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ABSTRACT 

Results of Test lE-5 in the Irradiation Effects Test Series· administered under the 
Thermal Fuels Behavior Program of EG&G Idaho, Inc. for the Nuclear Reguia.t@ey 
Commission are presented. the objectives of this test were to evaluate the influence of 
simulated fission products, cladding irradiation d~age, and fuel rod internal pressure on 
pellet-c_ladding interaction during a power ramp ana on fuel rod behavior during film boiling 
operation. 

Test IE-5, conducted in the Pow~r Burst Facility at·the Idaho National Engii1eedrtg 
Laboratory, employed three 0.97-m long pressurized water reactor type fuel rods, fabricateci 
from previously irradiated zircaioy-4 claddmg and one similar rod fabricated ti:'om 
unirradiated cladding. The four rods were subjected to a preconditioning period, ·a ·power 
ramp to an .average fuel rod .peak power of 65 kW /m, and steady state.operation for one 
h-our at a coolant mass flux of 4880 kg/s~m2 for each rod. After a flow reduction to 
1800 kg/s-m 2, film boiling occurred on one rod. Additional flow reductions to 970 kgfs..:m? 
produced film boiling on the three remaining fuel rods. Maximum time in film boiliflg ·was 
80 s. The rod having the highest initial internal pressure (8.3 MPa) failed 10 s after the ons€t 
of film boiling. A second rod failed about 90 s after reactor shutdown. 

This report contains a description of the experiment; the test conduct, test results, 
.and results from the preliminary postirradiation examination. Calc]Jlations using a transieilt 
fuel rod behavior code ate compared with the test results. 
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SUMMARY 

Test IE-5 in the Irradiation Effects Test Series was conducted by the Thermal Fuels 
Behavior Program of EG&G Idaho, Inc .. This test series, part of the United States Nuclear 
Regulatory Commission Fuel Behavior Program to define the behavior of fuel rods during 
transient operating conditions, is directed toward providing a base of experimental data to 
aid in the development of verified computer models of irradiated fuel rod behavior. The 
objectives of this test were to evaluate the influence of simulated fission products, cladding 
irradiation damage, and fuel rod internal pressure on pellet-cladding interaction during a 
power ramp and on fuel rod behavior during film boiling operation. 

Test IE-5 was conducted in January 1977 in the Power Burst Facility at the Idaho 
National Engineering Laboratory. Three of the four rods tested, Rods lE-O 19, IE-020, and 
IE-021, were fabricated with irradiated zircaloy-4 cladding. The fourth rod, Rod IE-02 2, 
was assembled with unirradiated cladding. All rods contained unirradiated uo2 fuel. 'fhe 
0.97-m long rods were pressurized with an argon and helium gas mixture which· had a 
thermal conductivity similar to fission gases removed from irradiated Saxton rods. To test 
the cladding ballooning phenomenon, Rod IE-0 19 was pressurized to 8.3 MPa, the others 
were pressurized to 2.6 MPa. To determine whether stresses due to fuel-cladding mechanical 
interactions in a corrosive environment of fission products might lead to stress-corrosion­
cracking of the cladding, chemical compounds to simulate oxygen activity and fission· 
products in fuel with a burnup of about 18 MWd/kgU were added to Rods IE-020, IE-021, 
and IE-022. 

The test was initiated with 28 hours of preconditioning power cycles at maximum fuel 
rod peak powers of 33 kW/m and included a time period of power oscillation to obtain ·gap 
conductance data. To evaluate the potential for pellet-cladding interaction induced cladding 
failure, the preconditioning phase was followed by a power ramp to an average (of four 
rods) fuel rod peak power of 65 kW/m at a ramp rate of 3.3 kW/m per minute. Axial 
elongation during the power ramp was 20 to 25% less for Rod lE-O 19 than the other rods, as 
a result of its hiih internal pressure. Although the diametral gap of Rod IE-021 was 
0.046-mm larger than that of the other rods, rod elongation and fuel centerline 
temperatures were similar to the measured results of the remaining three rods. The rods 
were operated at high power for about one hour, and then subjected to a flow reduction 
phase to induce film boiling. Film' boiling was first detected on Rod IE-022 at a mass flux 
for the rod of 1800 kg/s-m2. The flow reduction was continued to 970 kg/s-m2 to induce 
ftlm boiling on the remaining rods for about one minute; afterwards the reactor was rapidly 
shut down. The maximum time in film boiling was 80s. Postirradiation examination 
determined that maximum centerline temperatures in aH rods were between 2SOO to 3400 K 
and maximum cladding surface temperatures were about 1600 K. 

Two fuel rod failures occurred during the test. Ten seconds after 'the onset of film 
boiling, the pres~ure transducer on Rod IE-0 19 indicated rod failure. Approximately 90 s 
after reactor shutdown, th~ pressure transducer on Rod IE-022 also indicated rod failure. 
Neither failure location could be visucilly discerned during postirradiation examination. 
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Results obtained from the most re~ent versiori of the FRAP-T fuel rod behavior . 
computer code were compared with the steady state and transient data from this 
experinient to aid in understanding the data. 

The overall behavior of these rods with irradiated cladding, except for the failure 
mode of Rod lE-O 19, was not significantly different from that previously experienced on 
similarly operated unfr.radiated: fuel rods. The internal pressure of Rod;,lE-01 Q, 6 MPa above 
the coolimt pressure, produced· cladding baiJ;qoning and failure during film b0iling 0peration: 
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IRRADIATION EFFECTS TEST SERIES 

TEST IE-5 

TEST RESULTS REPORT 

I. INTRODUCTION 

The Irradiation Effects Test Series is being conducted under the Thermal Fuels 
Behavior Program by EG&G Idaho, Inc. as part of the Nuclear Regulatory Commission's 
Fuel Behavior Program ll J to defme behavior of irradiated fuel rods during transient reactor 
conditions. The Irradiation Effects (IE) experiments, performed in conjunction with similar 
tests on unirradiated fuel rods, are designed to determine the effects of irradiation on fuel 
rod behavior in abnormal or accident conditions. This test series is directed _toward 
providing a base of experimental data to satisfy one of the major objectives of the Fuel 
Behavior Program -the development of verified analytical models for calculating the 

· behavior of irradiated fuel rods. 

The purpose of this report is to present the results of Test IE-5, the last of the 
presently scheduled tests in the Irradiation Effects Test Series, which was conducted in the 
Power Burst Facility (PBF) at the Idaho National Engineering Laboratory. The objectives of 
this test were to evaluate the influence of simulated fission products, cladding irradiation 
damage, a:nd fuel rod internal pressure on pellet-cladding interaction (PCI) during a power 
ramp and on fuel rod behavior during film boiling operation. 

Four pressurized water reactor type fuel rods, with differences in simulated fission 
product content, diametral gap size, internal pressure, and cladding irradiation, were 
mounted in the central test space of the PBF reactor. These rods, contained in individual 
circular flow shrouds, were tested simultaneously under the same nominal operating 
conditions. A complete description of the fuel rods and test train is contained in Section II. 

The test consisted of a series of preconditioning power cycles followed by a rapid 
power ramp, high power steady sta'te period, and a power-cooling-mismatch transient· 
initiated by a flow reduction at high power. A gap conductance test, which used a sinusoidal 
variation of reactor power to produce gap conductance data, was run early in the 
preconditioning period. Gap conductance test results, obtained as part of Test IE-5, will be 
reported separately. Discussion of the test conduct is contained in Sec.tion III. 

Sections IV and V summarize the test results and the preliminary postirradiation 
examination results, respectively. Section VI contains detailed experimental results and a 
comparison of calculated and measured fuel rod behavior data. (Comparison of calculations 
from a fuel rod behavior computer model with the test results was performed to aid 
interpretation of the data.) Discussion of the results relative to the test objectives and 
conclusions regarding the test results are presented in Sections VII and VIII, respectively. 
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Ap.pendix A contains pretest fti.el rod· cl\aracte:t:ization data .. An ass~$S111ent· of the, 
instrumentation and data. acquisiti<?m system l\lmceriai'nties is presented\ in Appendix B-. 
Additional test data not presented: in the· main body of the report and a discussion of the 
methods used to reduce the test data are contained in Appendix C. Appendix D presents 
results of a detailed power calibration based on neutron flux wire and self-powered neutron 
detector data. Discussion of the fuel rod behavior computer nio.del used in conjunctiQ.Jtt w.ith 
this test appears in Appendix E. 
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II. EXPERIMENT DESCRIPTION 

The Power Burst Facility consists of an open tank reactor vessel, a driver core region 
with an active fuel length of 0.91 m, a central flux trap region containinganin-pile 
tube (IPT), and a loop coolant system providing an environment typical of pressurized water 
reactor system conditions. The reentrant IPT, which encloses the test space, has inlet and 
outlet connections for loop coolant flow located at its upper end above the driver core. The 
coolant 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 to the IPT outlet. 

A separate flow shroud was used to contain each fuel rod within the IPT. Hence, the 
fuel rods were hydraulkally" and thermally isolated from interacting with one another, 
essentially allowing four single fuel rods to be tested simultaneously. Each fuel rod and flow 
shroud assembly was instrumented to monitor fuel behavior during nuclear operations. The 
test train and flow shrouds, fuel rods, and the associated instrumentation are described in 
this section. 

1. TEST TRAIN AND FLOW SHROUDS 

The test train symmetrically position~d the four fuel rods in the IPT as shown in 
Figure 1. A cross-sectional view of the test train assembly presented in Figure 2 defines the 
relative location of each flow shroud and the self-powered neutron detector (SPND) support 
tubes. 

The flow shrouds, fabricate.d from zircaloy-4, had a nominal inside diameter of 
16.31 mm and a wall thickness of 3.15 mm. Hydraulic and equivalent heated diameters were 
6.35 mm and 16.75 mm, respectively, for 9.95 mm diameter fuel rods. The locations of the 
SPND support tubes relative to the flow shrouds are also shown in Figure 2. A flow shroud 
with an instrumented fuel rod installed is shown in Figure 3. 
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Fig. 3 Typic~ -configuration of flow shroud with instrumented fuel r:>d for Test IE-5. 



· 2. FUEL RODS 

The four fuel rods, Rods IE-019, IE-020, IE-021, and IE-022, contained unirradiated 
12.4 wt% 235uo2 dished fuel pellets. Rods IE-019, IE-020, and IE-021 were fabricated 
from irradiated zircaloy-4 cladding and Rod IE-022 ·was assembled from unirradiated 
zircaloy-4 cladding. The fuel rods were approximately 0.97-m long (not including the 
instrumented end cap) and had a nomimal active fuel stack length of 0.879 m. A summary 
of selected pretest information describing the fuel rods is contained in Table I. Complete 
pretest cladding and fuel pellet characterization data for each fuel rod are given in 
Appendix A. 

Rods IE-0 19 and IE-020 were fabricated from irradiated zircaloy-4 cladding tubes 
W06 and W08 that were used to fill open lattice locations in extended burnup tests in the 
Saxton reactor[a] .. Peak fluences are estimated to be 9.9 x 1020 and 9.3 x 1020 
neutrons/cm2 (> I MeV)for tubes W06 and W08, respectively[2]. Scans of both tubes using· 
pulsed-eddy-cummt inspection equipment[ 3 ] indicated a small decrease in cladding wall 
thickness of 0.01 mm from the bottom to the top of the tubes. The outside diameter of the 
fuel pellets was ground to produce a nominal 0.09-mm fuel-cladding diametral gap in both 
rods. The upper pellets in both rods were drilled to accommodate a centerline 
thermocouple. The upper end of the rod was s~aled with an end cap containing a pressure 
transducer. 

Rod IE-021 was fabricated from MAPI[a] Rod M-23, irradiated in the Saxton reactor 
to an approximate bumup of 3.78 MWd/kgu[2]. The estimated peak cladding fluence 
received by this rod was 3.05 x 1020 neutrons/cm2 (>I MeV). The rod was filled with air 
at a pressure of 0.1 MPa during its irradiation in the Saxton reactor. The cladding inside 
diameter was 0.046-mm larger than the nominal inside diameter of the other rods in this 
te'st, thus producing a larger diametral gap of 0.138 mm. Measurements also indicated that 
the cladding· inside diameter between the 0.40- and 0.75-m elevations ·was approximately 
0.02-mm larger tpan at the ends of the tube. Fuel pellets at the top of the column were 
drilled to accommodate a centerline ultrasonic thermometer. An upper end cap containing a 
pressure transducer sealed the top of the roci. 

Rod IE-022 was fabricated from the unirradiated cladding of Saxton Rod 930. The 
fuel-cladding diametral gap was 0.092 mm, similar to that of Rods IE-0 19 and IE-020. Fuel 
pellets at the top of the fuel column were drilled to accommodate a centerline ultrasonic 
thermometer. The rod was sealed with an end cap instrumented with a pressure transducer. 

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

[b] Mitsubishi Atomic Power Industries of Japan. 
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TABLE I 

CHARACTERISTICS OF FUEl RODS~ USHY. IN TEST IE-5' 

Parameter 

Cladding Identification 

Estimated Peak Claddimg Fluence (neutronstcmf>TMeV'l 

Fuel Density (% TO) 

Smear Density (% TO) 

Fission Product Simulation 

Cladding Length (m) 

Mean Cl addi n·~ OD (mm) 

Mean Claddin~ Thickness (mm) 

Mean Diametn.l Gap (m11i) 

Measured Void Vo 1 ume (ml;) 

Pressure (MPa) (cold, at time of assembly) 

{a] Not measured for this rodw 

IE-019 

W06 

9~9 X". l.(io 

9'4! .,() 

9Z. 0: 

No; 

0.97 

9 .. 931 

0.604 

0'.09T 

6.5 

8 .. 3 

Rod 

IE-·020· 

W08 

9. 3. X 10
201 

94.0 

92.0 

Yes 

0.9'7' 

9.931 

0. •. 60:J. 

0.092. 

6.7 

2'. 5 

IE-021 IE-022 

M-23 930 

J: .. l X 10.20 0 

94.0· 94·.0 

9l.l 92.0 

Yes. Yes 

0.. 97' 0.97 

9 .. 995· 9: .. 933 

0·. 609: 0.601 

0·. T38 0 .. 092 

[a] 7· .. 9 

2 .. 5 2.6 



Chemical compounds were added to every third pellet in the fuel stacks of 
Rods IE-020, IE-021, and IE-022 to simulate oxygen activity and accumulations of cesium, 
molybdenum, tellurium, and iodine fission products in fuel with a burnup of about 
18 MWd/kgU. The purpose of the added compounds was to determine whether stresses due 
to pellet-cladding mechanical interactions during a power ramp in a corrosive environment 
of fission products might lead to stress-corrosion-cracking of the cladding. The simulated 
fission products, inserted into holes drilled in 17 of the 56 fuel pellets of each fuel stack as 
shown in Figure 4, were composed of 34 mg of cesium iodide, 453 mg of cesium molybdate, 
and 37 mg of tellurium. These quantities correspond to the mass of uo2 fuel expected to 
release volatile fission products during a power-coolant-mismatch event which melts about 
25% of the fuel volume. Thermophysica1 properties of these materials are contained in 

. Table II. The mass of uo2 in each stack was approximately 515 g. 

~ I 1u.~.::: mm I 

I ~-===I 
~1524mm~ j 
Solid 
pellet 

~ 
1 i0.92 mm 1 

_..---
-+-_-=-~'L-;t- ~-=-= 
-+----

1-.- 15.24 mm ___.,. 

Pellet cored 
for centerline 
instrumentation 

1.14-mm diameter 

L 8.53-mm diameier 

1.14-mm diameter 

2.74 mm 

2.49 mm 

~···· 8.53-mm diameter 
I 

INI::L-A-6041 

Fig. 4 Illustration of hole within Test IE-5 fuel pellets for accommodating simulated fission products. 
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THERMOPHYSICAL PROP£RttES 0~ SIMULATED 
FISSION PRODUCTS 

Melting Point 
( K) 

894 

i 200 to 1215 

725 

Boiling Point 
( K) 

1553 

1663 

O~tlsity c;· . 3) g .Gm __ 

4. 51 

Atter fabrit.:H1c"'n, :~11 rour rut:! fods were buckf'illcu with a '/'/ .'l'lo hclltirti !'1n(1 
22.3% argon gas mixture which has a thermal conductivity similar to the calculated thennal 
conductivity of the gases removed from irradiated Saxton fuel rods. Rod IE-019 was 
pressurized to 8.3 MPa (at room temperature) to study the claoding·ballooning phenomenon 
under film boiling conditions. The internal pressure of Rod lE-O 19 was expected to be 
approximately 6 MPa above system pressure just prior to the flow reduction transient. ihe 
remaining rods were pressurized to approximately 2.5 MPa prior to the test. 

3. INSTRTTMP.NTATTON 

instrumentation was provided to monitor fuel rod bd1avivJ aild coolant conditions in 
each flow shroud during the test. A listing of transducer calibrations and error analyses for 
the test instruments is given in Appendix B. The test instrumentation was divided into two 
classifications: test trains instrumentation and fuel rod instrumentation. 

3.1 Test Train Instrumentation 

The test train instrumentation consisted or the following: 

(1) One 0-to 21-MPa and one 0- to 69-MPa strain post type pressure 
transducer measured the systemcoolant pressure uu1.lng the test. 
Both were positioned in the IPT above the fuel rod assembly as 
was shown in Figure 1. 

(2) A turbine flowmeter was iuslalleu un each flow 3hroud inlet to 
measure coolant flow. These components were shown in 
Figure 3. 
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(3)' A calibrated copper-constantan (Type-T) differential thermo­
couple pair measured the coolant temperature rise across each 
flow shroud. (The coolant temperature increase, along with the 
measured coolant flow rate, was used in calculating fuel rod 
average power for each fuel rod.) 

(4) Two magnesium oxide insulated Chromel-Alumel (Type K) 

thermocouples were positioned near the inlet of the test train 
assembly to measure the coolant inlet temperature. The coolant 
outlet temperature of each of the four shrouds was monitored 
with a similar Type K thermocouple. 

(5) 

(6) 

One linear variable differential transformer (LVDT), at the 
bottom of each fuel rod, as was shown in Figure 3, measured 
changes in fuel rod cladding length. The primary and each of the 
two secondary coils of the transformer were wound with 
500 and 450 turns, respectively, of nickel clad copper wire. The 
core of the t~ansfoi:"Iller was fabricated from Type 17~4 heat 

. treated stainless steel. 

Ten, 0.1 0-m long, cobalt SPNDS were in two vertical columns of 
five detectors each, 180 degrees apart in the test train assembly. 
The locations of these devices relative to the test train are shown 
in Figure 5. These devices measured the relative axial neutron 
flux in the IPT during the test. Each column of SPNDs was 
located with centers at 0.16, 0.31; 0.47, 0.62, and 0.78 m from 
the bottom of the active core. 

(7) A cobalt wire, mounted on the outside of each flow shroud, 
monitored the axial neutron flux profile in the IPT. The cobalt 
wire azimuthal locations were shown in Figure 2. The cobalt 
wiu~s P.xtended beyond the bottom and top of the active· core. 

3.2 Fuel Rod Instrumentation 

The fuel rod instrumentation consisted o'f the following: 

( 1) One 0- to 21-MPa strain post type pressure transducer monitored 
the internal pressure of Rod IE-019. One 0- to 17-MPa pressure 
transducer wa~ mouul~d on each of the remaining three rods. 

(2) A calibrated thermocouple composed of a 1.57-mm-diameter, 
tungsten-rhenium (W 5%Re/W26%Re) alloy wire with a . seg­
mented hard-fired beryllium oxide insulation and a tantalum 
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Fig. 5 Orit:ntaliun of Test IE·5 self-powered neutron detectors. 

sheath measured the fuel centerline temperature on Rods IE-019 
and IE-020. These thermocouples were inserted into the top of 
the fuel column through drille~ fuel pellets with the junction at 
the 0.739-m rod elevation[ a]. · 

(3) An ultrasonic thermometer (UT) with an active length of 10 em 
measured the fuel c.enterline temperature in each of Rods IE-021 
and IE-022. Both UTs used floating sheaths. The devices were 
inserted into the top of the fuel column through drilled fuel 
pellets and centered at 0.63 7 m. 

(4) Oadding surface thermocouples were attached on the cladding 
surface of all rods. Two Chromel-Alumel (Type K) thcrmo­
cuu pies \Yere brazed on Rod lE-O 19 at axial elevations of 
0.644 and 0.646 m and azimuthal positions of 45 and 

fa] All rod elevations are referenced from the bottom of the fuel rod. The fuel column 
starts at 27.6 mm above the bottom of the fuel rod . .. 
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225 degrees, respectively. Rods IE-020 and IE-021 each had two 
platinum- I 0% rhodium/platinum (Type S) thermocouples brazed 
on the cladding at similar elevations and orientations. The 
45- and 225-degree _thermocouples on Rod IE-020 were located 
at 0.641 and 0.646 m, respectively. Both the 45- and 225-degree 
thermocouples on Rod IE-021 were located at 0.643 m. Four 
spaded-tip TypeS thermocouples-were brazed, then laser_welded 
in 0.25-mm deep grooves on Rod IE-022 at elevations of 
0.538 m (135 degrees), 0.641 m (45 and 225 degrees), and 
0.743 m (315 d~::grt:es). The orientations and locations of the 
thermoco_uples on Rod IE-022 are shown in Figure 6. 
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Fig. 6 Orientation and location of TypeS thermo~.:uuplt:s u11 Rod IE-Q22. 
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III. EXPERIMENT CONDUCT 

Test IE-5 consisted of four different operational phases which spanned 29 hours of 
nuclear operation commencing on January 17,1977: (a) a preconditioning phase, (b) a rapid 
ramp to high power, (c) a steady state operation, and (d) a flow reduction which induced 
film boiling on the rods. 

