8742 
88,go 0.8743 0.873g 

,. 

[a] Distance from bottom of fuel rod. 
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· APPENDIX C 

DATA REDUCTION AND EVALUATION 

All data for Test IE-2 were recorded on the PBF Surveillance 
System[a] in an analog format and then were digitized by the PBF PDP-15 

-
data reduction facJlity. The resulting digital data were processed on 
an IBM 360~ using the MAC/RAN Time Series Analysis Progra~[C- 2], and 

permanently stored on seven-track magnetic tapes in the MAC/RAN SIDU 

(Standard Input Data Unit) format. 

During the processing on the IBM 360, several data reduction steps 
were completed: 

· (1) Data were converted from data system volts to engineering 

units (SI) using the calibration equations presented in 
Appendix A. 

(2) Any wild points were removed. 

(3) Zero power offsets due to data system drift were removed from 
coolant ~T and SPND data channels. 

(4) SPND data channels were converted from detector nanoamps to 
neutron flux, using the results from a special calibration 
test[C-J]. 

(5) Ultrasbnic thermometer data were numerically filtered to 
remove excess1ve w1ld po1nt5. 

(6) Rod internal pressure data were corrected for large drifts in· 

zero due to instrument decalibration. 

[a] The Surveillance System is an FM multiplexed data recording system 
that records channels of analog data plus a standard time code 
(IRIG-A) on magnetic tape[C-l]_ 
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Reduced Data Format 

Three separate· sets of the data .are stored oh tape. These sets are 

.(1) A complete set with the data in the form of data system volts 
'· 

(2) A complete set with the data. in engineering units (SI) ob~ . 

tained by applying calibration equations tabulated in Appendix A 

(3) A set decimated from (2) with calculated parametets such as 

rod. pow~r added for additional calcuiations and plotting. 

Each data channel on the two,complete sets contains approximately 28,000 
data values with variable di.gitizing intervals ranging from 10 seconds 
down to 0.25[a] seconds. Table C-I shows the digitizing intervals used. 

TABLE C-I 

DIGITIZING INTERVALS USED FOR DATA REDUCTION IN TEST IE-2 

-Time[a] Test Digitizing 
Period (sec) · Phase Interval (sec} 

-14,700 - 170,577 Preconditioning 10.0 

170,940 172,440 Power Ramp .. 0. 2 

1 n,44u - 175,~~u Steady-State Uperation lU.U 
at 68 kW/m 

17 5' 980 - 176,880 Flow Reduction 0.2 

176,880 - 178,020 After Shutdown 10.0 

[a] The time corresponds to time on 1-1gure ~ where· time of zero 
designates the beginning of_the first power increase. 

[a] As the data were digitized, they were filtered with a low pass . 
filter whose cutoff frequency corresponds to the Nyquist frequency 
(l/2~T). -
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The third set of data contains data that were numerically filtered 

and decimated by a_factor of 14 to give approximately 2000 points per 

channei. Several calculated parameters were added to the original data 
channels including 

(1) Results from SPND data: (a) axial local power, (b) average 

neutron flux, (c) peak elevation, and (d) peak to average (see 
Appendix D). 

(2) Average rod Power for each ro~, calculated therm·a 1- hydrau-

lically (Appendi~ D). 

(3) Coolant mass flux for each rod, calculated using ASTEM[C-4] 

water properties and inlet temperature. 

In the SIDU format, each ~ata channel has a unique number and name 
of eight characters. All of the data channels available are listed in 

Table C-II. The data channels are also shown in Figures C-1 through C-11. 

Data Reduction 

Corrections were applied to some of the channels to eliminate 

obvious errors in the data. SOme of the corrections were straight­
forward, such as removal of wild points, while others were not. · Each of 

the corrections are discussed below. 

The first correction to be appl1ed to the data was wild point re­

moval. During the digitizing process, particularly at the end or 
beginning of an analog tape which contains four hours ·of data, wild 

points were sometimes i_ntroduced into the data. Most of these points 
were removed using the MAC/RAN .processor following conversion to en­

gineering units. 

The second step was elimination of zero power offsets in coolant ~T 

and SPND data. These transducers have a very small output. Therefore, 

the signals must be recorded through high gain amplifiers. For this 
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TJI.BLE C-II 

DATA CHANNEL FORMAT FOR TEST IE-2 

Transducer· Rod Elevation Seri a 1 Azimutha 1 Data System Reduced Channe 1 
Comments Name Number (m) Number (degrees) Channel Number Ta~e No. ID Units 

Corrected Fuel Rod PxD IE-011 301 8-1 32 RODPRSll I~Pa 
for zero 
shift Centerline TC I E-01 l .75 435 9-1 20 FULTMPll k 

Cladding TC IE-011 . 61 180 10-1 36 CLDTMPll K 
(spr·ing) 

Cladding TC IE-Oll . 61 0 10-2 37 CLDTMP12 K 
(spring) 