1. PRECONDITIONING 

The operating procedure for preconditioning was designed to (a) study the effects of 
inlet temperature, coolant flow rate, and reactor power and time on fuel rod and tesl train 
measurements, and (b) to provide data for a thermal-hydraulic power calibration of each 
fuel rod. In addition, the preconditioning period was conducted to produce typical fuel 
pellet crack patterns and fuel relocation. 

The preconditioning phase consisted of five cycles, as shown in Figure 7. The first two 
cycles, with eight steps each, were performed at all possible combinations of coolant flow 
rate (500 and 750 cm3 /s), inlet temperature (585 and 606 K), and fuel rod average power 
(23 and 30 kW/m)[a]. The rod average power was slowly increased at a rate of 0.20 kW/m 
per minute up to the first power step. Subsequent scheduled power changes were completed 
at ramp rates of 0.50 kW/m per minute. 

Cycle 3, testing of the fuel rod gap conductance, consisted of power oscillations of 
±20% at nominal fuel rod peak powers of 14 and 23 kW/m. The flow rate was also·varied, 
ranging from 379 to 757 cm3 /s. The inlet temperature remained constant at 555 K. No 

· attempt was made to analyze the gap conductance data for this report. These data were 
presented only to show the complete sequence of the fuel rod preconditioning phase. 

The gap conductance portion of the test was terminated prematurely at 19.4 hours 
into the te~:t on January 18; 1977l to repair the flow control valve of the PBF in-pile loop. 
While the reactor was shut down ·for repairs, amplifier range changes and instrument 
calibrations were performed. Repair and checkout of the valve required approximately one 
week and on January 25, 1977, nuclear operation of Test IE-5 resumed. The data shown in 
Figure 7 and in similar figures spanning the preconditioning phase do not show this lapse in 
time. The data from the portion of the test that followed the gap conductance testing has 
been arbitrarily restarted at 21.0 hours for presentation purposes. 

[a] The combination of flow rate, inlet temperature, and rod linear heat rating was chosen 
using a 23 factorial design with one complete replicate to provide estimates of 
variances. The steps were randomly arranged in time with a constraint on the inlet 
temperature .as shown in Figure 7. The design was additionally constrained so that the 
effect of time, electronic drift, ... , was confounded with the three factor interaction. 
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Cycles 4 and 5 consisted of a ramp from zero power to a fuel rod average power of 
26 kW /m and a· return to zero power at a rate of change of the average power of.O. 2 kW /m 
per minute. Nominal coolant mass flux and inlet temperatures were constant at 
4880 kg/s-m 2 ( 1000 cm3 /s) and 606 K, respectively. 

2. POWER RAMP AND STEADY STATE OPERATION 

The second and third phases of Test IE-5 consisted of a power ramp and a one-hour 
period of steady state operation at a high fuel rod power. The power ramp was performed to 
provide data on pellet-cladding interaction. The steady state operation at high power was 
conducted to degas the outside surface of the cladding and to evaluate the potential of 
chemically assisted stress-corrosion-cracking following the power ramp. 

Prior to initiating the rapid power ramp the fuel rod peak power was raised to 
24 kW/m (Cycle 6). However, after the power ramp was initiated a reactor scram occurred. 
Afterwards, the fuel rods were returned to a peak power of 24 kW/m. The fuel rod peak 
power was then increased at a ramp rate of 3.3 kW/m per minute up to an average fuel rod 
peak power of 63 kW/m. 

Following the power ramp, the fuel rods were operated under steady state conditions. 
The coolant inlet temperature and mass flux remained constant at 605 K and 4880 kg/s-m 2, 
respectively. During steady state conditions a calculation of fuel rod average power using 
coolant flow and temperature differential measurements indicated that the fuel rods had 
peak powerS of 60.5, 65.2, 60.7, and 66.7 kW/m for Rods IE-019, IE-020, IE-021, and 
IE-022, respectively. After about 13 minutes, the reactor power was increased 3% to achieve 
slightly higher fuel rod peak powers of 62.3, 67.5, 62.8, and 68.6 kW/m in the four rods, 
respectively. The reactor power and coolant conditions were held constant for an additional 
45 minutes to complete the steady state operation. 

3. FLOW REDUCTION 

After 45 minutes at an average fuel.rod peak power of 65 kW/m and a total time of 
about one hour at nearly constant power and coolant conditions, the flow reduction phase 
of the test was initiated to sudy integral fuel rod behavior after departure from nucleate 
boiling (DNB) and during stable film boiling. The fuel rod coolant mass fluxes, nominally 
the same, 4880 kg/s-m2 (1000 cm3 /s), for all four rods, were reduced in steps of 
approximately 240 kg/s-m2. The mass flux held constant for about one minute after each 
step. Figure 8 illustrates the test conditions toward the end of the flow reduction phase. At 
a mass flux of 1800 kg/s-m2, the LVDT on Rod IE-022 indicated the onset of film boiling. 
Ten se.conds later, the mass flux was reduced to 1154 kg/s-m2 and film boiling was indicated 
on the remaining fuel rods. An additional flow reduction to 970 kg/s-m2 was performed in 

17 



d~~~~~~~~~TTTT~Trrrrrrrnrnrnn~nn~~~~ 

~~~~~~~~~~~~~~~~~~~~wu~~~~~ 

'Fuel Rod Avenp ·Power (k"W/m) 

04-~~~~~~~~TTTTTTTrrrTrrrnrrrrnrnnn~~~~ 

~4-~~~~~~·~~~~~~~·~~~~~~·-~~~~~~·~~~~~+ 

fnlel 'l'ernpmlt.ul"e (X) 

5754-rT~~~rT~~~rrrT~~rTT1 ~~rr~,TrrrT~~rrT~1 ~rrTT~rrr 
~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ ODOI.m Plo,. 'Rat.o (Dm1/•) 

100~~~~~~~~~~~~~~~rnnr~nrnrrrrrrrrrrrrr 
I I I• I ~·~~~~~Luuwww~~~~~~~uwuu~~~~~~~ 

Aftnae ODol.lalt Man Plu:a:: (ka/....-.mll) 

o~~~~~~~TT~~rrrTT,~~~~T~~~~~TT~~~~~~~ 
-100 -60 0 50 100 100 

Time Prom Initiation of Film Bollin& (s) 
Fig. 8 Reactor power, fuel rod average power, and fuel rod coolant conditions during the flow reduction phase of Test 
IE-5. 
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another 10 s. The flow and power were than held constant for about 60 s after which the 
reactor was shut down. Film boiling on the test fuel rods ceased as the co·ntrol rods were 
inserted into the reactor core. 

19 



IV. SUMMARY OF TEST RESULTS 

The key test results are presented in this section in the form of history plots. Some 
plots cover the entire test and others cover only the time of the film boiling operation. This 
format is intended to give the reader an overview of the behavior of each rod during these 
two time periods. An in-depth discussion of the data is included in Section VI. Minor 
adjustments and corrections were made for parts of the cladding elongation and rod internal 
pressure plots in this section and in Section VI. The cladding elongation data were also 
adjusted to zero at the start of the test. The pressure transducer data were· corrected for 
large zero drifts due to instrument decalibration. These and other aspects of the data 
reduction process are described in Appendix C. 

Tc3t data for the four rodo arc ohown in FiguroE; 9 through 12. Fuel rod average 
powers were calculated using a thermal balance, and then local and peak powers were 
calculated using data from two columns of five axially distributed SPNDs and four .cobalt 
flux wires (the specific calculational techniques are discussed in Appendix U ). Un .an 
average, pellet-cladding interaction occurred at less than 2 kW/m during the first p.oW.~r 
ramp. After several power cycles, the effective pellet-cladding gap enlarged and the rod peak 
power at which PCI occurred increased to 20 kW /m. After equilibrium was established, 
Rod IE-0 19 experienced the onset of PCI at higher power levels than the remaining three 
rods, perhaps due to the higher initial internal rod pressure. The occurrence of fuel :and 
cladding creep was evident above rod peak powers of 35 kW/m during the ramp to high 
power and the one-hour period of steady state operation at 65 kW/m. Fuel centerline 
temperatures on Rods lE-021 and lE-022 were not recorded during this one-hour period 
because both ultrasonic thermometers failed. 

Data from the four rods during film boiling operation are shown in Figures 13 
through 16. Flow reduction steps are illustrated in the plots of coolant mass flux versus 
time. Rod powers during the t1ow reduction were determined from the neutron t1ux 
normalized to the rod power obtained during steady state operation. Film boiling was 
characterized by internal pressure variations and increases in cladding elongation, fuel 
centerline temperature, and cladding surface temperature. 

Film boiling was first indicated by a change in cl.adding elongation on Rod IE-022, the 
rod with highest power at a mass flux of 1800 kg/s-m2: The flow was reduced to .induce fllm 
boiling on Rods IE-019, IE-020, and IE-021 at coolant mass fluxes of 1275, 1315, and 
1210 kg/s-m 2, respectively. At the onset of film boiling on Rod IE-0 19, the internal 
pressure decreased, indicating possible cladding swelling or ballooning. Ten seconds after the 
initiation of film boiling on Rod IE-0 19, the pressure decreased to the coolant pressure, 
indicating a cladding failure. Rod IE-022 remained in film boiling for approximately 80s; all 
other rods, approximately 70s. Approximately 90s after reactor shutdown, a pressure 
increase within Rod IE-022 indicated rod failure. Neither the failure location on Rod IE-019 
nor the one on Rod IE-022 were visually discernible during the postirradiation examination 
discussed in the following section. 
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V. PRELIMINARY POSTIRRADIATION EXAMINATION RESULTS 

A postirradiation examination (PIE) was performed to assess the posttest condition of 
the fuel rods and determine the lengths of the film boiling zones for input to a fuel rod 
behavior computer model. Visual observations and dimensional measurements and neutro­
graphs made during that examination are reported in the following subsections. Results 
from a complete postirradiation examination to determine the microscopic fuel rod 
behavior will be published in a separate report. 

I. VISUAL EXAMINATION 

All four rods were intact following Test IE-5. Generally, the film boiling zones were 
visually distinguishable by cladding collapse into pellet-to-pellet interfaces or cladding 
oxidation and oxide spalling. Figure I 7 shows the appearance of these oxide layers, typical 
of all the rods of Test IE-5. 

1.1 Rod IE-019 

Figure 18 shows the film boiling zone on Rod IE-0 19 at both the 0- and 180-degree 
orientations[ a]. On the basis of the cladding diameter increase discussed in Section V.2, the 
film boiling zone was judged to extend approximately between the 0.450- and 0.860-m rod 
elevations. Oxide accumulation and associated spalling occurred at several locations within 
the film boiling zone. No · cladding depressions or collapse into pellet interfaces ( waisting) 
were observed on Rod IE-0 19 due to the high internal pressure. A pressure decrease 
indicated a loss of cladding integrity about I 0 s after the onset of film boiling, however, the 
failure location was not visually discernable on this rod. 

Rod lE-O 19 was initially pressurized to 8.3 MPa to induce ballooning during the film 
boiling phase of the test. An increase in rod diameter was measured over the film boiling 
zone, from the 0.450- to 0.860-m rod elevation, with maximum cladding swelling occurring 
between approximately the 0.630- and 0.650-m elevations (Figure 18). The cladding on 
Rod IE-019 was fractured at the 0.635-m elevation while the diametral measurements were 
being made. Figure 19, a side view of the fracture, shows prior molten fuel solidified on a 
pellet surface. Figure 20, an end view, shows fuel melting in 80 to 90% of the fuel pellet 
diameter. The ballooning was not uniform around the circumference, but was oriented in 
the plane of the cladding surface thermocouples ( 45 to 225 degrees). 

Rod IE-0 19 displayed a smooth, cosine-shaped b.ow from approximately 0.4 7- to 
0.70-m elevation. The estimated deflection from the 0- to 180-degree plane in the 
270-degree direction was 5 mm. 

[a] The 0-degree orientation of the fuel rod faces the centerline of the PBF in-pile tube. 
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Grey oxide inner layer 

Bare zircaloy 

Silvery oxide outer layer 

Fig. 17 Typical oxide appearances on rod surface in film boiling ~one. 

The two thermocouples brazed to the cladding surface at the 45- and 225-degree 
orientations and at approximately the 0.645-m elevation appeared to be in excellent 
condition and firmly attached to the rod. (Only the thermocouple at the 45-degree 
orientation responded to film boiling.) Small areas of light-grey discoloration, ::~pp:m~ntly 
resulting from the brazing process, were seen around each junction. The brazing process 
undoubtedly affected the cladding strength properties in the local region of the 
thermocouples since the braze temperature was ne::~r 1 ?."0 K 

Subsequent metallographic examination disclosed that the cladding failed in the 
a-phase in the region of maximum ballooning. The region surrounding the failure 
location was ,6-zircaloy. Although the brazing process may not have significantly affected 
the cladding properties at the actual failure location, the presence of the thermocouples and 
the brazing process did affect the properties near the failure location and may have 
contributed to the cladding ovality seen in Figure 20. 

30 



Film boiling zone extended 
from 0.450 m to 0.860 m 

Region of maximum 
ballooning 

l 
J 

18 
46 

I, I 'I, I. I: 1;s ,, , ~'1 ' 1 ' 1 ' ~ lo '''''I''''' ~11''''''1'~'1' ~~~ '1'~'1'''''~1~ IJIPp_rrr' ~11Jlfllrl~lJI ~ ~~ ''' ''1''''1 ~lt:l I' I,,~ ,, I I' ~~~ '''''I I, ,, I ~ :8 I I I, I, I' I' I 
4 7 4 8 4 9 C 51 52 5 13 5 14 5 15 5 16 5 17 5 18 5 19 6 f0 Effl'J 6 12 6 13 6 14 6 15 6 16 6 17 6 [8 6S~ 7 1 7 2 7 3 

, II llllillflilllllillliiiii,JII"flll, llll i llflllllill l llll , lllllll"lllllllllllllllll,llllllllilllllllllllllllliillllllllllilllllllll ll llll l lllllllilllllllliiii ii iii"IIIIJII"Ii iiiiiJlliiiJiiiiJiiii l;lllfl 

0° orientation 77-1404 

~- -_, ·-.. ~;-.-·:--- ..:.--
180° orientation 77-1405 

Fig. 18 Film boiling zone for Rod IE-019 at the 0 and 180° orientations. 



rig. 19 Lu .. aliuu uf flal![Ult: 011 Ruu IE-019 lhal Ul!l!UI!t!U !luring handling in tht! hot cell. 

1.2 Rod IE-020 

Figure 21 shows the film boiling zone on Rod IE-020 at the 0- and 180-degree 
orientations. The fllm boiling zone, based on interpretation of oxide formation and spalling, 
was located from the 0.480- to 0.688-m elevation. Cladding collapse into pellet interfaces 
occurred throughout the film boiling zone. Instrumentation during the test did not indicate 
cladding failure and no evidence of failure was found during visual examination. 

Rod IE-020 exhibited a smooth, cosine-shaped bow from the 90- to 270-degree plane 
in the 180-degree direction. This bow extended approximately from the 0.68- to 0.84-m 
elevation. The maximum deviation from the 90- to 270-degree plane was estimated to be 
3mm. 
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Fig. 20 End view of Rod IE-Dl':l at fracture location. 

1.3 Rod IE-021 

Figure 22 shows the film boiling zone on Rod IE-021 at both the 0- and 180-degree 
orientations. On the basis of observations of oxide build-up and spalling, the film boiling 
zone was determined to extend from the 0.4 70- to 0.698-m elevation. Cladding waisting at 
pellet interfa,ces occurred throughout the film boiling zone. One circular cladding 
depression, indicative of a chipped pellet corner, was found at the 0. 513-m elevation. There 
was no evidence of rod bowing or failure . 

1.4 Rod IE-022 

Figure 23 shows the film boiling zone on Rod IE-022 at both the 0- and 180-degree 
orientations. On the basis of oxide formation, spalling, and cladding collapst:, the film 
boiling zone was determined to extend between the 0.450- to 0.710-m elevation. As with 
Rods IE-020 and IE-021 , clad ding waisting at pellet interfaces was found throughout the 
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fllm boiling zone. Pronounced circular cladding depressions at pellet interfaces were noted 
at the 0.4 78-, 0.587-, 0.618-, 0.663-, and 0.694-m elevations. Although the internal pressure 
increased following the test, no failure location was evident. Bowing was not evident on this 
rod. 

2. POSTTEST DIAMETER MEASUREMENT AND NEUTROGRAPHY 

Cladding diameter measurements and neutron radiographs were obtained for each rod 
at two perpendicular orientations. Diameter measurements were made with a micrometer, at 
50-mm increments outside the film boiling zones and at 12-mm increments within the 
zones. The neutrographs shown in the following figures are full scale, however, edge effects 
in the neutron radiographic process produce apparent gaps between pellets and decrease the 
image size of the pellet diameter. 

Relative micrometer measurements on a given rod are accurate to within ±0.02 mm. 
Comparison of direct (pretest) and remote (in the hot cell) micrometer measurements 
indicated that the posttest measurements have a constant offset relative to the true diameter 
determined by pretest micrometer and pulsed-eddy-current[ 3 l measurements. Since the 
cladding temperature below the film boiling zone remained less than 620 degrees K 
throughout the test, the cladding diameter in this region was assumed not to have been 
affected by operation in PBF. From this diameter measurement, the offset was determined 
to be approximately -0.12 mm. 

2.1 Rod IE-019 

Diameter increases occurred in the film boiling zone approximately between the 
0.450- and 0.860-m elevation as shown in Figure 24. Additional measurements were 
obtained over the region of maximum ballooning (0.628- to 0.650-m elevation) with a 
calibrated Filar eyepiece. A maximum ballooning of approximately 24% occurred in the 
45- to 225-degrec plane at the 0.639 m elevation. 

Figure 24 also contains the neutrograph of Rod IE-0 19 above the fracture location at 
the 0.635-m elevation (Section V.l.l). A large elongated central void, 2 to 4 mm in 
diameter, extended from the 0.641- to 0.692-m elevation. This void indicates that fuel 
melting occurred in this region of the rod. The drilled hole for the fuel centerline 
thermocouple may be seen in the upper four pellets shown in the neutrograph. The 
thermocouple junction is located at the 0. 74-m elevation. Neutrographs of the bottom 
segment of Rod IE-0 19 indicated fuel cracking was JiOt extensive. 

2.2 Rod IE-020 

Figure 25 contains the posttest cladding outside diameter measurements and the 
ncutrograph of the fllm boiling zone. The holes in which simulated fission products were 
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placed were evident in the neutwgr.aphs o•t: the enti'be rod, with the exception of a region 
from the 0.490- to 0.645-m elevation. (The holes are not visible in Figure 25). Significant 
pellet fracturing and indications of molten fuel were also noted in this same region. This 
region corresponds approximately with that of swelling observed in the diametral 
measurements of the cladding. A teardrop-shaped central void approximately 1 to 2 mm in 
diameter developed between the 0.580- and 0.645-m elevations. 

2.3 Rod IE-021 

Diameter measurements and the neutrograph of the film boiling zone are shown in 
Figure 26. The neutmm radiographs of Rod IE-021 were similar in appearance to those of 
Rod IE-020. The simulated fission product holes were observable except from the 0.433- to 
0 .604-m elevation where indications of molten fuel were seen. A 2-mm-diameter centt;al 
void was located from approximately the 0.55- to 0.59-m elevation. 

:L'l .K.od l.b u·n 

This rod displayed a region of small diameter increase or swelling from approximately 
the 0.480- to 0.644-m elevation as shown in Figure 27. This region was surrounded by small 
areas of diameter decrease or collapse (0.460- to 0.480-m and 0.644- to a. 71 0-m elevations}. 

Fuel pellet cracking was more evident in the neutrographs than for the previous rods. 
Fuel fractturing occurred between the bottom of the fuel column and the 0.450-m elevation. 
Molten fuel was indicated from the 0.450- to 0.615-m elevation, which corresponds 
approximately with the region of swelling qbserved in the diametral measurements of the 
cladding. The simulated fission product holes were not observable within this region; 
however, an elongated central void, 1 to 2 mm in diameter, was measured from approxi­
mately the 0. 55- to 0 .61-m elevation. The drilled hole for the ultrasonic thermometer is 
visible in the uppermost pellet ot the neutrograph. 
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VI. EXPERIMENTAL RESULTS AND COMPARISON OF MEASURED 
AND CALCULATED FUEL ROD BEHAVIOR 

Test IE-5 data are presented and compared in this section with results calculated by 
FRAP-T4[a], a fuel rod behavior computer model. The information is divided into five 
categories: (a) cladding elongation, (b) cladding radial deformation, (c) fuel rod internal 
pressure, (d) fuel centerline temperature, and (e) cladding surface temperature. Data from 
the preconditioning phase, the high power steady state operation, and the flow reduction 
phase are presented in each category. The FRAP-T code is under continuing development 
incorporating improvements in fuel behavior models based on comparisons between 
measured data and calculated results sim_ilar to those presented in this section. A brief 
description of the FRAP-T4 analytical model and simulation of the experiment conduct is 
presented in Appendix E. Each of the following subsections presents test results pertinent to 
the test objectives. Section VII discusses the test objectives and supporting data. Steady_ 
state calculations were performed for various power levels to analyze the preconditioning 
and high-power steady state phases of the test. The flow reduction transient was analyzed 
by modeling the rod power and coolant mass flow reduction versus time for each rod. 
Calculations were performed for Rods IE-0 19, IE-020, and IE-021, but not for Rod IE-022, 
because the only difference between Rods IE-020 and IE-022 was the irradiation state of 
the cladding. Furthermore, the irradiation effects in the stress-strain relationship for the 
cladding would be annealed at . cladding temperatures above about 925 K for the times 
involved in this test. FRAP-T4 calculations for Rod IE-020 are considered adequate to 
describe the behavior of Rod IE-022. The effects of internal pressure (high in Rod IE-0 19) 
and the addition of simulated fission products in Rod IE-020 were studied by modeling 
Rods IE-0 19 and IE-020. The effects of a difference of 0.05 mm in diametral gap was 
studied by modeling Rods IE-020 and IE-021. 

1. CLADDING ELONGATION 

Cladding elongation data for each rod during the preconditioning phase and the power 
ramp to a fuel rod average power .of about 48 kW /m are presented in Figures 28 through 31. 
Cladding elongation data are presented in terms of a length change from a reference· 
elongation at zero power and a temperature of 605 K at the start of the test. (Appendix C 
disc,usses the· coordinate transformation and the reference elongation is shown in 
Table C-VI). PCI for all rods occurred at low power during the first power ramp of the 
preconditioning phase. As the fuel rods were subjected to additional preconditioning power 
cycles, cladding elongation as a function of fuel rod power approached equilibrium due to 
fuel cracking and relocation. Cladding elongation for Rods IE-019 and IE-022 reached 

[a] FRAP-T4, a new unpublished version of FRAP-T2[ 4 l, is discussed in Appendix E. 
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equilibrium conditions no later than the third power cycle. As shown in Figures 29 and 30, 
the two remaining rods required several power cycles before attaining equilibrium[a]. 

Due to assembly and handling of the fuel rods prior to the test, a nonuniform annular 
gap existed between the fuel pellets and the cladding. Off-center, skewed, and chipped 
pellets produce a random annular gap effectively smaller in local regions than the designed 
diametral gap. Since the designed gaps were only 0.09 to 0.14 mm, PCI was expected to 
occur at low power. Evidence exists that the heat from brazing the thermocouples to the 
cladding .s1:1rlace may crack th.e .aC;ljacent fuel pellets and produce points of fuel-cladding 
contacf in these ·small gap rods. Rod IE-022 required disassembly and refabrication prior to 
the test. Fuel pellets were fracd:ured and tended to adhere to the cladding in the regions of 
the brazed thermocouples. Therefore, initial PCI may have been enhanced in these four rods 
by the . ..:.Jdthliug lhennocoupie hrazmg proc.ess. 

As the preconditioning phase continue~, ~lre!)ses between the cladding and _thu fuel 
column realigned the pellets and pellet fragments and produced an increased effective 
diametral gap. Once the fuel column became sufficiently relocated and the gap more 
uniform after two to five power cycles, differ;ential fuel-cladding the.rmal expansion closed 
the diametral gap and caused PCI to occl:lr in rod powers that were consistent from cycle to 
cycle. PCI occurred at the power l~vel at which thr: r.l::~dding elongation data deviated frow 
fre.e th~rmal expansion of the cladding. Figures 28 through 31 indicate that PCI began at 
zero p.ower during the fi-rst power ramp. Figure 28 indicates that PCI occurn:d on 
Rod IE-019 _at a fuel rod average power of about 15 kW /m after a few cycles. PCI occurred 
on ·the remaining rods at average powers below 5 kW/m after several cycles as shown in 
FiguFcs 29 through 3 1. 

The equilibrium cladding elongation data from ::~11 [f-'llr rods during the last 
preconditioning power cycle and the power ramp are compared with tbe elongation rlne to 
free thermal expansion in Figure 32. The initial high internal pressure (8.3 MPa) of 
Rod IE-0 19 is the only parameter distinguishing Rod lE-O 19 from Rod IE-020. PCI may 
have been caused at a higher power level by the rod internal pressure. Although the 
diametral gap of Rod TF-021 was 0.13 8 mm, the measured elongation was similar to that of 
Rods IE-020 and IE-022, which both had diametral gaps of 0.09 mm. 

The two fuel deformation models specified in FRAP-T4 (Appendi);{ E) assume radial 
cracks in the fuel extend from the fuel surface toward the centerline. The Standard Model 
uses the nominal desi~n fuel-chu'ldinp; ~alJ, wherear. thr. Coleman Pu~l Relocutiort Model uses 
a reduced gap based on the nominal design that has been modified by an empirical 