Cor·rected Coolant t.T IE-011 DTC-7 6-3 26 DELTMPll K 

...... for· zero 
cm3 Is w shift Flowmeter IE- 01 l 10094 5-3 18 FLORATll 

-....,J 

LVDT IE-011 039 14-1 49 CLDDSPll m.m 

Corrected Fue 1 ·Rod PxD IE-012 222 8-2 33 RODPRS21 MPa 
for zero 
shift Centerline TC IE-012 .74 434 9-2 il FULTMP2l .. K 

Cladding TC IE-012 .61 180 10-3 38 CLDTMP21 K· 
(spring) 

Cladding TC IE-012 .61 0 10-4 40. CLDHIP22 K 
(sprJng) 

Corrected Coolant t.T IE-012 DTC-8 7-1 28 DELTMP21 K 
fol:" zero 

cm3/s shift Flowmeter IE-012 10092 6-1 24 FLORAT21 

LVDT IE-012 · 433 14-3 19 CLDDSP21 mm 



TABLE C-II (continued) 

DATA CHANI'iEL FORMAT FOR IE-2 

Transducer Rod Elevation Seria· Azimutila 1 Data System Reduced Channel 
Comments Name Numbe·· (m) Number· (degrees) Channel Number -a~e No. ID Units 

Corrected Fuel Rod PxD IE-013 257 8-3 34 RODPRS31 MPa 
for zero 
shift 

Failed at Centerline UT IE-013 .60 443 9-3 22 FULTMP31 K 
onset of 
film boi 1 i ng Cladding TC I.E-013 .51 90 11-2 42 CLDTMP31 K 
(UT has (Type S) 

w decalibrated) 
00 Cladding TC IE-013 .61 0 11-1 41. CLDTMP32 K 

(Type S) 

Cladding TC IE-013 .61 180 180 11-3 43 . CLDTMP33 K 
(Type S) 

Cladding TC IE-013 .71 270 11-4 44 CLDTMP34 K 
(Type S) 

Corrected Coolant t.T IE-013 ore-· o 6-4 27 DEL TMP31 K 
for zero 

cm3 Is shift Flowmeter IE-013 l009!i 5-4 39 FLORAT31 

Failed at LVDT IE-013 min 
beginning 
of test 

~-. 



TABLE C-II (continued} 

DATA CHANNEL FORMAT FOR TEST IE~2 

Transducer Rod Elevation Serial Azimutha 1 Data System Reduced Channel 
Conrnents Name Number (m} Number (degrees} Channe 1 Number Ta~e No. ID Units 

Conrected -- Fue 1 F:od PxD IE-014 306 8-4 35 RODPRS41 MPa 
for !eN 
shift 

Failed Centerline UT IE-014 .60 442 9-4 23 FULTMP41 K 
during 
power 

IE-014 rai11J Cladding TC .51 90 13-2 46 CLDTMP41 K ...... (UT has (Type S) w 
1.0 dec.a 1 i bra ted) 

Cladding TC .IE-014 .61 0 13-1 45 CLDTMP42 K 
(Type S) 

Cladding TC IE-014 .61 180 13-3 47 CLDTMP43 K. 
(Type S) 

Cladding TC IE-014 .}1 270 13-4 48 .CLDTMP44 K 
(Type K) 

Corrected -- Coolant tiT IE-014 -- DTC-9 7-2 29 DELTMP41 K 
for !era 

cm3 Is shift Flowmeter IE-014 10093 6-2 25 FLORAT41 

LVDT has LVDT IE-014 210 14-4 50 CLDDSP41 mm 
d ec.a 1 i bra ted 



lABLE C-II (continued) 

DATA C~ANNEL FORMAT FOR TEST IE-2 

Transducer Rod Elevation Serial AzimiJthal Data System Reduced Channel . 
Comments Name Number (m) Number (degrees) Channel ~~mber Taee No. ID Units 

Unreliable SPND 2 0. 319 53977 225 3-3 10 NTFLUX02 . 2 n/cm2·s 
{All were SPND 3 0.475 53973 225 3-4 11 NTFLUX03 n/cm2·s 
corrected SPND 4 0.627 53971 225 4-1 12 NTFLUX04 n/cm2·s. 
for zero SPND 5 0. 791 53980 225 4-2 13 NTFLUX05 · n/cm2-s 
shift)[a] SPND 6 0.627 53975 315 4-3 14 NTFLUX06 n/cm2-s 

SPND 7 0.627 53967 45 4-4 15 NTFLUX07· n/cm2-s 
SPND 8 0.627 53976 135 5-1 16 NTFLUX08 n/cm3-s __, i..oop Flowmeter 5-2 17 LOPFLOOl em /s 