relationship. Furthermore, the Coleman Model :::ssumes that the gap is relocated into cracks 
of tht: fuel. Figures 33 through 35 compare the FRAP-T4 calculations using both the 

laJ The elongation at zero power for Rods IE-019 and IE-020 drifted slightly negative 
during the test. Since no physical explanation of this behavior exists, the drift was 
attributed to a change in the calibration of the rod LVDTs. Figures 28 and 29 contain 
the corrected data. 
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Standard Model and the Coleman Fuel Relocation Model with data from the last power 
cycle of the preconditioning phase and the rapid power ramp because FRAP-T4 does not 

·model the power cycling effects of pellet cracking and relocation. on pellet-cladding 
interaction. The plots show cladding elongation (in terms of percent of length change) as a 
function of fuel rod average power. 

Comparison of results from both FRAP-T4 fuel deformation models with the 
experimental data shows that the Coleman Fuel Relocation Model best follows the trend of 
the data. Since this model reduces the effective size of the diametral gap, PCI was calculated 
at lower rod powers between 15 to 20 kW /m. Following PCI, the rate of increase in cladding 
elongation with average power calculated by this model corresponded well with measured 
data up to approximately 30 kW /m. The Standard Model calculated PCI between 30 and 
40 kW /m, well above the measured data for all rods. Fuel creep or slippage between the fuel 
and cladding at power levels above approximately 3 5 kW /m reduced the rate of increase in 
measured cladding elongation. This behavior, not modeled in FRAP-T4, resulted in 
calculated strains higher than exhibited by the data. On the basis of FRAP-T4 results, the 
Coleman Fuel Relocation Model was used for the remainder of these analyses. 

Figure 36 compares the measured and calculated cladding elongation of Rods IE-919 
and IE-020. The higher internal pressure of Rod IE-0 19 produced a diametral gap larger :(by 
0.004 mm) than the gap of Rod IE-020 and this larger gap may have J:telped cause PCI at a 
power level higher than for Rod IE-020. Cladding elongation was approximately 20 to 
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Fig. 36 Comparison o~ calculated and measured cladding elongation for Rods IE.(l19 and IE.(l20. 
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25% less for Rod IE-0 19 as demonstrated by both FRAP-T4 calculations and the 
experimental data. As shown later in Section VI.4, fuel centerline temperatures in 
Rod IE-0 19 were approximately 20 K higher than for Rod IE-020; therefore, the higher gap 
heat fransfer (as a result of the high internal pressure) does not account for the behavior of 
Rod IE~OI9. 

Figure 3 7 compares the calculations for Rods IE-021 and IE-020 with the measured 
claddin~ elongation of Rods IE-021 and IE-022, respectively. The difference in diametral 
gaps between Rods IE-021 and IE-022 is 0.0;5 mm. The similarity in the data and FRAP-T4 
calculations shows little dependence on gap size in this: range. 
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Fig. 37 C:,omparison of calculated cladding elongation for Rods IE{)2Q. !in<:l lE-{)21 with· the measured elongation for 
I< nels I R-{121 ~nrl I F:-022, respec.t1vely. 

Figure 38 shows the cladding elongation of all four rods during the· power ramp and 
high power steady state operation. The data provide evidence of fueN creep at constant. 
power during the steady state operation because the strain decreases in an exponential 
decay. Little difference in the nature of this decay was observed among the four rods. 
(Increases in elongation are due to slight increases in fuel rod power.) Fuel creep appeared 
to be independent of the variables of this test during the steady state operation. 

Transient cladding axial displacements calculated by FRAP-T4 are compared with 
measurements for each rod in Figures 39 and 40. FRAP-T4 calculations agreed well with the · 
measured cladding elongation associated with film boiling for Rods IE-020, IE-021, and 
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IE-022. FRAP-T4 calculated cladding elongation increases that were approximately 18% 
below those measured for Rods IE-020 and IE-021. The film boiling region of each roc:! was 
modeled using a logic switch (discussed in Appendix E) that instantaneously forced the 
model into film boiling. Therefore, the rates of cladding length change are not comparable, 
Had FRAP-T4 been able to model the time dependent axial growth of the film boiling zone, 
the agreement between the calculated and measured elongation rate would hflvc been better. 

The cladding elongation for Rod IE-019 during film boiling was not well calculated by 
FRAP-T4. The test data indicated cladding failme 10 s <1fter the initiation of film boiling. A3. 
shown in Figure 39, a .5-second period of negligible axial extension during cladding 
ballooning immediately preceded cladding failure·. (Cladding failure was determined fro~· 
the internal fuel rod pressure as was shown in Figure 13.) Subsequently, the elongation 
.increased until reactor shutdown. FRAP-T4, although it did calculate failure 2 s after the 
onset of film boiling, indicated a reduction in cladding elongation; thus substantially 
underestimating the peak cladding elongation due to film boiling. The measured increase in 
cladding elongation after cladding failure is believed to have been caused by gap closure .. · 
above the ballooned region and free thermal expansion due to film boiling. 

The FRAP-T4 analysis for Rod IE·020 shown in Figures 39 and 40, was continued 
through the reactor shutdown period. FRAP-T4 calculated an abrupt increase in elongation 
followed by a constant strain during reactor shutdown. As the rod cooled, the fuel 
controlled the axial elongation and the rod strain rapidly decreased below the calculated 
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permanent axial strain (FRAP-T4 models no slippage between the fuel and cladding). 
FRAP-T4 then calculated complete opening of the fuel-cladding gap and the cladding 
returned to the level of calculated permanent axial strain. This behavior is not evident in the 
experimental data, because slippage between the fuel and cladding probably occurred. 

FRAP-T4 calculated that Rods IE-020 and IE-021 would have closed gaps at a rod 
average power of 17 kW /m and would remain closed over the bulk of the rod prior to the 
flow reduction phase. If no slippage between the fuel and cladding occurred, the cladding 
would deform axially to accommodate the fuel expansion during film boiling. Unrestrained 
axial thermal expansion of the cladding due to an estimated average temperature during film 
boiling would result in a cladding elongation of approximately 3 mm. Unrestrained axial 
thermal expansion of the fuel for the corresponding average temperature would result in 
approximately 13 mm cladding elongation. FRAP-T4 calculated an axial displacement of 
9.Q93 and 8.71 mm for -Rods IE-020 and IE-021, respectively, between the range of free 
axial cladding elongation and free axial fuel elongation. 

Posttest fuel rod lengths were not measured to determine permanent axial strain. 
However,· in-reactor cladding elongation measurements were made approximately 
10 minutes after reactor shutdown while the rods were at 605 K and zero power. They then 
were compared with the measured elongations at zero power prior to the high power ramp. 
The permanent axial strains measured in this manner were 0.41, 0.20, 0.14, and 0.24%-for 
Rods IE-0 19 through IE-022, respectively. FRAP-T4 calculated permanent axial strains of 
-1.94, 0.13, and 0.12% for Rods IE-019, IE-020, and IE-021, respectively. Permanent axial 
strain of Rod IE-0 19, the high pressure rod that failed 10 s after the onset of the film 
boiling, was underestimated by FRAP-T4. The test data indicated that the rate of rod 
elongation was zero for 5 s immediately preceding failure and then continued to increase 
throughout film boiling operation. FRAP-T4 calculated rod failure at the onset of film 
boiling and a negative and permanent elongation unaffected by subsequent film boiling 
operation. FRAP-T4 also underestimated the measured growth in Rods IE-020 and IE-021. 
Again, FRAP-T4 results for Rod IE-020 can be compared with the data from Rod IE-022. 

2. CLADDING RADIAL DEFORMATION 

Permanent cladding radial deformation occurred during film boiling and may have 
. - . 

occurred during the power ramp. Posttest cladding diameter measurements of all the rods 
reported in Section V.2 are compared with FRAP-T4 analyses in this subsection. The 
standard deviation of the strain shown in Figures 41 through 43 is estimated to be ±0. 26%. 

The percent diametral strain for Rod IE-0 19 calculated from pretest and posttest 
diameter me~surements is shown in Figure 41. The initial high internal pressure produced 
ballooning of the cladding over the length of the film boiling zone. FRAP-T4 calculations 
are not shown in Figure 41 because failure was calculated to be immediately after the 
initiation of film boiling. As a result, constant strain of only 2% was calculated over the film 
boiling zone. 
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Cladding diametral strains for Rods IE-020, IE-021, and IE-022· are compared with 
FRAP-T4 results for Rods IE-020 and IE-021 in Figures 4 2 and 43. Differential fuel­
cladding thermal expansion and some molten fuel volume expansion contributed to produce 
the claddin~ growth. FRAP-T4 overestimated the cladding strain by a factor of three or 
four. These results are similar to those obtained in Test IE-2[51 in which FRAP-T3 
overestimated the cladding growth of Rod IE-0 11 by a factor of three. Rod IE-0 11, having a 
0.1 0-mm diametral gap and irradiated cladding experienced a maximum increase in diameter 
of 0.6%, slightly smaller than that for the rods in Test IE-5. 

The radial strain data do not provide significant evidence of irradiation effects in the 
· cladding. As previously discussed, Rods IE-0 19, IE-020, and IE-021 were fabricated from 

irradiated cladding. Rod IE-0 19 failed 10 s after the onset of film boiling. Rods IE-020 and 
IE-022 were similar except that -the Rod IE-020 cladding was irradiated as a water tube 
without fuel and the Rod IE-022 cladding was unirradiated. 

3. FUEL ROD INTERNAL PRESSURE 

The fuel rod internal pressure data were corrected for large zero drifts due to 
decalibration of the pressure transducers (Appendix C). Rod internal pressure, P, is 
presented in terms of the fractional change in pressure, 

P-P 
0 

where P 
0 

is the rod internal pressure at the start of the test at 606 K after correction for 
decalibration of the pressure transducer (Table C-VI). 

Internal pressure for all fuel rods during the preconditioning period is compared in 
Figure 44. The smaller scatter in the data indicate little dependence of rod pressure on the 
different power cycles during preconditioning. Rod IE-020 had a 20% greater pressure 
increase than the other rods. Rod IE-021, with a 50% larger diametral gap than the 
remaining rods, experienced the smallest pressure increase. 

Figure 45 compares FRAP-T4 calculations of the fuel rod internal pressure with the 
data during the preconditioning phase for Rods IE-0 19 and IE-020. Pressures g~nerally were 
underestimated. In Figure 45, the calculations demonstrate that Rod IE-019, with its high 
(16.6 MPa at 605 K) internal pressure at the start of the test, had a slightly greater increase 
in pressure than Rod IE-020. The high pressure results in a greater diametral gap which 
provides higher fuel and gas temperatures. This effect was not seen in the test data. In 
Figure 46, FRAP-T4 calculations and measured data demonstrate the small pressure 
differences between Rods IE-020 and IE-021, even though Rod IE-021 had a larger gap. No 
effects of power cycling on internal pressure were observed. 
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Fig. 46 Comparison of calculated fuel-rod internal pressure changes for Rods-IE-020 and IE.<J21 with the measured changes 
for Rods IE-022 and IE-021, respectively. 

Pressure data for the power ramp and steady state operation are presented in 
Figure 4 7. T~e data show that pressure equilibrium conditions were attained before the flow 
reduction phase. 

FRAP-T4 calculations of transient fuel rod internal pressure are compared with the 
data for Rods IE-019 and IE-020 in Figure 48 and are compared with the measurements for 
Rods IE-021 and IE-022, respectively, in Figure 49. All four transducers -reponded to the 
occurrence of film boiling. FRAP-T4 calculated a closed fuel-cladding gap in the film boiiing 
regions of Rods IE-0 19, IE-020, and IE-021. Therefore, no gap was modeled in these regions 
and ·no pressure increases during film boiling were calculated even though instantaneous 
pressure equilibrium between the fueled region and the plenum was assumed by FRAP-T4. 
Data from Rod IE-0 19 indicate that pressure communication exists between the fuel region 
and the plenum. The measured pressure increases are apparently due to gas in fuel cracks 
and pellet dishes. 

59 



-ttl 
~ 
Q ..... 
+' u 

('1.'1 

(}.(.'• 

&3 

'---....,.......,...-..· Rc;>d 11::-019 

----''-----:-'----,--'. . ( p-p o ) I p o 

- -- --Fuel rod average power 

0 .~ 
-1000 0 1.600 2000 SCQ(l 40{)9 

Time Frorn High Power Steady-State Opera.tlons (~) ,. 
Fig. 4 7 Measured fuel rod interl')al pressure changes during the power ramp and steady St;!te Qperation for ap fo!lr rgqs in 
Test IE·S. 

n-!'in 

(}25 

[J 

__ _,-_ ........ ,J\ 

Cladding 
tailure 

\ 

Rod IE-020 
MAfl!'>llrArl 

Calculated, t-HAP-T4 

::...---~---- --------

... 
\~ 

\ ,~,.-'..;;·-"'- .. 
-- ..... _...._ __ ~··-----""- ,-

Rod IE-019 
L.--+-----·-.... .-r-----Calculated, FRAP-T 4 

-----(P-P0 )/P0 .._~--~---~~~--~d 
- - -Coolant mflss flux 

+=· 
1.ll.Cl0 · .. ·~ 

~(IS 
i""-1 ·o 
0 
u 

,c. 
~ -0~54--,--~-,--~~~~--~-r--r--r--r--r--r--r--r--r--r~~-r~-500 

-50 0 50 100 150 

Time From Initiation of Film Boiling (s) 
Fig. 48 Calculated and measured fuel rod internal pressure changes during film boiling on Rods 1£.()19 and IE-020. 

60 



&50 
I 
I 
I ! 

Measured, Rod IE-022 

Measured, Rod IE-021 
FRAP-T4, Rod IE-021 

0·25 

' \:_FRAP-T4, Rod IE-020 

~ .-.: 
1500 ~ 

-tti a 
0 

·1"'1 ..., 
u ca 
1-t 

[] 

'---\. 
\ 
\ _, __ . ____ _ 

--- (P-P0 )/P0 
---Coolant mass flux 

;-

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

t::.. -0-25 +-----...-..--~---,-.-----,--..----,---.- --,,-....,..----.--,--~---,--r----.--,----.--+ 500 
-50 0 00 ~ 150 

Time From Initiation of Film Boiling (s) 

Fig. 49 Comparison of calculated fuel rod internal pressure changes during film boiling in Rods IE-020 and IE-021 with the 
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4. FUEL CENTERLINE TEMPERATURE 

Centerline temperatures versus local fuel rod power for all fuel rods during the 
preconditioning phase are presented in Figure 50. No centerline temperature dependence qn 
power cycling was observed. 

Figures 51 to 53 compare FRAP-T4 calculations of the fuel centerline temperature for 
each rod with both fuel deform~tion models (the Coleman Fuel Relocation Model and the 
Standard Model) with the experimental data during the preconditioning phase .. In all cases, 
the fuel centerline temperatures calculated with the Coleman Fuel Relocation Model more 
closely agreed with the test data than did those calculated with the Standard Model which 
generally overestimated fuel centerline temperatures by 100 to 200 K. 

In Figure 54, the FRAP-T4 calculations of fuel centerline temperature are compared 
with the temperature data of Rod IE-0 19 and IE-020 during the preconditioning phase. 
Temperature data obtained from Rods IE-021 and IE-022 during the same period are 
compared with FRAP-T4 calculations in Figure 55. On the basis of the cladding elongation 
data in Section Vl.l, the hi~ internal pressure of Rod IE-019 increased the effective 
fuel-cladding gap, thereby reduced the gap conductance, and may account for the slightly 
higher temperatures ('V20 K) over Rod IE-020 which had the same initial fuel-cladding gap. 
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Fig. 50 Measured fuel centerline temperatures during the preconditioning phase for ali four rods In Test IE-5. 
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Fig. 51 Comparison of calculated with measured fuel centerline temperatures for Rod IE-019 at the 0.739-m elevation. 
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Fig. 52 Comparison of calculated with measured fuel centerline temperatures for Rod IE-020 at the 0.739-m elevation. 
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The differences in fuel centerline temperature between Rods IE-021 and IE-022 (approxi­
mately 150 K at 50 kW /m) are attributed to the 0.05-mm larger fuel-cladding gap of 
Rod IE-021. No effects of power cycling on fuel centerline temperature were observed. 

Fuel centerline temperature data during the pow~r ramp and steady state operation 
are presented in Figure 56. The data indicate that fuel temperatures were stable and 
relatively constant prior to-the flow reduction transient. 
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Fig. 56 Measured fuel centerline temperatures during the power ramp and steady state operation for all four rods in 
Test IE-5. 

Figure 57 compares the fuel centerline temperatures measured at the 0.739-m 
elevation in Rods IE-0 19 and IE-020 with FRAP-T4 calculations during the flow reduction 
phase of the test. The erratic behavior of the Rod IE-0 19 fuel centerline temperatures 
demonstrates that the temperatures were well above the 2500 K limit of measurement for a 
refractory metal thermocouple. FRAP-T4 calculated a peak temperature of 2850 K. 
Metallographic examination disclosed that no fuel melting occurred in the region 
surrounding the 0.739-m elevation. An increase of approximately 750 K was experimentally 
observed in Rod IE-020, indicating that the 0.739-m elevation was probably within or near 
the ftlm boiling ·zone during some portion of the test. Since the visual postirradiation 

. examination determined that the top of the ftlm boiling zone was 0.688 m above the 
bottom of the fuel rod, ftlm boiling was not modeled at the thermocouple elevation of 
0.739 m. Consequently, no calculations forRod IE-020 are shown in Figure 57. FRAP-T4 
c::~lcul;~ted centerline temperatures above the fuel melting point at the 0.637-m elevation on 
Rods IE-021 and IE-022. 
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5. CLADDING SURFACE TEMPERATURE· 

Figure 58 compares cladding surface temperature data from the P.r~conditioning phase 
for Rods IE-0 19, IE-020, and IE-021, at an average U.64J-m elevation, with steady state 
FRAP-.T4 calculations. Figure 59 presents temperature data from the four thermocouples on 
Rod IE-022 for the same time period. Figures 60 to 62 present the cladding surface 
temperature data during film boiling for all rods. Film boiling was indicated at the 45-degree 
orientation on Rod lE-019. Film boiling occurred on Rod IE-020 at the 255-degree 
orientation, but was not indicated at the 45-degree position due to thermocouple failure and 
both thermocouples on Rod IE-021 indicated film boiling. The highest t~mPeratlJre. 975 K. 
was rec;orded on Rod IE-022 prior to failure of the thermocouple. In all cases, the cladding 
th:ermocouples indicated lower temperatures than expected in the region of film boiling. 

FRAP-T4 results are compared with the cladding surface temperatures in Figures 63 
and 64. Only data from thermocouples which responded to film boiling are compared with 
the calculations. Film boiling was not modeled in PRAP-"1"4 at the 0.72-m elevation on 
Rod IE-020 for comparison with the temperature data at the 0. 743-m elevation from 
Rod IE-022. FRAP-T4 calculated surface temperatures on the order of 1600 K, substan­
tially higher than the peak measured value of 800 K. In addition, cladding temperatures 
estimated from oxide layer thickness measurements during postirradiation examination 
indicated that the cladding probably reached the 1600 K calculated by FRAP-T4. The 
fin-cooling effect (Appendix B) associated with the thermocouple contributed, to the low 
temperature measurement. 
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VII. DISCUSSION 

Test IE-5 was conducted to evaluate fuel rod behavior during abnormal and accident 
conditions. The objectives were to determine. the influence of simulated fission products, 
cladding irradiation damage, and fuel rod internal pressure. on pellet-cladding interaction 
during a power ramp and on fuel rod behavior during film boiling operation. 

The data for all P<;>rtions of Test IE-5 provided significant insight into fuel rod 
behavior for the parameters investigated. The FRAP-T4 calculations were generally in good 
agreement with the data and also augmented understanding of the data where instrumen­
tation failed or provided questionable results. Table III provides a brief summary of the data 
and FRAP-T4 results. Fission product simulation, cladding irradiation damage, initial 
internal pressure, and fuel-cladding gap were variables in Test IE-5. Their effects on fuel rod 
behavior are discussed in the following subsections. 
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TABLE Jit 

COMPARISON OF MEASURED ANb CALCDLh.TED FUEL ROD VARiABLES 