~ 
0 Range Changes--SLP-i 1-4 3 RECPOWOl MW 

not removed =ission Break Mo1itor 2-2 5 FISRELOl Log10 (R/hr) 
for reactor 
power less •'PS #l 1-3 2 RECPOW02 MW 
than 1 MW 5 PP.S tl2 2-1 4 RECPOW03 MW 
0-1.78 X 10 :rime) 12-1 thru 12-4 1 TIME sec 
Decalibrated Coolant Pres~Jre ( 1 OK) 2-4 7 SYSPRSOl MPa 
Decalibrated Coolant PressJre ( 1 OK) 3-2 9 SYSPRS02 MPa 

Inlet TC. 2-3 6 INTEMPOl K 
Inlet TC . 3-1 .8 INTEMP02 K 
Outlet TC 7-3 30 OUTEMPOl K 
Outlet TC 7-4 31 OUTEMP02 K 

[a] Polarity reversed durin~ pJwer calibration and ga~· co.nductance. Working during rest of test. 
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TABLE C-II {continued) 

DATA CHANNEL FORMAT FOR TEST IE-2 

Transducer Rod Elevation Serial Azimutha 1 Data System Reduced Channel 
Comments Name Number {m) Number {degrees) Channel Number TaQe No. ID Units 

(Local Peaking 0.013 51 AXFLUXOl 
Factor) 

(Loca' Peaking 0.159 52 AXFLUX02 
Factor) 

(Calculated (Local Peaking 0.306 53 .AXFLUX03 
data, Factor) 
available 
on (Local Peaking 0.452 54 AXFLUX04 
deci171ated Factor) 
set 
onl:~/1 (Local Peaki_ng 0.521 55 AXFLUX05 

__. Factor) 
~ 

(Local Peaking __. 0.599 56 AXFLUX06 
Factor) 

(Local Peaking 0.662 57 AXFLUXOi 
Factor) 

{Local Peaking 0.724 58 AXFLUX08 
Factor) 

(Local Peaking 0.745 59 AXFLUX09 · 
Factor) 

(Local Peaking 0.892 60: AXFLUXlO 
Factor) 

{Average Neutron 61. FLUXAVER n/cm2·s 
Flux) 

(Elevation or 62 FLXMXELV m 
Peak) 

(Peak to Average) 
--

63 FLUXMAX 



Transducer 
Comments Name 

Peak = (Average Rod· F'·Jwe~) 
1 .307 X (.\verage Rod F'o)we~) · 

· Average (,\verage Rod F'·Jwer) 
_, (.\verage Rod P·Jwer) 
~ 
N (Average of (:\verage Rod PJwer) 

all four rods) 

(Standard dev'~tiJn 
of rod power) 

(.'lass flux) 
(\lass flux) 
(\lass flux) 
(~lass f1 ux) 

r. 

Rod Elevation 
Number (m} 

011 
012 
013 
014 

011 
012 
013 
014 

TABLE C-II (continued) 

DATA CHANNEL FORMAT FJR TEST IE-2 

Seri a 1 
.~umber 

Azimutha 1 
(degrees} 

Oa ta Sys tEJll Reduc :!d 
Channel Nurber TaJe ~o. 

6~ 
&5 
65 
6J 

68 

70 
71 
72 
73 

Channel 
ID uri its 

RODPWROl kW/m 
RODPWR02 kW/m 
RODPWR03 kW/m 
RODPWR04 kW/m 

RODPWRAV kW/m 

RODPWRSD kW/m 

MASFLXOl kg/m~·s 
MASFLX02 kg/m2-s 
MASFLX03 kg/m2-s 
MASFLX04 kg/m ·s · 
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Fig. C-1 Cladding elongatio~ for Test IE-2. 
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Fig. C-2 Rod irternal pressure for Test IE-2 (data have been cor·r~ctedfor drift). 
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Fig. C-3 Fuel centerline temperature for Test IE-2. 
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Fig. C-4 Cladd~ng surface temperature for Te;t IE-2. 
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Fig. C-5 Coolant flow rat~ fpr Test IE-2. 



. Fig. C-E Coolant inlet and outlet temperature and. ccolant tenperature . . . 
increase for Test IE-2. 
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· · Fig. C-7 Neutron flux for Test IE-2. . , 
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Fig. C--8 Reactor power and activity in loop for Test IE--2 •:re:1ctor power 
·measured by SLP--1 not included lbecause of range ctianges } •. 
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Fig. C-9 Fuel rod peak power for Test IE-2. 
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Fig. C-~0 Ma;s flux for Test IE-2. 



(J1 
w 

Peak To Average 

\ ....... ~.....--..--
~~~----------- ~------L---~~--

(not calcul:~ted at zero power) 

O~mmmrnmmmmmmmrn~~~mmmmmmmmmm~~mmmmmmmmmmmmmrn~~mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm-

1~~~wwww~~~~~~wwwwmw~~~~wwmwwwww~~~~~~wwwwmw~~~~~wwwwww~~ww~ 

. Peak Flux Location (m) 

(not calculsted at zero power) 

o~~mm~~~mrn~mrn~~~~~~~~~~~~~~~m=mmmm~mm~~mm~~~mmmm~~~mmmmmm­

~ o~wwmw~ww~~~~wwwwww~~~~~wwwwmw~ww~~wwwwwwwwwwww~~ww~wwwwmw~ww~~ww~ 
Average Neutron Flux (n/cm2-s) 

o~~~~~~~~~~~~~~~~~~rn=~~mm~~~~~~~~~~~~~~~~~~ 
o ·2 ' 6 a w ~ u w ~ oo ~ u ~ ~ ~ ~ M.~ ~@ ~ u d ~ oo· 

Time (hours) 
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for Test IE-2. 



reason, these transduc~rs are more subject to small electronic zero 

drifts than are the other· transducers which use low to moderate gains. 

This zero shift was corrected by adding an offset to the data so that the 
. . 

temperature rise and SPND current was zero at zero reactor power. The 
constants that were applied are shown iri Table C-III. 

Instrument 

DTC-7 

DTC-8 

DTC-10 

DTC-9 

SPND 2 

SPND 3 

SPND 4 

SPND 5 

SPND 6 

SPND 7 

SPNn R 

TABLE C-II I 

ZERO POWER OFFSET CORRECTIONS APPLIED TO 
DIFFERENTIAL THERMOCOUPLE AND SPND CHANNELS 

IN TEST IE-2 

Rod Correction[a] 

IE- 011 

IE-012 

IE-013 

IE-014 

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

-0.3123 K 

0.4065 K 

0.3648 K 

-0.1042 K 

0.0150 nanoamps 

0.0231 nanoamps 

0.0085 nanoamps 

0.0156 nanoamps 

0.0622 nanoamps 

0.0241 nanoamps 

0.0150 nanoamps 

[a] This correction was added to the data so that the average 1nstrument 
signal at zero power was zero. 

The SPND data were then converted from detector nanoamps to neutron 

flux. The conversion factors were determined from the results of a 
special .in-pile SPND calibration test using the PBF _reactor[C-3] .. In 

this test the SPNDs and a cobalt wire were mounted in the IE-2 hardware 
minus the fuel rods and shrouds. The reactor was operated in a square 
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wave fashion with rapid increases to and decreases from a constant 

power. The reactor power was held constant at ·13 MW ( 50% of the 
. . . ' . 

maximum reactor power in Test IE-2) for one.hour. The fluence was then 
determined from a gamma scan of the cob~lt wire. Neutron flux was 

calculated by dividi.ng the fluence by the time at power. A conversion 
between individual SPND output and neutron flux was found by dividing 

the neutron flux at each SPND elevation by a corresponding SPND current. 
The conversion factors are tabulated in Table'C-IV. 

TABLE C-IV 

TEST IE-2 CONVERSION FACTORS RELATING SPND CURRENT AND NEUTRON FLUX 

Instrument Conversion Factor[a] (10~0 . 2 
n/cm ·s per 

SPND 2 3.1726 

SPND 3 3.2457 

SPND 4 3.3117 

SPND 5 3.3055 

SPND 6 3.2033 

SPND 7 3.2924 

SPND 8 3~1435 

[a] The SPND data were multipled by this constant to produce neutron 
flux. 

ampere) 

The ultrasonic thermometer data was also further reduced. These 
data were extremely noisy with an excessive number of wild points. To 

eliminate these points, a numerical low pass filter (six-pole tangent 
Butterworth with half power point it the Nyquist frequency) was applied 

. [C-2] to these data using the MAC/RAN processor . The ultrasonic thermo-

meter on Rod IE-014 also showed a possible zero shift. The cause for 

the shift could not be determined. The shift was erratic and could have 

involved u change in the 5cnsitivity of the device. Therefore, attempts 
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to remove the shift were unsa.tisfactory[aJ. The data presented in this~,, 
report have.not been ~orrected for. this ·problem. 

Rod internal pressure data were also corrected for zero shifts due 
I 

to ~ecalibration of the pressure transducers. The correction was deter-
mined using. the results of a multiple regression analysis of the data. 
The model chosen for the regression was determined as follows. 

The pressure of the fill gas should be described fairly well using 
the ideal gas equation. 

P = pRT 

where 

p = gas pressure 
p = gas density 
R = gas constant 

T = Temperature (absolute scale). 

The measured pressure (Pm) was assumed to be 

or 

.where 

b and b1 
t 

c 

= quadratic time drift coefficients 
= time from start of test (seconds) 
= zero shift from the time of pressurization of the 

the rod to the start pf the test. 

( C-1) 

(C-2a) 

(C-2b) 

[a] A multiple regression analysis· to determine a trend gave results 
that were meaningless. It is felt that the worsening of the one­
sided noise in the signal (Figure C-3) as the test progressed 
biased the results. 