Cladding Elongation[a] (mm) 

IE-019 
IE-020 
I E-021 
I E-022 

j Fuel Rod Internal Pressure (MPa) 

IE-019 
IE-020 
IE- 021 
IE-022 

Fuel Centerline Temper·~truY·:e {K) 

0.739-m elevation 
IE-019 
IE-020 

0.637-m elevation 
IE-021 
IE-022 

Stead·t State 
Pr~-O~JB 

1. ca 2. il 
1.57 3.43 
1.77 2.93 
1 . E:3 [·:] 

22. ~·~ 22.09 
7.::5 5.21 
6.43 5.38 
6.E3 [:] 

1556 1584 
1531 1662 

1867 187J 
1807 [c] 

Peak Dur·i ng Fii m 
.. Boiling 

Data FRAP-TA 

6.47 
6.66 7.79 
6.91 7.29 
6.92 ,[c] 

• [d] [d] 
7.68 6.21 
6.90 ·6. 4i 
).25 {cJ 

2'4'510' 2859 . 
2331 i:634[e] 

'[f] 298'5 
[f] t'c,] 

Ma~i~um tncrease Due to 
,,., Film Boi 1 i ng 

, ___ D·&ta FRAP-.T4{b] 

5.39 
s.·o9 
5.14 
5 .• 04 

-8. 4/dJ 
0.33 
0.42 
Ch &i~2 

,-894 
800 

155 
r.' 

2·6:5 

4.i7 
4.36 
ft] 

-7.2g'tro] 
0 
0.04 
[c] 

1275 
0 

1115 
[c] 
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w 

TABLE III (continued) 

Steady State Peak During Film Maximum Increase Due to 
Pre-DNB Boiling Film Boi 1 i ng 

Data FRAP-T4 Data FRAP-T4 Data FRAP-T4[b] 

Cladding Surface Temperature ( K) 

0.538-m elevation 
IE-022 (135°) 759.3 [c] 780 [c] 21 [c] 

0.643-m elevation[g] 
IE-019 (45°) 627.0 619.8 755 1552 27 932 
IE-019 (225°) 607.4 619.8 611 1552 4 932 

I E-020 (45°) [f] 620.0 [ f] 1601 [f] 981 
IE-020 (225°) 621.0 620.0 939 1601 318 981 

I E-021 (45°) 620.2 619.7 807[h] 1552 187 932 
I E-021 (225°) 602.4 619.7 632 1552 30 932 

IE-022 (45°) 621.0 [c] 980[h] [c] 359 [c] 
I E-022 (225°) 607.3 [c] 609[h] [c] 2 [c] 

0.743-m elevation 
IE-022 (315°) 607.3 [c] 644 [c] 37 [c] 

[a] Absolute values of cladding elongation are not directly comparable. The steady state measured elonga­
tion is a combirnati6n of the fuel rod expansion and the thermal expansion of the test train support 
hardware. FRAP-T4 calculates only the thermal expansion of the fuel rod. 

[b] Coleman Fuel Relocation Model was used. 
[c] FRAP-T4 ana1yses not done for Rod IE-022. FRAP-T4 analyses of Rod IE-020 should be compared with the 

data for Rod IE-022. 
[d] Cladding failure occurred. 
[e] Film boiling no~ modeled in FRAP-T4 at this elevation. 
[f] Failed prior to the onset of film boiling. 
[g] This is the average elevation for thermocouples at the 45~ and 228-degree orientations. 
[h] Failed during film boiling. 



k EFFECTS OF FISSION PRODUCT SIMULATION ON FUEL ROD BEHAVIOR 

PCI as a resul~ of a power increase (ramp) has caused cladding failures in boiling water 
reactorS[6,7]. CANDU reactors[8], and pressurized water reactors[9]. Roberts et al[9], 
and Penn et al [ 10] , indicate that many of the observed features of power-ramp failures could 
be associated with iodine-induced stress-corrosion-cracking. Cesium iodiqe,. cesium: 
molybdate, and tellurium metal were added to· the fuel stacks of Rods· IE~020;, IE-02[, and 
IE~02:2' to• simulate oxygen actiVity and accumulation of cesium, molybdenum, tellurium, 
and io·C!lline' fission prodt~cts~ t<!>t'til\'e· purpose· of determin1ng whether PCI stresses might be 
assisted: by C<Orrosive fission pr.0'duets and result in a stress-corrosion-cracking failure of the 
cladding·. However, these chemfcal species apparently had no effect on fuel rod behavi'oF 
und'er the power ramp, high power steady state, and film boiling operating conditions of this 
test.. 'No· PCI failures were observe·C!l duriflg this test. 

N~ot all fission products,- ltlut only cesium, iodine, molybdenum~ aml kllurium, were 
added f0 the fuel. Extensive out-of-pile• experiments[ 11, 12l have confirmed that zircafoy is 
susceptrli>i'e to str:ess-conosion'-Gtaeking, in io~Hne environments. During this· test, free iodine 
was· pro'duced by radiolytiC dissoc"iaiioir of c·esium iodic:ler BJ an:d nudear fission durlng the 
preconditioning phase. The 28'-h0ut pre-conditioning phase was fdo sfroFt to· obtain an 
equiifbriam· concentration c.:if rod'ine representative· of operating comrtrerdal reactors. 
Furt&eit,. the· io·dine p·attial ptessute f.i:om the preceding, s·outces durin~g: the p·ower ramp atrd 
high power steady state period of operation was apparen;tJy not high enough, so no failure· 
occurred in either the unirradiated or irradiated ciadding. 

2. EFFECTS OF PRIOR CLADDING IRRADIATION ON FUEL ROD BEHAVIOR 

Effects of irradiation would appear primarily in the stress-strain relationship of the 
cladding .. Irradiation would increase the cladding strength and decrease the ductility. 
However, for the heating times during this test the irradiation damage anneals at 
temperatures above app_roximately 925 K, the a-zirca:loy recrystalization temperature of 
zircaloy-4 cladding. Cladding irradiation effects would, therefore, be most evident d~ring 
the preconditioning phase, the power ramp, and shortly after the 6nset of film boiling 
operation. 

Cladding elongation measurements during the test did not identify any significant 
irradiation effects on fuel rod behavior. Rod IE-022 which had unirradiated cladding 
experienced only 0.03% (percent of the fueled length) greater elongation during the 
preconditioning and power ramp phases than Rod IE-020 which had irradiated cladding. 
The transient increase in elongation due to film boiling and the permanent axial strain as a 
result of the test were nearly identical for the two rods. 
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Effects of cladding irradiation were not evident from the radial strain produced during 
the film boiling operation. Rod IE-020 and IE-022 had similar radial deformations, even 
though the former was a water tube irradiated without fuel and the latter was unirradiated. 

3. EFFECTS OF HIGH FUEL ROD INTERNAL PRESSURE ON FUEL ROD BEHAVIOR 

Rod IE-0 19 was pressurized to 8.3 MPa prior to the test to investigate the effects of 
high internal pressure on fuel rod behavior during a power ramp and film boiling operation. 
Results for Rod IE-0 19 may be compared with those from Rods IE-020 and IE-022 which 
were initially pressurized to about 2.5 MPa. 

The high internal pressure in Rod IE-0 19. apparently had an effect ·on the cladding 
elongation and possibly affected fuel centerline temperatures. The onset of PCI occurred at 
15 kW/m rather than below 5 kW/m as it did in Rods IE-020 and IE-022 which had the 
same diametral gap as. Rod IE-0 19. As a result, the cladding elongation during the 
preconditioning and power ramp phases was smallest for Rod IE-0 19. Fuel centerline 
temperatures at the same local power level were approximately 2% higher in Rod IE-0 19 
than in Rods IE-020 and IE-022. ·· 

Rod IE-019 is the only rod to have been tested in the Irradiation Effects Test Series 
with an internal pressure higher than the coolant pressure. Prior to the onset of film boiling, 
Rod IE-0 19 had an internal pressure about 6 MPa higher than the coolant pressure. This 
greater pressure was sufficient to cause ballooning of the. cladding within the film boiling 
zone and a loss of cladding integrity during film boiling. The proposed sequence of events is 
as follows: 

( 1) Immediately aftt:r the onset of film boiling, the cladding 
ballooned near the cladding surface thermocouple locations 

(2) The cladding elongation and ballooning im:rt:ast:tl as the length 
of the film boiling zone increased 

(3) The fuel-cladding gap opened at the upper film boiling zone 
boundary and slowed the increase in Cladding elongation 

(4) The cladding ruptured 10 s aflt:r lltt: onset of film boiling 

(5) The cladding continued to increase in length due to an additional 
flow reduction, growth of the film boiling zone, and closure of 
the fuel-cladding gap above the ballooned regio~ of the cladding. 

The process of brazing the thermocouples onto the cladding surface undoubtedly altered the 
irradiated state of the zircaloy. Additional postirradiation examination may quantify the 
amount of annealing and the effect of the presence of the thermocouples on cladding 
behavior. 
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Rods IE-020, IE-021, and IE-022, wltich w~re all pressurized tq approximately 
2.5 MPa, experienced cladding collapse at the onset of film boiling. Subsequent cladding 
diameter increases were probably due to differential fuel-cladding thermal expansion and 
the fuel volume change upon melting. 

4. ADDITIONAL OBSERVATIONS 

Additional observations on th~ effect of fuel-cladding diametral gap on fuel rod 
behavior and the FRAP-T4 results are discussed in the following subsections. 

4.1 Effect of Fuel-Cladding Diametral Gap on Fuel Rod Behavior 

The narrow range of gap sizes in Test IE-5 did not produce significant differences in 
fuel rod behavior. Although Rod IE-021 had a 0.05-mm larger gap than Rods TE-020 ~nd 
IE-022, the elongation measured for Rod IE-021 during the preconditioning phase, the 
power ramp, and film boiling operation did not significantly differ from that of th.e other 
two rods, indicating gap closure at nominally the same axial elevation. 

The peak cladding radial strains differed slightly among Rods IE-020,. IE-021, and 
IE-022. Rods IE-020 and IE-022, which had 0.09-mm diametral gaps had peak radial strains 
of 1%; whereas Rod IE-021 which had an 0.13 8-mm diametral gap only had peak radiaJ 
strains of 0.5%. 

As a result of the 0.05-mm larger diametral gap, fuel centerline temperatures were 
3 to 7% higher in Rod IE-021 than in the remaining rods. 

4.2 Discussion of FRAP-T4 Results 

FRAP-T4 steady state calculations and cladding elongation test data were in better 
agreement than achieved between earlier versions of FRAP-T and results from previous 
lE tests[ 5,14 l. The Coleman Fuel Relocation Model calculated PCI at a lower power level 
than previous versions of FRAP-T, but still not at the power observed in the test. The fact 
that FRAP-T4 does not account for fuel or cladding creep and slippage, accounts for the 
deviation of calculated results for cladding elongation during the power ramp and steady 
state operation at rod average powers above 35 kW/m. FRAP-T4 underestimated the 
increase in cladding elongation due to film boiling by approximately 17% for Rods IE-020, 
IE-021, and IE-022 and by approximately 24% for Rod IE-019. Rod IE-019 failed soon 
after the onset of film boiling as calculated by FRAP-T4, but the trend in elongation shpwn 
by the data after rod failure was not calculated well. 

Fuel centerline temperatures calculated using the Coleman Fuel Relocation Model 
option in FRAP-T4 agreed with the measured data during the preconditioning phase and 
power ramp. FRAP-T4 analyses of film boiling operation indicated that centerline 
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temperatures reached 2800 to 3400 K -beyond the measurement capabilities of the 
thermocouples. This result is consistent with the postirradiation neutrographs which 

·indicated that fuel melting had occurred. 
. . 

FRAP-T4 slightly underpredicted the pressures r·ecorded during the preconditioning 
phase and the power ramp. FRAP-T4 also did not calculate a pressure increase during film 
boiling operation. The code calculated a closed fuel-cladding gap within the film boiling 
zone prior to film boiling; therefore, no gas except for gas in cracks and pellet dishes 
remained in that region to heat up during the transient. Furthermore, even though the gap is 
closed, the measured pressure increases inside Rods IE-020, IE-021, and IE-022 indicate that 
there is pressure communication from the fuel region to the plenum through cracks within 
the f4el. 
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VIII. CONCLUSIONS 

Conclusions reached from Test IE-5 are: 

( 1) The simulated fission products did not cause a PCI ind~ced 
failure and had no apparent effect on fuel rod behavior during 
film boiling 

(2) A fuel rod internal pressure 6 MPa above the coolant pressure 
causes PCI to occur at a power level that is higher than th~ 
power level at which PCI occurred in low pressure rods and 
produces cladding ballooning and failure during illm boiling 
operation 

(3) Under the condition~ Of thi5 t.;ist, no ~igf!ifk.:mt r.l:ulding 
irradiation effects were observed 

(4) Fuel rods having smali diametral gaps . in the range of 
0.09· to <t 14 mm behave similarly. 
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APPENDIX A 

FUEL ROD CHARACTERIZATION DATA 

The pretest fuel rod characterization data for Test IE-5 are presented in this appendix. 
The characterization data available are different for each fuel rod and all measurements, 
except mass and volume, were obtained in U.S. Customary units and converted to Sl units. 

Rod IE-019 was constructed from irradiated water tube W06, an unfueled zircaloy 
tube used to fill the open lattice locations ·in the extended burnup tests in the Saxton 
reactor[ a]. The estimated peak fluence received by the tube was 9.9 x 1020 neutrons/cm2 
greater than 1 MeV_. Fresh 12.4 wt% 235uo2 fuel was placed inside the irradiated tube at 
the Idaho National Engineering Laboratory. An instrumented end cap sealed the upper end · 
of the rod. The rod was pressurized to 8.3 MPa at room temperature in order to study the 
cladding ballooning phenomenon. Characterization data for Rod. IE-0 19 are presented in 
Table A-1. 

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, accurate to. ±0.2 cm3, includes the void found in the fueled region, the 
plenum, and the instrumented end cap. The cladding mechanical properties are typical of 
water tube cladding prior to irradiation in the Saxton reactor. Table A-II contains 
characterization data for the fresh fuel pellets inserted into Rod IE-0 19. Pellet length 
measurements were obtained by measuring the length between the upper and lower dish 
shoulder of each pellet. Both the diameter and length measurements were performed using a 
Bausch and Lomb optical gauge, Model BR-25. The measurements are accurate to 
±0.005 mm. An analytical balance, accurate to ± 1 mg, was used to weigh the pellets. 
Table A-Ill contains cladding dimensions for Rod IE-0 19. An air gauge was used to obtain 
measurements of the cladding inside diameter (ID) for the length of the rod. The accuracy 
of these measurements is estimated to be ±0.005 mm. Figure A-1 combines the fuel pellet 
outside diameter and cladding inner diameter measurements to illustrate the diametral gap 

· as a function of axial position. 

Rod IE-020 was similar to Rod IE-019. Water tube W08, irradiated in the Saxton 
reactor to an estimated peak fluence of 9.3 x 1020 neutrons/cm2 greater than 1 MeV, was 
filled with 12.4 wt% 23 5uo2 fuel which had simulated fission products. The rod was fitted 
with an instrumented end cap and backfilled to a pressure of 2.5 MPa, a factor of three less 
than Rod IE-019. Characterization data for the fuel rod and fuel pellets are contained in 
Tables A-IV and A-V, respectively. Measured cladding dimensions are presented in 
Table A-VI. Figure A-2 illustrates the diametral gap versus axial position for Rod IE-020. 

[a] The Saxton reactor was designed by Westinghouse Electric Corporation for the 
USAEC. The reactor was a small, prototypic, pressurized water reactor. 
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TABLE iA-1 

OVERALL PRETEST FUEL AND CLADDING DATA FOR ROD IE-019 

Finished Tube Data: 

Mean Outside Diameter[a] 
Mean Inside Diameter. 
Ovality (Max ID/Min ID) 
Cladding Length 

9.931 mm 
8. 724 mm 
1. 012 
o.·9483 m 

Mechanical Properties of Unirradia.ted Fuel Rod Cladding[b]: 

Yield Tensile Strength. 
At Room Temperature 
At 658 K 

Utlimate Tensile Strength 
At Room Temperature 
At 658 K 

fuel Data: 

Enrichment 
Mean Geometri'C Bensi ty 

95% Population Loaded·· 
Mcu.n :IJiu.mctcr 

9S% Population Loaded 
Stack Mass 
Neasured Sta-ck Length 
"D1sh Dimensions 

Dish Chord 
Dish Depth 

'Grain Diameter 
'C'enter Hole Length 
Mean Fuel-cladding 'Gap 
Measured Void Volume 

Fill Gas Data: 

Pressure 
Composition 

524.0 MPa 
324. 1 MPa 

'70'3.3 MPa 
380.9 MPa 

12.38% '3 
l0.4211 g/cm · 
10.4211 ( + 0. 0004' 
8.633 mm 
8.6330 {+ 0.0010, 

521. 2177 g 
878.764 mm 

3 
o~ool2) -g/~m 

0.0030) mm 

6.6U4·mm 
0.343 mm 
2.25 + 0.65 x 10'"" 2 mm 

1 '98,. 45. 1iin 
0. 091 mm 
6.5 ml 

8.30 MPa 
11.7% He, 22.3% Ar 

[a] . Nominal dimension, not measured after irradiation in the Saxton 
reactor. 

[b] Data supplied by Westinghouse Electric Corporation. : 
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TABLE A-II 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-019 

Geometric Inunersion Centerline Hole 
Pe11et[a] Diameter (nun} LenQth (nun) Weight Density Density Diameter (mm) 

Number To~ Center Bottom Average oo goo Average (Grams.) (g/cm3) {g/cm3) To~ Bottom 

1 8.6360 8.6360 8.6360 8.6360 9.9289 10.0127 9.9708 5.9787 10.4477 0.0 0.0 0.0' 
2 8.6309 8.6309 8.6309 8.6309 15.2044 15.2375 15.2209 -9.0931 10.3480 0.0 0.0 0.0 
3 8. 633-5 8.6335 8.6335 8.6335 15.2552 15.3035 15.2794 9. 1972 10.4197 0.0 0.0 0.0 
4 8.6360 8.6360 8.6360 8.6360 15.2146 15.2883 15.2514 9.1941 10.4293 0.0 o.ci 0.0 
5 8.6335 8.6360 8.6360 8. 6351 15.1943 15.2552 15.2248 9.1754 10.4286 10.4783 0.0 0.0 

6 8.6335 8.6335 8.6335 8.6335 15.0851 15. 1460 15.1155 9.0169 10.3276 0.0 0.0 0.0 
7 8.6335 8.6335 8.6309 8.6326 15.2679 15.2984 15.2832 9.0782 10.2843 0.0 0.0 0.0 
8 8.6309 9.6309 8. 6309 . 8.6309 14.3238 15.3746 15.3492 9.2286 10.4132 0.0 0.0 0.0 

00 9 8.6335 8.6335 8.6335 8.6335 15.2095 15.2781 15.2438 9.1700 10.4134 0.0 0.0 0.0 
VI 10 8.6335 8.6335 8.6360 8.6343 15.3111 15.3645 15.3378 9.2187 10.4016 10.4133 0.0 0.0 

11 8.6335 8.6335 8.6335 8.6335 15.1892 15.2273 15.2082 9. 1814 10.4510 0.0 0.0 ·o.o 
12 8.6335 8.6335 8.6335 8.6335 15.2121 15.2298 15.2209 9.1490 10.4054 0.0 0.0 0.0 
13 8.6360 8.6360 8.6360 8.6360 15.2629 15.3035 15.2832 9. 0778 10.2757 0.0 0.0 0.0· 
14 8.6385 8.6360 8.6360 8.6368 15.1232 15.2222 15.1727 9.1236 10.4017 0.0 0.0 0.0 
15 8.6309 8.6309 8.6284 8.6301 15.2933 15.3391 15.3162 9.1609 10.3615 10.4260 0.0 0.0 

16 8.6309 8.6309 8.6335 8.6318 15.2730 15.3670 15.3200 9.1980 10.3967 0.0 0.0 0.0 
17 8.6309 8.6309 8.6335 8.6318 15.3086 15.3518 15.3302 9.1719 10.3602 0.0 0.0 0.0 
18 8.6335 8.6335 8.6360 8.6343 15. 3772 15.4305 15.4038 9.1440 10.2725 0.0 0.0 0.0 
19 8.6335 8.6335 8.6335 8.6335 15.0165 l5.0800 15.0482 9.0440 10.4056 0.0 0.0 0.0 
20 8.6385 8.6385 8.6385 8.6385 15.2070 15.2273 15.2171 9.0504 10.2836 10.3676 0.0 0.0 

21 ·8. 6360 8.6360 8.6360 8.6360 15.1308 15J1867 15.1587 9.0.985 10. 3848 0.0 0.0 0.0 
22' 8.6360 8.6360 8.6360 8.6360 15.2197 15.2679 15. 2438 9.1649 10.4014 0.0 0.0 0.0 

.23 8.6309 8.6309 8.6284 8.6301 15.2273 15.2857 15.2565 9.1700 10.4129 0.0 0.0 0.0 
24 8.6335 8.6335 8.6335 8.6335 15.0673 15.1282 15.0977 9.0694 10.4001 0.0 0.0 0.0 
25 8.6385 8.6385 8.6335 8.6368 15. 1740 15.2095 15.1917 9.1203 10.3847 - 10.4070 0.0 0.0 



TABLE A-II { contiintred) 

" 1Geometric limmersion Centerline Hole. ' 

Pellet[a] Diameter (mm): Length' (,mm,)J 
Weig~t 

D'ens.;;ty' IJen.s ity Di>ameter fmm) 

Number To~ Center Bottom .l.verage JO goo A:ve·rag.e { Grarr.s) (g:lcm3) ~g/cm3 ) To~ Bottom 

26 8.6335 8.6335 8.6335 8.6335 15.2095 15.2476 15.2286 9.14110 10.3910 0.0 0.0 0.0 
27 8.6436 8.6436 8 6436 8.6436 15.2324 15.2603 15.2463 9.0009 10.2859 0.0 0.0 0.0 
28 8.6335 8.6335 8 6335 8. 63'35 15.1282 15.2222 15.1'752 9.1119 10.3948 0.0 0.0 0.0 
29 8.6385 8.6360 8.6335 9.6360 15.1968 15.2756 15.2362 9.1019 10.3351 0.0 0.0 0.0 
30 8.6360 8.6360 8.6360 8.6360 15.1130 15.1562 15. 1:346 9.0103 10.3007 1\0,3252 0.0 0.0 

31 8.6335 8.6335 8.6309 8.6326 1 ~. 9962 T5.0495 1.5.0228 9.04-92 10.431'5· 0.0 0.0 0.0 
32 8.6335 8.6335 8.6309 8.6326 13.1460. 15:.1.765 15. T6l2 9.on9· 10.3700i 0.0 0.0 0.0 
33 8.6360 8.6360 8.6360 8.6360 l5. 2603 1'5. 27'301 15,.2'66~7 9.Q6B.8 10.2767 0.0 0.0 0.0 
34 8.6309 8.5309 8.6335 8.6318 l' 3. 2502 15. 2959' T5·. 2'73'0 9·.ono 10.2851 o:.o 0.0 0.0 
35 8.6335 8.5335 8.6284 8.6318 Fi.3619 15 .. 4508 t5,.4064 9.2434 10.3954 10.4315 0.0 0.0 

36 8.6335 8.5335 8.6335 8.6335 1 :) . 1638 15. 1.71.4 15.1676 S>. 1036 10.3929 0.0 0.0 0.0 
37 8.6335 8.5335 8.6335 8.6335 15_0597 15. ll3CY 15:. 08'63 9.0573- 10 3942 0.0 0.0 0.0 

00 38 8.6335 8.·5335 8.6335 8.6335 15.4127 15.5169 15.4648 g. 1952 1'0,2908 0.0 0.0 0.0 0\ 
39 8.6335 8.6335 8~6309 8.6326 15.1816 15.2324 1'5.2070 9. 13 32 10.4014 0.0 0.0 0.0 
40 8.6385 8.6385 8.6335 8 .. 6368 15. 1562 15.2248 15.1905 . 9.1152 10. J797 10:4215 0.0 0.0 

41 8.6360 8.6360 8.6385 8.6368 15.2197 15. 3162 15 .. 2'6·79i 9.1730 1'0.3919 0.0 0.0 0.0 
42 8.6335 8.6335 8.6360 9.6343 15.3111 15. 3949' 15 .. 3530 9.2515 10.4281 0.0 0.0 0.0 
43 8.6335 9.6335 9.6335 9.6335 14. 9327' 15.0292 14.9809' 9.0067 10.4099 0.0 0.0 0.0 
44 8.6335 8.6335 8.6335 3.6335 15.1816 15.2019 15.1917 9.0737 H>.3398 0.0 0.0 0.0 
45 8.5987 a:6o3o 8. 16081 3.6030 15.0927 15.1435 15.1181 9. o2·~·1 10.4050 10.4347 0.0 0.0 

46 8.6335 8.6335 8.6360· .3.6343 F:~2832 15.3568 1'5.3200 8.8lt;.6 10.4434 10.5128 l.8796 1.8542 
47 8.6360 8.6360 8.6335 .3.6351 15.3086 15. 3746 15· .. 3416 8.8lt.9 10.4336 10-.4631 1 .8796 1.8795 
48 8.6360 8.6360· 8.'6385 3.6368 15 .. 1867 15.2248 1'5.2057 8.6737 10'.3977 10.3845 1. 9558 1. 9558 
49 8.6436 8.6436 8.6436 3.6436 l~- .. 41'27 15.453'4 15.4330 8.92~2 10.4742 0.0 1. 8796 1.8796 
50 8.6360 8.6360 8.6360 8.6360 . 1 ~·. 2476 15.3391 15 .. 2933 8. 7780 10.4210 10;3958 1. 8796 1. 8796 

51 8.6360 8. :;385 8.5385 8.6377 1~.2832 15.3568 15.3200 8.78~2 10.4033 0.0 1.8796 1.8796 
52 8.6360 8. :.360 8.5335 8. 635·1 15.<0139 15.0800 15·. 0470 8.61~2 ., 10.4112 10.3907 1.9050 1.9050 