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Since the average temperature of the gas cannot be measured, it is 

approximated as quadratic function of.average fuel rod power as 

where 

T = T. + d <I> + dl. l 
1n 

<I> = average fuel rod power (kW/m) 

d and d1 = quadratic power coefficients 

Tin =inlet temperature (K). 

(C-3) 

When-Equation (C-3) is substituted into Equation (C-2b) and a 
general set of coefficients applied, measured pressure is 

where 

a = C 
0 

a1 . = pRd 
a2 = pRd 1 
a3 = pR 

a4 = b 

as = bl 

(C-4) 

The first coefficient, a
0

• was determined by using the cold (300 K) 

fill pressure adjusted to hot (606 K) conditions at the start of the· 
test, · 

ao = p m - p = p m (C-5) 

A multiple regression analysis was then used to ·determine the 

remainder of the coefficients. The analysis was· made using data from 

the first power ramp and the last two cycles of the preconditioning 

phase. This was done to avoid highly transient data such as th~ gap 

Gonductance segment and the power ramp .• The results of this analysis 

are given in Table C-V.· 
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TABLE C-V 

TEST I E-2 HULTI PE REGRESSION ANAl!.. YSIS RESULTS FOR FUEL BOD ·:IHEP.W\L PRESSURE 

Regression Equation Coefficients[a] 

ao al a? a3 a4 a5 I!-
Rod 

IE- 011 -3.29 0.324 X 1 o-1. -0.244 X 1 o-3 0.838 X 10-2 -0 . .333 X 10-5 0.276 X 

-0.23 '0. 127 -0.143 X 1 o-2 0.847 X 10-2 -0. 161 X 10-4 0.553 X 

-0.97 0. 510 X 10-l -0.384 X 10-3 0. 915 X 'l 0-2 0. 372 X 
-5 10 -0.251 .X 

IE-012 

IE- 013 

IE-014 -0.22 o. 141 -0.166 X 10.;,2 0.904 X 10-2 0.394 X 10-S ~0.279 X 

[a] The regression an:tlysis 11odel was Pm = a1 ~ + a2 'P
2 + a3 Tin+ a4t + a5 t 2 

where a was determined using cold fill pressure. c 

\ .. 

10-10 

1 o-10 

10-10 

1 o-11 
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The corrected pressure (P) was th~n calculated for the entire test 
using 

(C-6) 

The corrected pressure is presented in the te~t~ 

Cladding elongation was also corrected to account for slight dif­

ferences in mounting the LVDTs in the test hardware. When these devices 

are calibrated, displacement is defined ~s zero when the core is centered 

in the device. When the LVDTs are mounted in the hardware the core is 

not necessarily centered. Therefore, to define cladding elongation in 

terms of the actual length of the cladding, the elongation must be set 

to zero at this point. This could have 'been handled. in the equation to 
convert data system volts to engineering units by a suitable transforma­

tion. However, it was more convenient to apply the zero correction as a 
separate step. The eiongation zero s.hifts applied to the data are given 

in Table C-VI. 

[a] 

TABLE C-VI ·--M-

CORRECTIONS APPLIED TO CLADDING ELONGATION DATA 
IN TEST IE-2 

Rod 

IE-011 

IE-012 

IE- 014 

Correction[a] (mm) 

0.00 

-1.53 

1.02 

This correction was added to the data so that the elongation w~uld 
be zero at cold (300 K) conditions. 

Coordinate Transformation . 

Coordinate transformations were used in some pf the plots for 

cladding elongation and rbd internal pressure. These were not really 
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data corrections·b~cause no changes were made to the data. They were 
made, particularly in the case of co~parisons with FRAP-T3[C-S] results, 

to minimize the effects of small uncertainties in transducer output or 

to eliminate the effect of heating the fuel rods up to test conditions 

prior to the test .. 

For the pressure transducer, the transformations were made to 

minimize the uncertainties in correcting for transducer zero shift prior 

to the test [a in equation (C-4)] and to minimize the slight differences 0 . . . 

in fill gas pressure between the rods. The first transformation was 

applied as follows. At operating temperatures, prior to an increase in 

fuel rod power (at time = 0) the corrected pressure is 

where 

(C-7) 

a* = actual difference between measured and hot pressure 
0 

T
0 

= rod temperature at the start of the test (605 K) 

P
0 

= corrected pressure at start of the test 
a~ a

0 
= should be zero if the hot pressure is determined exactly 

in Equation C-5. 

If pressure data is presented in terms of pressure differences, i.e. 

(C-8) 

the offset prior to the test (a~ - a
0

) is eliminated. Therefore, the 

difference in corrected pressure is equal to the difference in actual 
pressure. Of course, if there were no uncertainties involved in cal­

culating in Equation_ (C-5), this would be unnecessary since Pin 

[Equation (C-6)] would equal the actual pressure. However with this 

transformation all the pressure differences are equal, 

Pm- P
0

(measured) = P (actual)- P
0

(actual) = P- P
0 

(C-9) 
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The se~ond t~ansformation. mini~iz~s the· effects ~f slight differ­

ences in the initial fill g~s _pressure of the rods. If Equation (C-8) 

is divided by P
0

, the following-is obtained when a; a
0 

is zero 

p - p 
0 = - 1 ( C-1 Oa) 

If written in terms of void volume (V
0

) and change in void volume u~vo) 
it is 

p - p vo T . 0 - 1 (C-lOb) = 
Po v + b.Vo To 0 

Therefore, if the void volume or initial fill gas- pressure is slightly 

different for each rod (P
0

.arid V
0 

for· each rod) that difference is 
minimized. Using the coordinate transformation of Equation (C-lOb), 
~nly the changes in gas temperature and void volume are important. The 

P •s for each rod are given in Table III in Sectiun 4.1. 
0 

A tran·sformation was also applied to the cladding elongation data.· 

Cladding thermal strain, referenced to the cold rod temperatures, can be 

written 

where 

( C-11 ) 

e = strain = cladding elongation divided by initial cladding 
·1 ength 

a = expansion coefficient of the cladding during the test 

(During PCI it will be a combination of both the fuel 

expansion and cladding expansion coefficients) 

a
0 

= expansion cpefficient of the cladding during heat up and 

changes in inlet temperature. 
T = temperature of the cl addi n.g 

T. 
1n 

-inlet-temperature 

Tcold= cold temperature (300 K) 
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Defining an initial strain at the st~rt of the test, 

(C-12) 

the difference is 

£ - £
0 

= a (T - T. ) + a .(T
1
.n - T ) 

. 1n o .o 
(C-13) 

In this form, effects of growth during heatup have been eliminated and 

the effects of changes in inlet temperature [a (T. - T )] have been 
o 1n o 

isolated. For·actual cladding growth, a
0 

is the expansion coefficient 

for the cladding, but for the. measured growth it is not. The LVDTs .are 

mounted in the test assembly which also grows during heatup.anci inlet 
temperature increases. The hardware is mostly zircaloy so that the 

measured growth is approximately zero. Thus, for.the measured values of 
strain, a

0 
is approximately zero. If it is not exactly zero, expressing 

cladding strain in terms of Equation (C~l3) minimizes the effect of 

hardware growth, since (Tin - T
0

) is small ( <10 K), except for the gap 
conductance testing .. Expressing strain in this manner is particularly 

important in the case of comparisons with FRAP-T3 since a
0 

is not zero 
in the calculations. The test assembly is not modeled in FRAP so the a

0 
used in the calculations is the actual expansion coefficient. 
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APPENDIX 0 

POWER CALIBRATION RESULTS 

Fuel rod power,·expressed in terms of linear heat rating, is cal­

culated using a combination of several techniques. Fuel rod average 

power is determined by a thermal balance. Fuel rod local powers, based 

on axial peaking factors, are determined from the neutron fluence mea­

sured by cobalt flux wires mounted parallel to the rods and/or a sine 

function fit to the output of axially distributed SPNOs. Individual 

fuel rod peak power (average power times a constant peaking factor- of 

1 .307), as presented in the body of this report~ was found using the 

decimated data for flow rate, inlet temperature, etc. (Appendix C). For 
the flow reduction phase of the test, where saturated conditions· existed 

at the shrouds' outlets, power was determined by using a linear re­

gression between SPND 4 and individual rod powers (Table D-1). 

Fuel Rod Average Power 

The thermal balance calculations are dependent upon thermal equi­
librium conditions between the fuel rod and the ·coolant, i.e., the 

energy generated in the rods is equal to the enerqy transferred tQ the 

coolant. For all phases of the test, except during the flow reduction 

phase, equilbrium exists. Rod power can then be found, by calcul~ting 

the change in energy of the coolant between the outlet and inlet of an 
individual flow shroud. This ·calculation is made with a computer code 

which uses experimentally measured coolant flow rate, temperature rise, 
inlet temperature, and pressure. The code incorporates the equations 

presented in Reference D-1 w1th water properties determined from the 
ASTEM subroutines[D- 2]. 

A thermal balance was calculated for each of the four rods since 

they were ·contained i-n individtral flow shrouds. Each rod had a dif­

-ferential thermocouple pair to measure the temperature rise of the 

coolant within its shroud and a flpwmeter to measure the flow rates. 
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Rod 
Number 

IE-011 

IE-012 

IE-013 

IE-014 

Average 