53 8.6360 8.:360 8. 5385 8.6368 15.0774 15.1232 15.1003 8.67El 10.4337 0.0 1. 8796 1. 8796 
54 8.6360 8.:360 8.5385 8.6368 15.2502 15.31'3? 1:5.2819 8.76E4 10.4129 10.4303 1. 8796 1 .8796 
55 8.6436 8.•:411 8. 541'1 8.6419 15.2730 15.3086 1'5. 2908 8.7841 10.4148 0.0 1. 8796 1. 8796 



Oo 
-..), 

P~11et[a] Diameter (rmn) 

Number To~ Center Bottom .n.ve·rage 

56 8.6385 3.6385 8.6385 8.'6385 
57 8.6385 3.6385' ·8.6360 8.6377 
58 8.6284 8.6335 8.6335 8.6318 

[a] Pellets are numbered from bottom of fuel 

TABLE A-II (continued) 

Length (rrm) 
. oo goa Average 

15.0774 15.1435 15.1105 
15.3848 15.4203 15.4025 
15. 1486 -15. 1841 15.1663 

column. 

Geometric Irmnersion Centerline Hole 
Weight Density Density Diameter (mm) 
(Grams) (g/cm3) (g/cm3) To~. Bottom 

8. 7163 10.4611 10.4518 1. 8796 .1. 8542 
8.8284 10.4082 0.0 1. 9050 1.8796 
8.6728 10.4083 10.4216 1.9050 1.9050 



i'~B-~1},:-J U 

AIR GAUGE MEASUR~MENtS OF FUEL ROD 
IE'-019 CLADDiNG INSIDE DIAMETER 

Elevation[a] oo 45° goo 
{mm) (mm) (mm) _ _Jmm) 

50.8 8.720 8. 716 8. 718 
76.2 8.717 8. 7i7 8:713 

101.6 8. 723 8;7i3 8.711 
127.0 8. 713 8. 724 8.723 
152.4 8.715 8. 720 8. 724 ~v 

177.8 8.710 8. 723 8. 725 
203.2 8.709 8.719 8. 724 
228.6 8._720 8. 718 8. 717 
254.0 8. 724 8.714 8. 711 
279.4 8. 720 8.712 8.7i0 

304.8 8.717 8; 716 8.714 
330.2 8.709 8. 722 8:728 
355.6 8. 716 8.716 8.716 
381.0 8.715 8.720 8.723 
406.4 8.717 8.719 8. 724 

43"1.8 8.718 8.718 8. 723 
45/.2 H. 7'1 ~ 8. 723 8. 725 
482.6 8.714 8. 726 8. 725 
508.0 8.716 8. 724 8.719 
533:4 8.719 8.718 0.716 

558.8 8. 725 8.710 8.708 
584.2 8. 731 8.709 8.702 
609.6 8.719 8.715 8.715 
635.0 8.718 8.716 . 8. 718 
660.4 8.714 8.718 8. 720 

685.8 8.715 13. (j 9 s.n1 
711. 2 8:713 8. 717 8. 724 
7JG. 6 8.715 8.7i8 8. 72~ 
762.0 8. 718 8.719 8.718 
787.4 8.716 8. 720 8. 722 

812.8 8.}13 8. 721 8. 722 
838.2 8.713 8. 721 8. 721 
863.6 8. 721 8. 724 8.713 
889.0 8. 721 7.719 8.715 

[a] Distance from bottom of fuel rod. 
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e..a ruel rod cladding 

,....... 
inside diameter 

8 --- ~ -8 1M ...._, 
M 
Q) ......, 
Q) 

E e-5 
a:S -Cl Fuel pellet 

outside diameter 

&-5 

B-~4-----~----~--~--~-r----,-~--.---~-----.---~,----+ 

0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

~ta.nce from Bottom of Fuel Column (mm) 

Fig. A-1 Cladding inside diameter an"d fuel pellet diameter versus axial position for Rod IE-019. 

Rod IE-021 was constructed from MAPI[a] fuel rod M-23 irradiated in the Saxton 
reactor to an approximate bumup of 3.78 MWd/kgU. Based on gamma scans and bumup 
inform'ation reported in Reference A-1, the peak fluence received by this cladding is 
estimated to be 3.5 x 1020 neutrons/cm2 greater than 1 MeV. The irradiated fuel within the 
rod was replaced by fresh 12.4 wt% 23 5uo2 fuel which had. simulated fission products. 
Characterization data for the fuel rod and fuel pellets are presented in Tables A-VII and 
A-VIII, respectively. The cladding, for which dimensions are presented in Table A-IX, has a 
0.046-mm larger inside diameter than the remaining rods. The resulting fuel-cladding 
diametral gap of 0.138 mm is 50% larger than the remaining rods and is illustrated as a 
function of axial position in Figure A-3. 

Rod IE-022 was manufactured with cladding from unirradiated Saxton fuel Rod 930 . 
. fresh 12.4 wt% 235uo2 fuel pellets which had simulated fission products were used. 
Tables A-X, A-XI, and A-XII, respectively, contain characterization data for the fuel rod, 
fuel pellets, and cladding. Fuel pellet outside diameter and cladding inside diameter 

. measurements are shown in Figure A-4 to illustrate the axial profile of the diametral gap. 

Chemical compounds simulating fission products were added to Rods IE-020, IE-021, 
and IE-022 to determine whether stresses due to fuel-cladding mechanical interactions in a 

[a] Mitsubishi Atomic Power Industries of Japan. 
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TABLE A-IV . 

OVERALL PRETEST FUEL AND CLADDING 
DATA FOR ROD I E-020 . 

Finished Tube Data: 

M 0 ·d D" t [a] ean uts1 e 1ame er 
Mean Inside Diametel" 
Oval i ty (Max I D/M.i n ID} 
Cladding Length 

9.931 mm 
8.731 mm 
1. 012 
0.9481 m 

Mechanical 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.D1ameter 

95% Population Loaded 
St~ck Mass 
Measurerl St~ck L.enoth 
Di s.h Dimensions 

Dish Chord 
Dish Depth 

Grain Diameter 
Center Hole Length 
Mean Fuel-cladding Gap 
Measured Void Volume 

F·ill Gas Data: 

·Pressure 
Composition 

524.0 MPa 
324. 1 MPa 

703.3 MPa 
380.9 MPa 

12:38% 3 
10.3979 g/cm 
10.3979 (+ 0.1339, ~ 0.0948) g/cm3 
8.639 mm . 
8.6390 (+ 0.0076, - 0.0152) mm 

518.8778 g 
878.535 mm 

6.604 mm 
0.343 mm 
2.25 + 0.65 

197.637-mm 
0.092 mm 

6. 7 ml 

2.50 MPa 

-2 x 10 mm 

77.7% He, 22.3% Ar 

[a] 

[b] 

Nominal dimension, not measured after irradiation in the Saxton 
reactor. · 
Data supplied by Westinghouse Electric Corporation. 
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TABLE A-V 

FUEL 'PELLET CHARACTERIZATION DATA FOR ROD IE-020 

' . 
Geometric Immersion Centerline Hole 

Pe·11et[a] Diameter (mm) Length (mm) Weight · Density Density Diameter (mm) 

Number Toe Center Bottom Jlverage oo goo Average (Grams} (g/cm3) {g/cm3) TOQ Bottom 

1 8. 6411 8. 6411 8.6411 8. 6411 10.6731 10.8280 10.7505 6.4569 10.4368 . 0.0 0.0 0.0 
2 8.6258 8.6258 8. 6258. 8.6258 15. 1968 15.2425 15.2197 9.1157 10.3869 0.0 0.0 0.0 
3 8.'6131 8.6335 8.6335 8.6267 15.1333 15.1790 15.1562 9.0093 10.3072 0.0 0.0 0.0 
4 8.6309 8.6335 8.6335 8.6326 15.2451 15.2756 15.2603 9.0240 10.2384 10.3031 0.0 0.0 
5 8.6385 8.6385 8.6411 8.6394 15.2603 15.3822 15.3213 . 9.1662 10.3413 10.4631 0.0 0.0 

6 8.6411 8. 6411 8. 6385' 8.6402 15.1155 15.1613 15. 1384 9. 1157 10.4082 · o.·o 0.0 0.0 
7 8.6360 8.6360 8.6360 8.6360 15.3949 15.4508 15.4229 9.1254 10.2347 0.0 0.0 0.0 
8 8.6360 8.6360 8.6360 8.6360 15.3695 15.4178 15.3937 9.1782 10.3137 0.0 0.0 0.0 

\0 9 8.6360 8.6360 8.6385 8.6368 15.0266 15.0825 15.0546 9.0646 10.4166 0.0 0.0 0.0 ...... 10 8.6335 8.6360 8.6335 8.6343 15.3492 15.3975 15.3733 9.1075 10.2521 . 10.3111 0.0 0.0 

11 8.6360 8.6360 8.6335 8.6351 15.3314 15.4203 15.3759 9. 1182 10.2604 0.0 0.0 0.0 
12 8.6360 8.6360 8.6360 8.6360 14.2222 15.2832 15.2527 9. 1541 10.3830 0.0 0.0 0.0 
13 8.6360 8.6385 8. 6411 9.6385 15.0749 15.1536 15.1143 8.8048 10.0735 0.0 0.0 0.0 
14 8.6436 8.6436 8.6462 8.6445 15.0876 15. 1232 15. 1054 9.0480 10.3435 0.0 0.0 0.0 
15 8.6436 8.6436 8.6436 8.6436 15.1257 15.1663 15. 1460 9.0220 10.2878 10.3573 0.0 0.0 

16 8.6335 8.6335 8.6335 8.6335 15.2578 15.2959 15.2768 8.9703 10.1643 10.2700 0.0 0.0. 
17 8.6360 8.6360 8.6360 8.6360 15.1130 15.1689 15.1409 9. 1179 10.4193 0.0 0.0 0.0 
18 8.6385 8.6385 8.6385 8.6385 15.3670 15.4076 15.3873 9.1390 10.2679 0.0 0.0 0.0 
19 8.6284 8.6309 8.6335 8.6309 15.2629 15.2908 15.2768 9.0614 10.2736 0.0 0.0 0.0 
20 8. 6411 8.6385 8.6385 8.6394 15.1359 15.2171 15.1765 9.0507 10.3098 10.4218 0.0 0.0 

21 8.6385 8.6385 8.6385 8.6385 15. 0216 15.0901 15.0558 9.0396 10.3828 0.0 0.0 0.0 
22 8.6309 8.6335 8.6360 8.6334 15. 3873 15.4381 15.4127 9.0848 10.2021 10.3076 0.0 0.0 ) 

23 8.6385 8.6385 8.6385 8.6385 15. 1308 15.2476 15.1892 9.0869 10.3443 0.0 0.0 0.0 
24 8.6360 8.6360 8.6360 8.6360 15. 1155 15.1587 15.1371 9. 0411 10.3342 0.0 0.0 0.0 
25 8.6309 8.6335 8.6335 8.6326 15.1181 15. 1968 15.1574 8.9677 10.2445 10.3430 0.0 0.0 



TABLE A-V (continued) 

Geomettic Immersion Centerline Hole 
Pellet[a] Ciameter {mm) Length (mm) Weight Cer:s ity Density Diameter (mm) 

Number Top Center Bot torr Average oo goo Average (Grams) (g/cm3) ( g/cm3) Top Bottom 

26 8.6462 8.6462 8.6462 8.6462 15.3619 15.3975 15.3797 9.2965 10.4314 0.0 0.0 0.0 
27 8.6411 8. 6411 8. 6411 8. 6411 15.0673 15.1028 15.0851 9.0458 10.3634 0.0 0.0 0.0 
28 8.6335 8.6335 8.6335 8.6335 14.9631 15.0317 14.9974 8.8804 10.2524 10.3475 0.0 0.0 
29 8.6462 8.6462 8.6462 8.6462 15.1460 15.1816 15.1638 9.1668 10.4343 0.0 0.0 0.0 
30 8. 6411 8. 6411 8. 16411 8.6411 15.3416 15.3975 15.3695 9.2320 10.3783 10.4509 0.0 0.0 

31 8.6385 8. 6411 8.>6411 8.6402 15. 1460 15.1867 15. 1663 8.9429 10.1919 . 0.0 0.0 0.0 
32 8.6385 8.6385 8.<6385 8.6385 15.2425 15.2806 15.2616 9.1730 10.3921 0.0 0.0 o.o 
33 8.6385 8.·6385 8.6385 8.6385 15.2324 15.2578 15.2451 9.0637 10.2795 0.0 0.0 o.o 
34 8.6335 8.6360 8.6360 8.6351 15.0698 15.0901 15.0800 8.9471 10.2681 10.3696 0.0 o.o 
35 8.6385 8.6385 8.6385 8.6385 15.1435 15.1790 15.1613 9.0403 10.3104 10.3751 0.0 0.0 

36 8.6335 8.~6335 8.6335 8.6335 15.2705 15.3645 15.3175 9.1762 10.3697 0.0 0.0 o,~o 
\0 37 8.6335 8.6385 8.6385 8.6368 15.3010 15.3772 15.3391 9.0721 10.2293 0.0 0.0 0.!) IV 

38 8. 6411 8.~6436 8.6436 8.6428 15.0825 15.1638 15.1232 9.1057 10.4012 0.0 0.0 o .. o 
39 8.6385 8.6385 8.6360 8.6377 15.1308 15.2476 15.1892 . 9.0868 10.3462 0.0 0.0 :0.0 
40 8.6335 8.<6360 8.6360 8.6351 15.1460 15.2273 15.1867 8.9621 10.2121 10.3389 0.0 ,o . .a 

41 8.6411 8.6411 8.6411 8. 6411 15.1714 15.2984 15.2349 9.1635 10.3936 0.0 0.0 0.0 
42 8.6385 8.6385 8.6385 8.6385 15.2121 15.2324 15.2222 9.1462 10.3889 0.0 0.0 0.0 
43 8.6284 8.6309 8.6335 8.6309 15.2324 15.2705 15.2514 9.0222 10.2465 ().0 0.0 0.0 
44 8.6360 8.6360 8.6360 8 .. 6360 15.3162 15.3645 15. 3403 9.1311 10.2970 .o •. o 0.0 0.0 
45 8. 6411 8.6436 8.6436 8.6428 15.2908 15.3568 15.3238 9. 1725 10.3385 ].(L4p07 0.0 0.0 

46 8.6385 8.6385 8.6385 8.6385 E;. 2476 15.3289 15.2883 8.7857 10.4271 1:0 •. 5034 l. 8796 1. 8796 
47 8. 6411 8.6436 8.6436 8.6428 15.0673 15.1181 15.0.927 8.6850 lOA183 l(t4860 1. 8542 1.8~42 
48 8. 6411 8.643'5 8.6436 8.6428 15.3086 15.3314 15. 32-00 8.8039 10.4021 10 . .4'57~5 1. 8542 ].8$42 
49 8.6335 8.6335 8.6335 8.6335 1 ~ .. 1460 15.1911 15.1689 8.5912 1.0.2634 10.3690 1. 8288 1.82;88 
50 8. 6411 8.6411 8.6411 8. 6411 1~·.3619 15.4000 15.3810 8.8443 10.4123 10.5318 1. 8542 1. H5-4:2 .. 
51 8.6335 8.6360 8.638'5 8.6360 1 ~ .. 0927 15.1105 15 .. 1'016 8.6554 10.3803 0.0 1. 8288 1.8288 
52 8.6233 8.6253 8.6233 8.6241 1!.0190 15.~0927 )5.:0558 8A961 10.:2639 ~0.3760 1.8542 1. 8542 
53 8 .. 6335 8.6360 18.6360 8. 6351 1 : .. 0520 15.1232 1'5.1087.6 8..;6692 10.•4 .. 088 i(]l.,o l. 8288 1.8288 
54 8.6360 .8.6385 '.8.6385 8.-6377 ]f.3594 1'5.43.0.5 1:5,3949 :8 .• :8128 10 .• 374.3 a~ .. ,45J1 1.8542 1. 8:54.2 
55 8.6309 8. 633.3 '8.6335 8.6326 1 : .. 01'90 15.D673 15 .. 0431 8,.:5340 ]0.2835 0.0 1.8288 1. 8·2.$8 

t 
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TABLE A-V (continued) 

Geometric ·Immersion Centerline Hole 
Pe11et[a] Diameter (mm) Length (mm) Weight Density Density Diameter (mm) 

t1umber To~ Center Bottom !.verage oo goo Ave1·age (Grams} ( g/cm3) (g/cm3) Top Bottom 

56 8.6360 8.6385 8.6385 8. 6377 15.1638 1 !; .• 2552 15.2095 8.7127 10.3831 10.5163 1 .8542 1. 8542 
57 8.6411 8. 6411 8. 6411 8.6411 15.0571 15. 1130 15. 0851 8.6904 10.4344 0.0 1. 8542 1. 8542 
58 8.6309 8.6335 8.6360 8.6334 15. 3441 15.3873 15.3657 8.6902 10.2536 10.3384 1. 8542 1.8288 

[a] Pellets are numbered from bottom of fuel column. 
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TABLE A-VI 

AIR GAUGE MEASUREMENTS OF FUEL ROD 
IE-020 CLADDING INSIDE DIAMETER 

Elevation[a] oo 45° goo 
(mm) (mm) (mm) (mm) 

25.4 8.735 8.731 8. 722 
50.8 8. 729 8. 722 8. 726 
76.2 8. 725 8. 729 8. 723 

101.6 8. 729 8.7?8 8. 720 
127.0 8. 729 8. 724 8. 720 

1S?.4 8.7?5 8. 724 8. 724 
177.8 8. 722 8. 722 8. 723 
203.2 8. 722 8. 725 8. 721 
228.6 ," 8. 725 8. 728 8. 718 
254.0 8. 72G 8. 728 8.719 

2/Y.4 H./C./ H.7'2.5 8. 721 
304.8 8. 727 8.708 8.732 
330.2 8.719 H. /C.Y H. 7'2.2 
355.6 8. 726 8. 729 8. 721 
381.0 8. 726 8. 727 8. 721 

406.4 8. 726 8. 726 8.723 
431.8 8. 725 8.728 8. 720 
457.2 8. 724 8. 729 8. 720 
482.6 8. 725 R.nR 8' 72.3 
508.0 8. 727 8. rn 8.726 

533.4 8. 725 8. 727 8. 729 
558.8 8. 722 8. 724 8.716 
584.2 8. 725 8.718 8. 722 
609.6 8.735 8.739 8. 722 
635.0 8. 726 8. 729 8. 722 

660.4 0.72G 8.729 8. 722 
685.8 8. 727 8. 727 8. 721 
711.2 8.729 8. 727 0. 722 
736.6 8. 728 8.727 8. 72~ 
762.0 8. 727 8. 727 8. 725 

787.4 8. 727 8.780 8. 724" 
812.8 8. 728 8. 730 8.723 
838.2 8. 727 8. 726 8. 725 -
863.6 8. 724 8. 725 8. 725 
889.0 8. 725 8-.715 8.804 

[a] Distance from bottom of fuel rod. 
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Fig. A-2 Cladding inside diameter and fuel pellet diameter versus axial position for Rod IE-020. 

corrosive atmosphere of fission products might l~ad to stress-corrosion-cracking of the 
cladding. The fission products of cesium, iodine, tellurium, and molybdenum were in the 
form of cesium iodide, tellurium metal, and cesium molybdate. Table A-XIII contains the 
quantities of each compound included in the three fuel rods. Some thermophysical 
properties of these compounds are contained in Table II of Section II. The fuel stack 
composition is summarized in Table A-XIV. The geometry of the cored pellets is shown in 
Figure 5 of Section II. 

' A detailed characterization of these and other fuel rods used in the IE Test Series can 
be found in Reference A-1. 
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TABLE A-VII 

OVERALL PRETEST FUEL AND CLADDING 
DATA FOR ROD IE-021 

Finished Tube_Data: 

Mean Outside Diameter[a] 
Mean Inside Diameter 
Ovality (Max ID/Min ID) 
Cladding Length 

9.995 mm 
8. 777 rnm 
1.010 
0.9695 m 

Mechanical ~roperties of Unirradiated Fuel Rod Cladding[b]: 

Yield Tensile Strength 
At Room Temperature 
At 658 K 

Ult1mate Tensile Strength 
At Room Temperature 
At 658 K 

568.7 MPa 
320.3 MPa 

749. 1 MPa 
423.0 MPa 

Fuel Data: 

Enrichment 
Mean Geometric Density -

95% Population Loaded 
Mean ninmeter 

95%.Population Loaded 
Stnr:k Mrtc;c;; 
Measured Stack Length 

Dish Chord 
Dish Ue1JLII 

Grain Diameter 
Center Hole Length 
Mean Fuel-cladding Gap 
Measured Void Volume 

12.38% 3 
10.3698 g/cm 
10.3698 (+ 0.1411, - 0.2739) g/cm3 . 
8.639 mm 
8.6390 (+ 0.0076) mm 

515.2823 g-
878.622 mm 

6.604 mm 
0.343 mm 
2.25 + 0.65 x 10-2 mm 

351.612-mm 
0.138 mm 

[c] 

Fi 11 Gas DQ. tc;~.: 

[a] 

[b] 
[c] 

Pressure 
Composition 

2.50_MPC) 
77:7% He, 22.3% Ar 

Nominal dimension, not measured after irradiation in the Saxton 
reactor. 
Data supplied by Westinghouse Electric Corporation. 
Not measured for this rod. 
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TABLE A-VIII 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-021 

Geometric Immersion Centerline Hole 
Pellet[a] Diameter (mm) Length (mm) Weiqht Density . Density Diameter (mm) 

Number To~ Center Bottom Average oo goo Average (Grams) (g/cm3) (g/cm3) Top Bottom 

1 8.6335 8.6335 8.6335 3.6335 8.8748 8.9916 8.9332 5.3322 10.4314 0.0 0.0 0.0 
2 8.6411 8. 6411 8. 6411 3.6411 15.1079 15.1892 15.1486 9.0167 10.2862 0.0 0.0 0.0 
3 8.6284 8.6309 8.6309 9.6301 15.1638 15.2273 15.1955 8.9460 10.1998 10.3011 0.0 0.0 
4 8.6385 8.6360 8.6360 :3.6368 15.1968 15.2324 15.2146 9.0934 10.3383 0.0 0.0 0.0 
5 8.6360 8.6360 8.6360 :3.6360 15.0952 15.1511 15.1232 9.1089 10.4214 10.4645 0.0 0.0 

6 8.6309 8.6309 8.6309 3.6309 15. 1333 15.1765 15.1549 8.9512 10.2315 . 0.0 0.0 0.0 
7 8.6385 8.6385 8.6385 .3.6385 15.1435 15.1943 15.1689 9.0924 10.3646 0.0 0.0 0.0 
8 8.6385 8.6385 8.6360 3. 6377 15. 1867 15.2197 15.2032 9.0445 10.2885 0.0 0.0 0.0 

\0 9 8.6360 8.6360 8.6360 8.6360 15.0952 15.1409 15.1181 8.8892 10.1735 10.0959 0.0 0.0 
-.J 10 8.6385 8.6385 8.6385 8.6385 15.0825 15.1333 15.1079 9.1201 10.4387 10.4581 0.0 0.0 

11 8.6385 8.6385 8.6385 8.6385 15.1943 15.2578 15.2260 9.1140 10.3497 0.0 0.0 0.0 
12 8.6335 8.6360 8.6360 8.6351 15. 1765 15.2451 15.2108 9.0058 10.2454 0.0 0.0 0.0 
13 8.6385 8.6385 8.6385 8.6385 15.2730 15.3314 15.3022 9.2061 10.4015 0.0 0.0 0.0 I 

14 8.6385 8.6385 8.6385 8.6385 15.1028 15.2248 15.1638 9.0789 10.3527 0.0 0.0 0.0 
15 8.6360 8.6385 8.6385 8. 6377 15.3670 15.3975 15.3822 9.0555 10. 1795 10.2452 0.0 0.0 

16 8.6436 8.6436 8.6436 8.6436 15. 1409 15.1765 15. 1587 9.1568 10.4327 0.0 0.0 0.0 
17 8.6385 8.6385 8.6385 8.6385 15.1689 15.2070 15.1879 9.0783 10.3354 0.0 0.0 0.0 
18 8.6335 8.6335 8.6335 8.6335 15. 1943 15.2603 15.2273 8.9824 10.2116 0.0 0.0 0.0 
19 8.6385 8.6385 8.6385 8.6385 15.2959 15.3289 15.3124 9.1430 10.3233 0.0 0.0 0.0 
20 8.6360 8.6360 8.6360 8.6360 15.1155 15.1511 15.1333 9.1237 10.4313 10.4467 0.0 0.0 

21 8.6309 8.6335 8.6360 8.6334 15.2095 15.2654 15.2374 8. 9772 10.1988 10.2907 0.0 0.0 
22 8.6360 8.6360 8.6360 8.6360 15.5575 15.5804 15.5689 9.2499 10.2758 0.0 0.0 0.0 
23 8.6360 8.6360 8.6360 8.6360 15.5804 15.6362 15.6083 9.3160 10.3228 0.0 0.0 0.0 
24 8.6360 8.6360 8.6360 8.6360 15. 1968 15.2730 15.2349 9.0453 10.2717 0.0 0.0 0.0 
25 8.6360 8.6360 8.6360 8.6360 15.3238 15.3619 15.3429 9.1404 10.3057 10.3647 0.0 0.0 



TABLE A-VIII (continued} 

Geometric Immersion Centerline Hole 
Pe11et[a] Di :1meter (mm) Length {mm} Weight Density Density Diameter (mm) 

3 (g/cm3) Number To~ Center Bottom Average I)'' goo Average (Grams) (g/cm ) To~ Bottom 

26 8.6385 8.6385 8.6385 8.6385 15.0546 15.0927 15.0736 9.0739 10.4097 0.0 0.0 0.0 
27 8.6335 8.6335 8.6335 8.6335 15.2298 15.2705 15.2502 8.9515 10.1610 10.2861 0.0 0.0 
28 8.6411 8.6:111 8. 6411 8. 6411 15. 1359 15.1435 15. 1397 9. 1 05~ 10.3932 0.0 0.0 0.0 
29 8.6385 8.6385 8.6385 8.6385 15.2044 15. 2806 15.2425 9.1453 10.3744 0.0 0.0 0.0 
30 8.6360 8.6385 8.6385 8.6377 15.3264 15.3543 15.3403 9.0097 10.1560 10.2386 0.0 0.0 

31 8.6335 8.6:335 8. 6360 8.6343 15. 3035 15.3391 15.3213 9.1662 10.3575 0.0 0.0 0.0 
32 8.6385 8.6.385 8.6385 8.6385 15 .. 3010 15.3568 15.3289 9.1993 10.3762 0.0 0.0 0.0 
33 8.6360 8.6.360 8.6360 8.6360 15,0114 15.0876 15.0495 8.9499 10.2903 10.3582 0.0 0.0 
34 8. 6411 8.6-+11 8. 6411 8. 6411 15.3111 15.3822 15.3467 9.2238 10.3848 0.0 0.0 0.0 
35 8.6335 8.6335 8.6360 8.6343 15 .. 0393 15.1054 15.0723 9.0892 10.4386 10.5109 0.0 0.0 

36 8.6309 8.E335 8.6528 8.6301 15 .. 3848 15.4102 15.3975 8. 7180 10.3078 10.2406 1. 9050 1.9050 
\0 37 8. 6411 8. E411 8.6436 8.6419 15. 1562 15.2248 15.1905 8.7510 10.4380 10.4837 1. 8796 1. 8542 00 

38 8.6436 8.€436· 8.6436 8.6436 15. 2197 15.2883 15.2540 8.7515 10.3972 10.4780 1.8796 1.8796 
39 8.6360 8. 63601 8.6360 8.6360 15.1867 15.2400 15.2133 8.717:' 10.4046 10.4677 1. 8796 1 .8796 
40 8.6411 8. 6411 8 .. 6411 8.6411 15. 1765 15.1816 15.1790 8.695:' 10.3891 10.3714 1. 8796 1.8796 

41 9.6436 8.6436 8.6411 8. 6428. 15.3187 15.3594 15.3391 8.801:' 10.4002 10.3726 1 .8796 1. 8796 
42 9.6385 8.6385 8.6385 8.6385 i5.2451 15.2959 15.2705 8.7708 10.4148 10.3742 1.8542 1.8796 
43 3. 6411 8. 6411 8.6411 8. 6411 15.3645 15.4051 15.3848 8.8070 10.3795 0.0 1. 8796 1.8796 
44 .3.6436 8. 6436 8.6436 8.6436 15.1282 15.1511 15.1397 8.66(}L 10.3746 10.3777 1. 8796 1.9050 
45 3.6309 8.6:335 8.6335 8.6326 15.3340 15.3594 15.3467 8.6902 10.3029 0.0 1.9050 1.9050 

46 8.6436 8.6C36 8.6436 8.6436 15.3467 15.4000 15.3733 8.931L 10.4026 10.3929 1 .8796 1.8542 
47 8.6436 8.6'-62 8.6462 8.6453 15.2654 15.3238 15.2946 8 . .3082 10.4251 0.0 1. 8542 1. 8796 
48 8.6335 8.6335 8.6335 8.6335 15.3492 15. 4051 15. 3772 8.6918 10.2681 10.2564 1. 8796 1. 8796 
49 8.6436 8.6!.36 8.6462 8.6445 15.1232 15.1638 15.1435 8. 715; 10.4431 0.0 1.9050 1.9050 
50 8.6436 8.6!.36 8.6436 8.6436 15.3518 15.3924 15; 3721 8. 801 (I 10.3746 10.4371 1.8796 1. 8796 

51 3.6411 8.6436 8.6436 8.6428 -.5. 0952 15.1308 15.1130 8.554~ 10.2611 0.0 1. 8796 1. 8796 
52 8.6462 8.6462 8.6436 8.6453 ·,4. 4864 15.5321 15.5092 8.909~ 10.4039 10.4464 1. 8796 1.8796 
53 8.6411 8. 6~11 8. 6411 8. 6411 - 5.1740 15.2908 15. 2324 8. 753~ 10.4278 0.0 1. 8796 1.9050 
54 8.6385 8.6::85 8. 6411 8.6394 - 5. 3712 15.3848 15.3810 8.633: 10.2929 10.3595 1.8796 1 .8542 
55 8.6436 8.6.:!36 8.6436 8.6436 -4.9708 15.0241 14.9974 8.738/ 10.4341 0.0 1. 8542 1. 8796 



. \ 

TABLE A-VIII {continued) 

Geometric Immersion Centerline Hole 
Pellet[a] Diameter (mm) Length (rm1) Weight Density Density Diameter (mm} 

Number Toe Center Bottom Average oo. goo Average (Grams) (g/cm3) (g/cm3) Toe Bottom 

56 8.6436 8.6436 8.6436 8.6436 15.2375 15.2806 15.2590 8.7860 10.4346 10.4891 1. 8796 1. 8796 
\Q 57 8.6360 8. 6411 8. 6411 8.6394 15.2806 15.3314 15.3060 8.6717 10.2707 0.0 1. 8542 1. 8796 \Q 

58 8.6436 8.6436 8.6436 8.6436 15.3822 15.4813 15.4318 8.8405 10.3803 10.3779 1. 8796 1. 8796 

[a] Fuel pellets are numbered from bottom of fuel column. 



TABLE A-IX 

AIR GAUGE MEASUREMENTS OF FUEL ROD 
IE-021 CLADDING INSIDE DIAMETER 

Elevation[a] oo 45° goo 
(mm) (mm) (mm) (mm) 

0 8.730 8.814 8.746 
25.4 8.757 8. 780 8.752 
50.8 8.769 8.764 8.749 
76.2 8.769 8.759 8.756 

101.6 8.760 8.758 8.789 
127.0 8.736 8. 759 8.760 
152.4 8.766 8.780 8.753 
177.8 8.780 8.764 8.757 
203.2 8.702 0. ?r:;7 . 0.7G4 
228.6 8.780 8.762 8. 777 
254.0 8. 771 8.769 8.769 
279.4 8.784 8. 781 8.786 
304.8 8. 774 8. 770 8. 778 
330.2 8. 777 8.786 8. 777 
355.6 8. 777 8. 791 8.802 
381.0 8.754 8.787 8.796 
406.4 8.781 8.797 8.791 
431.8 8.769 8.793 8.796 
457.2 8.781 8.795 8.789 
482.6 8. 787 8. 801 8.796 
508.0 8.780 8.793 8. 775 
533.4 8.798 8.798 8.763 
558.8 8.808 8.785 8. 770 
504.2 0.796 0.701 8.744 
609.6 8.799 8. 777 8.788 
635.0 8.781 8.769 8.762 
660.4 8.815 8.793 8.796 
685.8 8.782 8. 771 8.792 
711.2 8. 774 8.804 8.794 
736.6 8. 776 8.788 8.760 
762.0 8.786 8.798 8.781 
787.4 8. 778 8.763 8.784 
812.8 8. 786 . 8. 785 8.795 
838.2 8./Gl 8.794 8.753 
863.6 8.768 8.795 8. 770 
889.0 8.765 8. 756 8.757 
914.4 8. 763 8. 771 8. 761 
939.8 8.750 8.761 8.753 
965.2 8.748 8.764 8.754 
990.6 8.746 ·a. 758 8.754 

[a] Distance from bottom of fuel rod. 
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Fuel rod cladding 
inside diameter 

Fuel pellet 
outside diameter 

~~~----~----~----r---~,---~----~--~-r-----r----.-----+ 

0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
Distance from Bottom of Fuel Colmnn (mm) 

Fig. A-3 Cladding inside diameter and fuel pellet diameter versus axial position for Rod IE-021. 
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TABLE A-X 

OVERALL PRETEST FUEL AND CLADDING 
DATA FOR ROD IE-022 

Finished Tube Data: 

Mean Outside Diameter 
Mean Inside Diameter 
Ovality (Max ID/Min ID) 
Cladding Length 

9.933 mm 
8.731 mm 
1. 002 
0.9694 m 

Mechanical Properties of Unirradiated Fuel Rod Cladding[a]: 

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% Pupulat1on Loaded 
Mean Diameter 

95% Population Loaded 
Star.k Mi-lc:;s 
Measured Stack Length 
Dish Dimensions 

Dish Chord 
Dish Depth 

Grain Diameter 
Center Hole Length 
Mean Fuel-cladding Gap 
Measu~ed Void Volume 

Fi.ll Gas Data: 

Pressure 
Composition 

571.4 MPa 
388.9 MPa 

77'2.. 8 MPa 
489.5 MP.a 

12.38% 3 
10. 4036 g/ em 
10.4036 ( + U.137, - U. I bH) g/cm3 

8.639 mm 
8.6390 (+ 0.0076, 0.0102) mm 

515.4343 9 
878.408 mm 

6.604 mm 
0.343 mm 
2.25 + 0.65 

351.587-mm 
0.092 mm 
7. 88. Jl'll 

2.56 MPa 

-2 x 10 mm 

77.7% He, 22.3% Ar 

[a] Data supplied by Westinghouse Electric Corpo,ration. 
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TABLE A-XI 

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-022 

Geometric Immersion Centerline Hole 
Pellet[a] Dijameter (mm} Length (mm) Weight Density Density Diameter (mm) 
Number Toe Center Bottom Average oo goo Average (Grams} (g/cm3) ( g/cm3) Toe Bottom 

1 8.6360 8.5360 8.6360 8.6360 7.6886 7. 7673 7. 7279 4.5919 10.4153 0.0 0.0 0.0 
2 8.6335 8.5335 8.6335 8.6335 15.3467 15.3746 15.3606 9.1037 10.2584 0.0 0.0 0.0 
3 a.6360 8.5360 8.6360 8.6360 15.1765 15.2222 15. 1993 8.9768 10.2181 10.3366 0.0 0.0 
4 8. 6411 8. 6411 8. 6411 8.6411 15.3695 15.4254 15.3975 9.2892 10.4234 0.0 0.0 0.0 
5 8.6284 8.6309 8.6309 8. 6301. 15. 1384 15.1562 15.1473 9.0048 10.3000 10.3976 0.0 0.0 

6 8.6335 8.6360 8-.6360 9.6351 15.2298 15.2629 16.2463 9.0343 10.2535 0.0 0.0 0.0 
7 8.6335 8.6335 8.6335 8.6335 15.5016 15.5524 15.5270 9.3348 10.4046 0.0 0.0 0.0 

·a 8.6335 8.63~5 8.6335 8.6335 15.2883 15.3949 15.3416 9.1967 10.3763 0.0 0.0 0.0 
0 9 8.6361) 8.6360 8.6360 8.6360 15.2502 15.2984 15.2743 9.0795 10.2836 10.3782 0.0 O.b w 10 8.638) 8.6385 8.6385 8.6385 15.2019 15.2349 15.2184 9.1154 10.3565 10.4120 0.0 0.0 

11 8.636•) 8.•6335 8.6309 8.6334 15.1892 15.2273 15.2082 9.1289 10.3913 0.0 0.0 0.0 
12 8.6385 8.·6385 8.6385 8.6385 15.3695 15.4203 15. 3949 9.1576 10.2836 0.0 0.0 0.0 
13 8.6411 8.6411 8.6436 8.6419 15. 1841 15.2248 15.2044 9.1497 10.3969 0.0 0.0 0.0 
14 8.636) 8.6360 8.6360 8.6360 15.3695 15.4153 15.3924 9.2133 10.3541 0.0 0.0 0.0 
15 8.6385 8.6385 8.6385 8.6385 15.0724 15. 1105 15.0914 8.8515 10.1425 10.3018 0.0 0.0 

16 8.6360 8.6360 8.6360 8.6360 15.2375 15.3213 15.2794 9.0315 10.2258 0.0 0.0 0.0 
17 8.6360 8.6360 8.6360 8.6360 15.2908 15.3086 15.2997 9.1436 10.3388 0.0 0.0 0.0 
18 8.6360 8.6385 8 .. 6385 8. 6377 15.1613 15.2019 15.1816 8.9995 10.2520 0.0 0.0 0.0 
19 8.6309 8.6335 8.6335 8.6326 15.3670 15.4280 15.3975 9.2182 10.3643 0.0 0.0 0.0 
20 8.633.'5 8.6335 8.6360 8.6343 15.2222 15.2527 15.2374 9.1304 10.3707 10.4054 0.0 0.0 

21 8.6385 8.6385 8.6385 8.6385 15. 1867• 15.2679 15.2273 9.0438 10.2691 10.3885 0.0 0.0 
22 8.6411 8.6411• 8.641! 8. 6411 15.3467 15.3772 15.3619 9.2130 10.3622 0.0 0.0 0.0 
23 8.6284 8.6284 8.6284 8.6284 15.0901 15.1511 15.1206 9.0287 10.3499 0.0 0.0 0.0 
24 8.6360 8.6360 8.6360 8.6360 15.0952 15.1333 15.1143 8.9635 10. 2612· 0.0 0.0 0.0 
25 8.6335 8.6360 8.6385 8.6360 15 . .171.4 15.2400 15.2057 9.1304 10.3886 10.4173 0.0 0.0 



TABLE A-XI ~continued) 

Geometric Immersion Centerline Hole 
Pe11et[a] O.i ameter (mm) Length (mm) Weight Density Density Diameter (mm) 

Number Top Center Bottom Average oo goo Average (Grams) (g/cm3) (g/cm3) Top Bottom 

26 8.6436 8.6436 8.6436 8.6436 1 s. 3086 15.3594 15.3340 9.1731 10.3302 0.0 0.0 0.0 
27 8.6335 8.6360 8.6360 8.6351 15. 1435 15.2070 15.1752 8.9186 10.1703 10.2601 0.0 0.0 
28 8. 6411 8.6411 8. 6411 8. 6411 15.2984 15.3441 15.3213 9.1732 10.3451 0.0 0.0 0.0 
29 8.6385 8.6411 8.6411 8.6402 14.9174 14.9657 14.9415 8.9617 10.3690 0.0 0.0 0.0 
30 8.6360 8.6360 8.6360 8.6360 1!:·.2425 15.2679 15.2552 8.9343 10.1320 10.2356 0.0 0.0 

31 8. 6411 8. 6411 8. 6411 8. 6411 1 :;. 3899 15.4330 15.4114 9.2424 10.3614 0.0 0.0 0.0 
32 8. 6411 8.6411 8. 6411 8. 6411 15.2527 15.2933 15. 2730 9.1766 10. 3821 0.0 0.0 0.0 
33 8.6360 8.6385 8.638b 8. 6377 1 :;, 1308 15.2019 15.1663 8.9970 10.2596 10.3693 0.0 0.0 
34 8.6385 8.6385 8.6385 8.6385 1:;.3137 15.3645 15.3391 9.1870 10.8815 0.0 1. 9050 . 1.9050 
35 8.6360 8.6360 8.6385 8.6368 1 : .. 0724 15.1054 15.0889 .9. 0335 10.8840 0.0 1.9050 1.9050 

36 8.6335 8.6360 8.6360 8.6351 15. 1714 15.2527 15.2121 8.6128 9.4679 10.3838 1.8542 1. 8542 
0 37 8.6385 8.6385 8.6385 8.6385 l:o, 2857 15.3391 15.3124 8.7946 10.4072 10.4142 1.8542 1. 8542 .,. 

38 8.6385 8.6385 8.6385 8.6385 15.2121 15.2705 15.2413 8.7815 10.4688 10.3838 1.9050 1.9050 
39 8.6385 8.6411 8.6411 8.6402 15.3035 15.4483 15.3759 8.8097 10.3636 10.4693 1. 8288 1. 8288 
40 8. 6411 8.6436 8.6436 8.6428 15.1689 15.2019 15.1854 8.7328 10.4108 10.4640 1. 8542 1. 8542 

41 8. 6411 8.6411 8. 6411 8. 6411 15.2044 15.2375 15.2209 8.7299 10.4148 10.2175 1.9050 1. 9050 
42 8.6385 8.6385 8.6385 8.6385 15.1765 15.2324 15.2044 8.6409 10.3264 10.4439 !.9050 1.9050 
43 8.6335 8.6360 8.6360 8.6351 15.3416 15.3721 15.3568 8.8293 10.4543 10.5114 1.9050 1.9050 
44 8.6411 8.6411 8. 6411 8. 6411 15.2959 15.3264 1'5.3111 8.8154 10.4400 10.4088 1. 8796 1. 8796 
45 8.6335 8.6335 8.6284 8.6318 1 :;. 2857 15.3340 15.3098 8.6815 10.2788 0.0 1. 8288 1.8288 

46 8.6360 8.6385 8.6385 8.6377 1 : .. 1562 15.1917 15.1740 8.6819 10.3987 10.4684 1.9050 1.9050 
47 8. 6411 8.6411 8.6411 9. 6411 1 : .. 2298 15.2959 15.2628 8.7551 10.4158 10.5185 1.9050 1.9050 
48 8.6309 8.6309 9.6309 8.6309 15. 1409 15.1841 15.1625 8.5706 10.2905 10.3504 l. 9050 1.9050 
49 8. 6411 8.6411 8.6411 8. 6411 1!:·.2171 15.2527 15.2349 8.7759 10.4321 0.0 1. 8542 1. 8542 
50 8.6385 8.6385 8.6385 8.6385 15.3035 15.3518 15.3276 8.7820 10.3683 10.4663 1. 8288 1. 8288 

51 8.6436 8.6462 8.6462 8.6453 1!:·.3314 15.3746 15.3530 8.7087 10.2608 0.0 1. 8542 1. 8542 
52 8. 6411 8. 6411 8.6411 8.6411 15.2298 15.3518 15.2908 8.7401 10.3579 10.3411 1 . 8796 1.8542 
53 .8. 6284 8.6309 8.6335 8:6309 15.1841 15.2121 15. 1981 8.7097 10. 3911 0.0 1. 8288 1. 8288 
54 8. 6335 8.6360 8.6360 8.6351 15.2578 15.3264 15.2921 8.6549 10.2642 10.3235 1.8542 1 .8542 
5'5 8.6385 8.6385 8. 6411 8.6394 1 :;. 3645 15.4356 15.4000 8.8816 10.4270 0.0 1. 8288 1. 8034 



TABLE A-XI (continued) 

Geometric Immersion Centerline Hole 
P.ellet[a] Diameter {mm) Length (mm) Weight Density Density Diameter (mm) 

Number Top Center Bottom Average oo goo Average (Grams) ( g/cm3) (g/cm3) TOE Bottom 

56 8.6385 8.6385 8.6385 8.6385 .15. 3086 15.3594 15.3340 8.8054 10.3915 10.4842 1. 8288 1. 8288 
57 8.6258 8.6309 8.6335 8.6301 15.2375 15.2806 15.2590 '8. 6530 10.4434 0.0 1. 8288 1. 8288 
·sa 8. 64•11 8.6411 8. 6411 8. 6411 15.3721 15.4584 15.4153 8.8908 10.4434 10.5406 1. 8542 1. 8542 

[a] Fuel pellets are numbered from bottom of fuel column. 



TABLE A-XII 

CLADDING DIMENSIONS FOR ROD IE-022 

Tube Inside Diameter Measurements Tube Outside Diameter Measurements 

Inside Diameter 

Elevation[a] 
(mm) 

Elevation[a] 
(mm) oo goo (mm} 

25.4 8.735 8.738 25 .• 4 
~U.H H./JI 8. 729 304.8 
76.2 8. 72g 8. 72g 6og.6 

1m. n R.B1 R.7fR ql4.4 
127.0 8.731 8.732 
152.4· 8.736 8. 732 . 
177.8 8.734 8.733 
203.2 0.730 0. 72g 
228.6 8~740 8.735 
254.0 8.734 8.737 
27g.4 8.733 8.739 
304.8 8. 727 8. 731 
330.2 8. 728 8. 728 
355.6 8. 724 8. 726 
381.0 8.730 8. 731 
406.4 8.733 8. 72g 
431.8 8.736 8.736 
457.2' 8.733 8.737 
482,6 8. 73~ R. nn 
508.0 8. 71~ R. nn 
533.4 8. 72g 8. 734 . 
558.8 8. 723 8.733 
584.2 8. 726 8. 728 
6og.6 ·8. 727 8. 725 
635.0 8.729 8.732 
660.4 8.732 8.735 
685.8 8.737 8.734 
711.2 8.730 0.7JS 
736.6 8.732 8.73g 
762.0 8. 731 8.735 
787.4 8. 725 8, 731 
812.8 8. 725 8. 72g 
838.2 8. 721 8. 729 
863.6 8. 72/.l 8. 72/.l 
884.0 8.732 8. 722 
91~.~ 8.731 8. 725 
g3g.8 8.732 8. 726 
g65.2 8.731 8.735 

[a] Distance from bottom of fuel rod. 
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Outside Diameter 
(mm} 

oo goo 

g_g31 g, g31 
9.919 9.944 
g,g31 9. g31 
~.q44 q, q~l 
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8-8 
Fuel rod cladding 
inside diameter 

--~ s -----s 8·7 ...._., 
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<1:: s. 8-6 
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~ 
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I E-020 

IE-021 
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Distance fron:1 Bottom of Fuel Column_ (mm) 

Fig. A-4 Cladding inside diameter and fuel pellet diameter versus axial position for Rod fE-022. 

TABLE A-XIII 

QUANTITIES OF SIMULATED FISSION PRODUCTS PER FUEL STACK 

Cesium Iodide (Csl) Cesium Molybdate (Cs 2Mo04) Tellurium (Te2) 
... -- -. ( mg) - (mg) (mg) -.---

34 + 1 457 + 1 39 + 1 

33' + 1 451 + 1 35 + 1 

35 + 1 450 + 1 37 + 1 
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TABLE A-XIV 

COMPOSITION OF TEST IE-5 FUEL STACKS 

Number of.Fuel Pellets in Fuel Stack 

Without Holes for Fission With Holes for Fission 
Products Products 

Rod Solid Cored[a] Solid Cored[a] 

IE-020 31 9 14 4 

I E-021 24 17 11 6 

I E-022 23 18 11 6 

[a] Centerline hole drilled for instrumentation. 

REFERENCE 

A-1. G. W. Gibson et al, Characteristics of UOTZircaloy Fuel Rod Materials from the 
Saxton Reactor for Use in the Power Rurst Facility, ANCR-NUREG-1321 
(September 1976). 
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APPENDIX B 

INSTRUMENTATION AND DATA ACQUISITION SYSTEM UNCERTAINTIES 

The calibration equations that were used to convert the transducer output to 
engineering units during the data reduction process for Test IE-5 are presented in this 
appendix. 

Data obtained during the conduct of the test are subjected to three significant sources 
of error: (a) instrument calibration error, (b) data system acquisition error, and (c) measure­
ment error. Estimates of both the instrument calibration error and data system acquisition 
error are provided in this appendix. The systematic measurement error is a consequence of 
the transducer design and installation. 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 measurement error is 
not available. This type of measurement error is not judged to be significant, and the 
measurements provided by the instruments should reflect values of the physical parameter 
measured within the error estimates specified in this appendix (cladding surface temperature 
measurements had the most significant systematic error primarily due to a fin-cooling 
effect). Also, this statement is made assuming that the instruments do not decalibrate prior 
to or during the experiment, however, posttest calibrations were not performed on the test 
instrumentation to verify the assumption due to the difficulties involved in handling 
irradiated components. As indicated by the test data for rod internal pressure, significant 
errors due to decalibration can occur. Data corrections or coordinate transformations were 
used to minimize these errors (Appendix C). 

Calibration equations for each instrument are presented in a tabular form in Table B-1. 
Included in the table is the 95% confidence interval estimate for each equation. The data 
system error and the quadratic sum of the data system and calibration instrument errors are 
also provided. 

The criterion for the 95% confidence interval estimate for those transducers that had a 
linear calibration equation was established using the following relation: 

L; = Y; + t(l-a/2) s Y·X [ 
1 n(x. - x/ ] - + l + -.......,..1.:__ __ = 
n nEx2 (Ex) 2 _ 
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TABLE B-I 

SUMMARY OF CALIBRATION EQUATIONS AND UNCERTAINTIES IN EXPERIM~NTAL MEA~UREMENTS FOR TEST IE-5 

Traro.sdu::er Fuel Rod OutJut Data Calibration Total 
Measurements (Serial NJmber; Number Calibra:ion Eguation (% of ~ange) Outeut S~stem Error Error Error 

(MPa) (MPa) (MPa) (MPa) 

Sys tern Pressure 0- to 69-MPa Strair Post [a] MP:t = -12.03 + 4.495 (mV) J 0 0.22 0.58 0.62 
i SN 158) +0.0144 (T) 25 9.3 0.27 0.43 0.51 

50 18.6 0.35 0.33 0.48 
75 27.9 0.46 0.45 0.64 

100 37.2 0.58 0.63 0.86 

System Pressure 0- to 21-MPa Strain Post [a] MP:t = -3.29 + 0.591 (mV)[b] ::l 0 0.11 0.07 0.13 
(SN 309) 25 . 5.2 0.13 0.05 0.14 

!iJ 10.3 0.17 0.04 0.17 
75 15.5 0.23 0.05 0.24 

100 20.7 0.29 0.07 0.30 

- ( K) (K) (K) (K) 
N Coolant Inlet Chromel-Alrumel [a] K ~ 343.6 + 24.05 (mV) · ::J 540 0.3 1.0 1.0 

and Outlet Thermocouple 25 568 0.3 1.1 1.1 
Temperature (All Devio:::es) 51} 595 0.4 1.2 1.3 

7S 623 0.5 1.3 1.4 
ltll 650 0.7 1.4 1.6 

Coolant Copper-Constantan [a] K = 0.0250 + 16.971 (mV)[c] n 0 0.12 0.010 0.12 
Temperature Thermocouple 25 5.6 0.11 0.015 0.14 
Oi7ferential (Type .T) 5D 11.2 0.19 0.034 0.19 

75 16.8 0.25 0.053 0.26 
1 ()!} 22.4 0.31 0.076 0.32 

(cm3ts) (cm3/s) (cm3/s) (cm3/s) 

Coolant Flow Turbine Flowmeter IE-019 c13/s -0.2:jQ + 0.485 (HZ) n 0 6.8 [d] [d] 
(S~ 104) 25 315.8 8.1 0.75 8.1 

5I) 631.7 10.6 1.05 10.6 
75 947.5 14.1 1.8 14.2 

100 1263.3 17.7 [d] [d] 

Coolant Flow Turbine Flowmeter IE-020 c?!s = 0.634 + 0.476 (HZ) n 0 6.8 [e] [e] 
(S~ 102) 25 317.8 8.1 0.70 8.1 

50 635.6 10.6 0.95 10.6 
75 953.5 14. 1 1.7 14.2 

100 1271.3 17.7 [d] [d] 



TABLE B-I {continued) 

Transducer Fue1 Rod Output Data Calibration Total 
Measurements !Serial Number} Nunber Calibration Eguation {% of Range) Out~ut S,lstem Error Error Error 

{cm3/s) {cm3/s} {cm3/s) (cm3/s} 

Coolant Flow Turbine Flowmeter IE-021 cm3;s = 0.111 + 0.481 (HZ) 0 0 6.8 [d] [d] 
(SN 101) 25 315.5 8.1 0.1 8.1 