of a 11 
four 

TABLE D-1 

LINEAR REGRESSIO~_EQUATIONS RELATING 

NEUTRON FLUX MEASURED BY SPND 4 AND FUEL. ROD AVERAGE POWER 

Test[a] 
Phase 

Preconditioning 
Per'iod 

Power Ramp, Steady­
State Operation 
and Flow Reduction 

Preconditioning 
, Period 

Power Ramp, Steady­
State Operation 
and Flow Reduction 

Preconditioning 
·Period 

Power Ramp, Steady­
State Operation -
and Flow Reduction 

Preconditioning 
Period 

Power Ramp, Steady­
State Operation 
and Flow Reduction 

Preconditioning 
'Period 

Power Ramp, Steady­
State Operution 
and Fl9w Reduction 

Regression[b] 
Equation 

Y = 9.836 X + 0.04 

y = 9.370 • X + 0.29 

- y = 9.794 • X + 0.06 

y = 9.451 • X + 0.08 

y = 9.678 • X + 0.02 

y = 9.239 X+ 0.18 

y 1 0. 368 • X + 0.17 

y = 9.798 • X + 0.61 

y = 9.505 • X - 0.09 

y = 8.997 • X + 0.28 

95% 
Confidence Intervals 

( kW/m) 

+ 0.86 

+ 0.38 

+ 0.80 

+ 0.38 

+ 0.78 

+ 0.71 

+ 1.27 

+ 0.36 

+ 0.71 

+ 0.59 

[a] The gap conductance data was not included in the "Preconditioning Phase" 
regression. 

[b] y = Average rod power (kW/m) 

x -=Neutron flux (n/cm2-s), measured by SPND 4 divided by 1014 . 
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Both coolant inlet temperature and pressure were also measured. All of 

these instruments wer~ available throughout the test except for the 

system pressure transducers. No usable pressure data were recorded. 

For these calculations, a constant pressure of 14.8 MPa was assumed 
based upon PBF plant instrumentation data. 

Since individual fuel rod power was available throughout the test, 
a comparison of the power in each rod was made. This was done to check 

for any unexpected variations in power due to instrument drift or 

asymmetry in the neutron flux due to control rod changes. No asymmetry 

or drift were found. The slight variations in power between rods due to 

rod design or assembly remained consistent during the test. 

The ratios of individual fuel rod power to fuel rod average power, 

shown in Table D-II, remained constant within the listed uncertainties. 

TABLE D-II 

TEST IE-2 RATIOS OF INDIVIDUAL FUEL ROD POWER TO FUEL ROD AVERAGE POWER 

9!i7b Confide nee 
Power Ratios Mean I nterva 1 

Rod I E-011 /Average 0.997 +0.015 

Rod IE-012/Average 0.981 +0.019 

Rod IE-013/Average· 1. 060 +0.027 

Rod IE-014/Average 0.958 +0.-019 

The uncertainties in rod power for Rod IE-011 through IE-014 were 
calculate~ using both instrument calibration errors and data acquisition 

errors. These results are shown in Table D-lii. 
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TABLE 0-·I I I 

TEST IE-2 UNCERTAINTIES IN FUEL ROD P~WER[a] 

Average 95% Confidence 
Rod Power (kW/m) Level { kW/m} 

0.0 + 1.58 

29.2 + 1.65 

60.7 + 1. 79-

[a] At system conditions of: pres§ure, 14.8 MPa; inlet temperature, 
600 K; and flow rate, 1000 em Is~ The tabulated results for rod 
power and total error are for the average coolant differential 
temperature and total error presented in Appendix A. The variation 
of the error between the rods was insignificant. 

Local Power 

A local power profile (power as a function of the elevation above 

the bottom of the rod) was obtained using the data from SPNDs and 

cobalt flux wires. The SPND results were used to determine the instan­
taneous peaking factors. These factors were then multiplied by average 

rod power to obtain an instantaneous local power. The instantaneous 
peaking facto~s were calculated by fitting a sihe function to the output 
from SPND 3 - SPND i[a] (elevations from th~ bottom of the rod; 0.48 m, 

0.63 m, and 0.79 m, respectively) and dividing by the integral average 

of the fit over the 1 ength of the fuel (see Reference D-1 for a dis­

cussion of the technique). The sine fit is forced to zero at 0.1 m 
above and below the fuel column. This _gives the best agreement between 

the fit and flux wire d~ta taken from this and previous tests with. these 
types of rods[~- 2 ,D- 3 J. However, since the bottom SPND's were unusable 

some caution·must be applied when using instantaneous local power for 

the bottom half of the rod because of the uncertainties of extrapolating 

[a] SPND 1 (0.16-m elevation) was failed prior to the beginning of 
the test and SPND 2 (0.31-m elevation) was unreliable. 
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a fit over a region ~here no data points exist. These effects are 

expected to be. negligible based upon comparison with the flux wire data 
and results from previous te~ts[D-l, D- 2]. 

Even through the instantaneous peaking factors could have small 

systematic errors due to the extrapolation of the fit, any shift or 
skewing in the peaking factors and local powers due to control rod 

changes can be determined. When these results were analysed, it was 
found that any appreciable skewing in locai power due to changes in 

control position was limited to a rod power less than 10 kW/m. Above 

that level, any changes. in local power were minor. In going from a rod 
power of less than 30 kW/m up .to 68 kW/m, the peak to average changed 

from 1.31 to 1.29, a change of less than 2%. Even this small change is 
limited to the lower half of the rod; so the norm~l{zed local power on 

the upper half of the rod remained fixed. 

During Test~IE-1, voiding in the flow shrouds during the flow 
reduction caused a skewing of the local power profile[D-3]. In this 

test no such effects were apparent. Peak to average, average flux, and 

peak elevation showed no changes during film boiling. 

Local power versus axial elevation determined from.both the SPND's 

and an average of the flux wires are shown in Figure D-1 and tabulated 

in Table D-Ill. There is fairly close agreement between the results, 

particularly for the upper half of the rods. There is an obvious dif­

ference in the locations of the peak, although the peak to averages 

agree. This is due to two points. 

The rhs t concerns the !>!-'NUs; The uncertainties ; i'l the 11 $PND· 

local power, as shown in the Table D-IV and Figure D-1, are due to 

control rod changes, differences in SPND's sensitivities, and the 

effective {ength[a] that was chosen. Control rod changes will cause a 

[a] The sine fit uses a functional· form f (x) 
the effective length (see Reference D-1). 
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Fig. D-1 Local power profile for preconditioning period, power ramp and 
steady-state operation, flow reduction (based on SPND signals), and 
entire test (based on average flux wire data). 
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TABLE D-1'/ 

TEST IE-2 LO;:AL POWER PROFILE WITH UNCERTAINTIES 

Ins:3ntaneous Local Power from SPNDs 

Preconditi•)nhg,[a] Power Ramp and [ ] Flow Reduction[b) 
Steady-Stcte Dperation At High Power e 

Normalized Loccl 95% 
Elevation Power Con"idence 

0.013 0.583 it-0,055 

0.159 1.175 •0.062 

0.306 1 .305 +0.016 

0.452 1. i78 +0.027 

0.521 1 .1 00 +0.033 

0.599 1 .010 ,!,0.043 

0.662 0.925 +0.042 

0. 724 0.813 ""'0.033 

0.745 0.768 . :::..0.032 

0.892 0.317 -0.026 

[a] 

[b) 

Exdudi ng Gap Conductance segment 
Average Peak Elevation: (•.2!>1 + 0.008 
Average Peak to Average: 1.288-!, 0.022 

[c) 

Normalized Local 
Intervals Power 

0.584 

1 .169 

1 .288 

1 .163 

1.094 

0.017 

0.9406 

0.836 

0. 791 

0.331 

Average of the two wires 
Average Peak.Elevation: 
Average Peak to Average: 

:'.39!i3 + 0.038 (estimate of sta.1dard deviation) 
1.307 + 0.235 (estimate of sta1dard deviation) 

[d] The estimate of the stand3rd deviation is given only for reference 
and is due t~ an unknown ;hift in the a~ial locations of the wires 

[e] Average Peak Elevation: · :.29!l + 0.011 
Average Peak to Average: 1.3J7-!, 0.016 

95% 
Confidence Intervals 

+0.049 

+0.049 

+0.02:3 

+0.02" 

::o.oa 

+0.03J 

+0.03l 

+O.o2.:: 

+0.02 .. 

!,0 .02t. 

Integrated Profile 

From an Average of Flux Wires[c] 

Normalized Local Estimate of· 
Power Standard Deviation[d] 

0.567 0.056 

0.948 0.041 

1.240 0.003 

1 .289 ·0.013 

1.230 0.031 

1 .1075 0.001 

1 .006 0.007 

0.900 0.01'6 

0.838 0.0204 

0.465 
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spread in the peaking factors; and.the differ~nces in.the SPND sen­

sitivities and the choice of an .effective len~th will cause consistent 

systematic errors in the_peaking factors. Therefore, the uncertainties 

shown in Table 0-IV take into acc~unt both.errors. 

The second point concerns the flux wires. It was di~covered that 

the results from the two wires had nearly identical -shapes, but were 
shifted by approximately 0.05 m. Therefore, their exact reference 

elevations are unknown. Based on previous flux data from tests of this 
type[ 0~2 , D- 3], exact elevations should be within 0.05 m from the ele­

vations. given. Table D-IV shows the integrated flux profile calculated 
from the average of the two wire's results. The 95% confidence interval 

is not given because only two sample points are available at each ele­
vation. The presentation of the confidence intervals would be mis­

leading because of the low number of points. The profile from this 

average, even with the uncertainty in axial location, is believed to be 
the best indication of the actual local power profile in the fuel rods. 
For this reason this average flux was .used for the FRAP-T3[D-4] cal­

culations discussed in Section 5.1.1. 
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