50 630.9 10.6 0.1 10.6 
75 946.4 14. 1 0.15 14.1 

100 1261.8 17. 1 [d] [d] 

Coolant Flow Turbine Flowmeter IE-022 cm3;s = 0.601 + 0.481 (HZ) 0 0 6.8 [d] [d] 
(SN 103) 25 315.5 8.1 0.55. 8.1 

50 630.9 10.6 0. 75 10.6 
75 946.4 14.1 1.85 14.2 

100 1261.8 17.7 [d] [d] 

(mm) {mm) {mm) ~ 

- Cladding LVDT (SN 427) IE-019 mm= 0.07725 + 0.8475 (mV) 0 0 0.07 0.14 0.16 -w Elongation +1.5963 (mV2)[b] 25 3.2 0.08 0.08 0.11 
50 6.4 0.11 0.08 0.14 
75 9.5 0.14 0.07 0.16 

100 12.7 0.18 0.13 0.22 

Cladding LVDT (SN 428) IE-020 mm= 0.03647 + 9.83606 (mV) 0 0 0.07 0.07 0.10 
Elongation +0.6272 (mV2)[b] 25 3.2 0.08 0.04 0.09 

50 6.4 0.11 0.04 0.12 
75 9.5 0.14 0.04 0.15 

100 12.7 0.18 0.07 0.19 

Cladding LVDT (SN 429) IE-021 mm= 0.03767 + 9.7842 (mV) .o 0 0.07 0.06 0.09 
· El on·~ati on +0.7076 (mV 2)[b] 25 3.2 0.08 0.04 0.09 

50 6.4 0.11 0.04 0.12 
75 9.5 0.14 0.03 0.18 

100 12.7 0.18 0.06 0.19 

Cladjing LVDT (SN 431) IE-022 mm= ·0.05457 + 9.1959 (mV) a· 0 0.07 0.10 0.12 
Elon;~ation +1.1767 (mV 2)[b] 25 3.2 0.08 0.06 0.10 

50 6.4 0.11 0.06 0.12 
75 9.5 0.14 0.06 0.15 

100 12.7 0.18 0.10 0.21 



TABLE B-1 {continued) 

Tran;ducer Fl!lel Rod Out1=u·t Data Calibration Total 
Measurements (Seriarn Number) Number ::alibr.~tion Eguation (% of Range) Out~ut S~stem Error Error Error 

(MPa' (MPa) (MPa) (MPa) 

Fuel Rod 21-MPa Str1in Post !E-019 fiiPa = -6.451 + 3.798 (mV) 0 0 0.11 0.11 0.16 
Pressure (SN 531} -2( )2 25 5.~ 0.13 0.08 0.15 +4.92~ x 10 mV 50 lO.t 0.15 0.08 0.17 +0.8717 (T) 75 l5.E 0.17 0.08 0.19 

100 20. i 0.20 0.10 0.22 

Fuel Rod 17-MPa Str3in Post IE-020 NPa = -6.427 + 3.958 (mV) 0 0 0.11 0.12 0.16 
Pressure (SN 527) +1.257 )( 10- 3 (mV) 2 25 4.~ 0.13 0.09 0.16 

l0-2(T) 
50. 8.E 0.15 0.09 0.17 

-l. 75-l )( 75 12. s 0.17 0.08 0.19 
100 17. ~ 0.20 0.14 0.24 

Fuel Rod 17-~Pa Strdin Post I E-021 MPa. -0.743 + 3. 163 (mV) 0 0 0. ll 0.24 0.26 
Pressure (SN 528) -1.630 X l0-3(mV) 2 25 4.~ 0.13 0.48 0.50 

~ 

+5.735 X l0-3(T) 
50 8.E 0.15 0.50 0.52 
75 l2.S 0.17 0.50 0.53 

10() . 17.2 0. 20 0.74 D. 77 

Fuel Rod 17-MPa Strain Post I E-022 .,Pa. = -2.491 + l. 068 (mV) 0 D 0. ll 0.18 D.2l 
Pressure (SN 420) -4.401 X l0- 3(T) 2S. 4.2 0.13 0.14 . D. 19 

5() 8.E 0.15 0.13 D.2D 
75· 12.5 0.17 0.14 D.22 

1001 17.2 0.2D D. 18 D.27 

(K) (K) ( K) (K) 

Fuel Centerline W5%.~e/W26%R:e The.rmo- IE-0·19 K = 391.4- 49.55 (mV) Qi 34D 14 [e] [e] 
Temperature couple- (SN 578) +0.2209 (mV) 2 25 880 16 [e] [e] 

50 1420 19 [e] [e] 
75 1960 23 [e] [e] 

100 2500 28 [e] [e] 

Fuei Centerline W5%Re/W26%Re Thermo- I E-020 K = 383.4 -·47.62 (mV) 0 350 14 [e] [e] 
Temperature couple (SN 579) +0.2709 [mv) 2 25 910 16 [e] [e] 

50 1470 ·19 [e] [e] 
75 2D30 23 [e] [e] 

100 259D 28 [e] [e] 



TABLE B-1 (continued) 

Transducer Fuel Rod Output Data Calibration Total 
Mec.surements (Serial Number} Number Calibration Eguation (% Of Range} Out~ut S~stem Error Error Error 

(K) (K) (K} (K) 

Fuel Centerline Ult~asonic Thermo- IE-021 K = -2480.3 + 693.31 (mV) 0 300 11 17 20 
Temperature meter (SN 588) -15.979 (mV) 2 25 750 13 18 22 

-0.7566 (mV) 3 50 1200 18 17 25 
75 1650 24 19 31 

100 2100 29 23 37 

Fuei Centerline Ultrasonic Thermo- E-022 K = -2057.7 + 814.19 (mV) 0 300 12 30 32 
Temperature meter (SN 589) -45.867 (mV) 2 25 800 15 28 32 

+ 0. 7937 (mV) 3 50 . 1300 19 27 33 
75 1800 26 28 38 

100 2300 32 43 54 

[f] 
VI 

Cladding ChrJme 1-A 1 umel E-019 K = 365.4 + 21.10 (mV) 0 500 9 4 10 
Surface (Type K) +5.7099 X l0-2(mV)2 25 788 11 6 13 
Temperature Thermocouple 50 1075 14 8 16 

75 1363 18 10 21 
100 1650 23 12 26 

~ 

' 
Cladding Platinum/Platinum- E-020 [f] 0 500 11 4 12 
Sur:= ace 10% Rhodium (Type S) I~-021 K = 381.2 + 103.7 (mV) 25 882 13 7 15 
Temperature Thermocouple E-022 -0.7667 (mV) 2 50 1230 17 9 19 

75 1580 23 12 26 
100 2030 28 15 32 

[a] Calibrations are rlOt unique to a particular fuel rod. 
[b] This equation is applicable to a coolant inlet temperature of 589 K. 
[c] This equation is applicable to a coolant inlet temperature of 606 K. 
[d] Output outside expected range of uses~ device not calibrated for these flow rates. 
[e] Undefined, see ~ppendix A discussion. 
[f] See Appendix A discussion for high and low range accuracy. 



where 

L· 1 

y. 
1 

= 

= 

t(l-a./2) = 

a = 

Sy . .x = 

n = 

X = 

X = 

X· = 
1 

the confidence interval estimate 

calculated value of the dependent variable from the 
regression equation . 

value from a t distribution for n-2 degrees of 
freedom 

level of confidence (0;95 was used here) 

standard error of the regression of y on 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 4 for several xi values established the 95% confidence interval estimate. 

For those transducers that had nonlinear or more multivariate functional relationships 
the 95% confidence interval estimate is given by: 

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

(B-2) 

where E is the standard error for the multivariate or polynominal relationship, and the other 
terms are as defmed previously. The standard error· term contains cross terms of the 
coefficients and ind·ependent variables. The above procedures were extracted from 
Reference B-1. 

For those transducers that were not calibrated, the 95% confidence interval estimate 
was assumed to be specified by the accuracy limits as established by a manufacturer or an 
ANSI slamlau.l. The Ly pe ui.t::llUI esl·imale fur eadt lransuul:er is spedfied bduw. 

1. TEST TRAIN INSTRUMENTATION 

1.1 System Pressure 

One 0- to 69-MPa and one 0- to 21-MPa strain post type pressure transducer were used 
to monitor the coolant pressure. 
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1.2 Coolant Inlet Temperature 

Two Chromel-Alumel (Type K) thermocouples, used to measure the coolant inlet 
temperature, were not calibrated. The 95% confidence interval estimate was 0.375% of the 
reading as stated by the manufacturer when using the standard calibration tables. 

1.3 Coolant Outlet Temperature 

One Chromel-Alumel (Type K) thermocouple measured the coolant outlet tempera­
ture of each fuel rod. Again, these devices were not calibrated, and the error estimate for 
these devices was the same as the inlet temperature thermocouples, 0.375% of the reading as 
stated by the manufacturer. 

1.4 Coolant Temperature Rise 

One copper-constantan differential temperature measurement thermocouple pair was 
positioned in each flow shroud. Calibrations were obtained for the thermocouple pair from 
standard calibration tables. Inlet temperatures of 555, 583, and 606 K with a 20 K 
temperature rise were used in generating the thermocouple functions. The total estimated 
error is the square root of the sum of the squares of the calibrated error, data system error, 
and 0.375% of the thermocouple differential. The calibration error shown in Table H-1 is at 
a coolant inlet temperature of 606 K. 

1.5 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 was established 
that these deviations did not affect the measured coolant flow accuracy. 

1.6 Cladding Elongation 

A linear variable differential transformer (LVDT) was used on each fuel rod to 
measure the cladding elongation. The output of each LVDT is sensitive to the transducer 
temperature, the lead wire resistance, and the electronic settings on the ·signal conditioner 
used. The transducers used for this experiment were not calibrated at the temperature and 
with the same lead wire and electronic 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[B-21. It was estimated that this method resulted 
in a calibration function that was within 2% of the actual calibration. 

117 



2. FUEL ROD INSTRUMENTATION 

2.1 Fuel Rod Internal Pressure 

One 0- to 21-MPa strain post type pressure transducer was attached to Rod IE-019 to 
measure the fuel rod internal pressure. The remaining three rods each had one 0- to 17-MPa 
pressure transducer. The error estimates provided in this appendix represent the uncertainty 
associated with 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 
zero offsets between repeated pressure increase and decrease cycles. Sometimes this drift is 
excessive. A review of calibration data for several of these pressure transducers has shown 
that the calibration of the transducer generally does. not shift during a pressure increase 
cyde but mstead, the shttt usually occurs during the pressure decrease portion of a cycle. 
Consequently, the pressure differentials indicated durin~ 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 was probably due to the strain gauges not being integrally attached to the 
strain post in the pressure transducer. 

2.2 . Fuel Centerline Temperature 

Tungsten-rhenium thermocouples were used to measure the fuel centerline tempera­
ture in Rods IE-0 19 and IE-020. The thermocouples consisted of a short, high temperature 
section spliced to a long lead-out cable. The lead-out cable was insulated with magnesium 
oxide, 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 
tantalum sheath, berrylium oxide insulation, and stranded W5%~e/W26%Re wires. The 
result was a thermocouple with a dual calibration which responded differently to 
temperature gradients along different parts of its length. This problem is discussed in 
IE Scoping Test 2 Test Results Report[B-3 1. The estimated uncertainty for these two 
thermocouples was ±25 K over the range from 600 to 2500 K. 

Ultrasonic thermometers (UT) were used to m~asur~ the fuel· centerline temperature 
in Rods IE-021 and IE-022. The sheathed UTs were calibrated up to 2800 K using a 
combination of an optical pyrometer and a tungsten-rhenium thermocouple. The calibration 
is in the form of microsecond (p.s) response versus temperature. The thermometer output 
was converted to millivolts during the test. The instrumentation for this device was set up 
such that a change of output range occurred during the film boiling portion of the test at 
approximately 2200 K. Both devices failed during the high power steady state operation so 
only the low range calibration is presented. The UTs were expected to be accurate within 
±5%. 

2.3 Cladding Surface Temperature 

Uncalibrated Chromel-Alumel (Type K) thermocouples were used to measure the 
cladding surface temperature on Rods IE-019. The 95% confidence interval estimate was 
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0.375% of the reading, as stated by the manufacturer when using the standard calibration 
tables. Type S thermocouples were used on the remaining rods. Again, standard calibration 
tables were used to convert these data. 

Table B-I contains calibration equations for cladding surface thermocouples in the 
range of 500 to 2000 K. Not included are separate equations developed for cladding 
temperatures between 540 and 640 K. The calibration error of the narrow range equations is 
negligible compared to the equations shown in Table B-1. The narrow range equations were 
applied during the power calibration and preconditioning portions of the test. The wide 
range equations in Table lH were employed during the power ramp and high power steady 
state operation. 

Although use of the wide range equations contributed to the uncertainty associated 
with the cladding thermocouples, the accuracy was governed by the data system error and 
the systematic error of the thermocouples. During the power calibration portion of the test 
the data system was set to record cladding temperatures between 500 and 700 K. However, 
amplifier gains were altered for times subsequent to the power calibration period to record 
temperatures between 300 and 1800 K. This action decreased the accuracy of the recorded 
data and increased scatter in the cladding surface temperature data. The systematic error of 
the thermocouples is briefly discussed in Appendix A of Reference B-4. 

3. 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 B-1. A thorough discussion of the source of these errors is given in Appendix B of the 
IE Scoping Test I Report[B-5]. 

The data system amplification, gain, and offset are such that the input signal 
(transducer output) and the output signal (recorded data signal) are related by the equation: 

(B-3) 

where 

vo = recorded data signal (volts) 

y. = transducer output signal (volts) 
1 

Yz :::; offset (volts) 

G = gain. 
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The standard deviation of the recorded data signal, Sy , can then be determined 
0 

2 2 2 
S + G SV + 

G z 
G2 

v. 
1 

] 

1/2 

For the calibration, Sy., can be considered to be zero such that 
1 

s 2 + 
G 

(B-4) 

(B-5) 

. . . . ~ . 
A" test performed to evaluate the data system resulted in values of G and GSy to be 

0.6 5% and 2. 7 millivolts, respectively. z · 

For a total span (Y max - Y min) of I 000 millivolts on the recording channel, 
Equation (B-5) can be simpllfied to 

where 

....,.Y m_a_x_s_~'----.y•m_i_n % = [( .,.,.v-:-a x_--:-m--:-~·:-i-J 
2 

(0.65%) 2 + 

1/2 

(0.27%)
2

] 

y = measured signal in engineering units 

Sy = standard deviation of Y 

= mavimum Otltput ~ignal 

Ymin minimum output signal 

Ymax-Ymin = span of output signal. 

(B-6) 

The total transducer measurement uncertainty, excluding the systematic measurement 
error, can be estimated by combining the uncertainty in the calibration and the uncertainty 
associated with the data acquisition system. The "total error" is given to be the square root 
of the sum of the squares of these two errors. Table B-1 summarizes the data system error, 
calibration error, and the resultant total error for each of the transducers that functioned 
during the test. 
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APPENDIX C 

DATA REDUCTION AND EVALUATION 

All data for Test IE-5 were recorded on the PBF Surveillance System [a] in an analog 
format and then were digitized by the PBF PDP-15 data reduction facility. The resulting 
digital data were processed on an IBM 360, using the MAC/RAN Time Series Analysis 
Program[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 reductions steps were completed: 

(1) Data were converted, from data system volts to engineering 
units (SI) using the calibration presented in Appendix A 

(2) Any wild points were removed 

(3) Zero power offsets ,due t<? data system drift were removed from 
coolant 6 T data channels 

(4) SPND data were converted from detector nanoamps to neutron 
flux 

(5) , Rod internal pressure data were corrected .for large drifts due to 
instrument decalibration. 

1. REOUCED DATA FORMAT 

Three separate sets of data are stored on tape in the fonn of: 

(1) Data system volts 

(2) Engineering, units (SI) obtained by applying calibration equa­
tions tabulated in Appendix B 

(3) A set reduced from (2) with calculated parameters added for 
additionai calculations and plotting. 

[a] The Surveillance System is an FM mulitplexed data recording system that records 
channels of analoe data plus a standard time code (IRIG-A) on magnetic,tape[C-ll. 
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Each data channel of the first two sets contains approximately 25,000 data values 
with variable digitizing intervals ranging from 10 s down to 0.2 s[a]. Table C-1 shows the 

digitizing intervals used. 

TABLE C-I 

DIGITIZING INTERVALS USED FOR DATA REDUCTION IN TEST IE-5 

Period[a] {s} 
Digitizing 

Time Phase Test l!!.t.erva ~ 

0-109,520 rrecond i ti c:mi ng 

119,350-144,490 Power Ramp 

144,520-148.060 Steady State Operation 
at 65 kW/m 

148,107-148,840 Flow Reduction 

148,870-166,610 After Shutdown 

[a] The time corresponds to time on Figure 7 where time of zero 
designates the beginning of the first power increase. 

10~0 

2.0 

4.0 

0.2 

10.0 

The third data set was numerically fiJtered and reduced by a factor of 1 3 to give 
approximately 2000 points per channel. 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 fot each rod, calculated from thermal­
hydraulic data (Appt:IH.lix D) 

(3) Coolant mass flu~ for each rod, .calculated usl~g ASTEM[C-3] 

water properties and inlet temperatures, 

[a] As the data _were digitized; they were fi.ltered with a low pass filter whose cutoff 
frequency corresponds to the Nyquist frequency (1/26T). 
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In the SIDU format, each data channel has a unique number and eight character 
names. All of the data channels available are listed in Table C-II. The data channels are 
shown in Figures C-1 through C-11. 
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TABLE C-II 

DATA. CHANNEL FORMAT FOR TEST IE-5 

Azimuthal 
Tra-sducer Rod Eleva:icn Serial Orientation Data System Reduced Channel 

Comments 'arne Number '{n'_l Nurrber (Degrees) Channel NumbE·r Ta~e Number ID Units 

Corrected for Fue 1 Ro·: -P>:D IE-019 531 9-3 34 RODPRSll MPA 
zero shift 

Centerl i:ne IE-019 (.739 578 l0-3 38 FUL TMPll K 
Thermocoup]e 

Cladding IE-019 C.6L4 07-07 45° ll-3 42 CLDTMPll K 
Thermocouple 

Cladding IE-019 0.646 07-09 225° ll-4 43 CLDTMP12 K 
ThennocoJple 

..... 
N Corrected for Coolant ~ T IE-019 -452 .6-l '20 DELTMPll K 00 

zero shift 
cm3;s Fl ow:nete ~ IE-<019 ·l 0104 7-l 24 FLORATll 

L'JDT IE-019 427 ·8-1 28 CLDDSPll mm 

Corrected for Fuel Rod PxiJ IE-020 ·527 9-4 35 RODPRS2l MPa 
zero shift 

Centerline IE- J20 0 733 .579 10-4 39 FULTMP21 K 
Thermocouple 

Failed during Ciadding IE-020 0.641 nl6o7 45° 13-l 44 CLDTMP2l K 
preconditioning Themoco_ple 

Cladding lE..:020 0.646 117606 225° 13.:2 45 CLDTMP22 K 
Thermoco.ple 



TABLE C-II (continued) 

Azimuthal 
Transducer Rod Elevation Serial Orientation Data System Reduced Channel 

Ccmments Name Number -- (m) Number (Degrees) Channel Number Tape Number ID Units 

Corrected for Coolant D. T IE-020 453 6-2 21 DELTMP21 K 
zero shift 

cm3;s Flowmeter IE-C20 10102 7-2 25 FLORAT21 

LVDT IE-020 428 8-2 29 CLDDSP21 mm 

Corrected for Fuel Rod PxD IE-021 528 10-1 36 RODPRS31 MPa 
zero shift 

Failed during Centerline IE-021 0.637 588 11-1 40 FULTMP31 K 
high power Ul:rasonic 

.. steady state Thermometer .... operation 
N Cladding IE-021 0.643 117604 45° 13-3 46 CLDTMP31 K 1.0 

Thermocouple 

Cladding IE-021 0.643 117609 225° . 13-4 47 CLDTMP32 K 
Thermocouple 

Corrected for Coolent h. T IE-021 454 6-3 22 DELTMP31 K 
zero shift 

cm3;s Flowmeter IE-021 10101 7-3 26 FLORAT31 

LVDT I E-021 429 8-3 30 CLDOSP31 mm 

Corrected for Fuel Rod PxD IE-022 420 10-2 37 RODPRS41 MPa 
zero shift 

Failed during Centerline IE-022 0.637 489 11-2 41 FULTMP4l K 
hign power Ultrasonic 
steady state Thermometer 
operation 



TABLE C-.I I .{continued) 

Azimuthal 
Transducer Rod Ele11ation Serial Orientation Data System Reduced Channel 

Comments Harne Number ~m:• Nunt>er (Degrees) Channe 1 'Number Tape Number ID Units 

Fai"led during Cladding l[-022 0.538 117517 135° 14-1 48 CLDTMP41 K 
preconditioning Thermocaup 1 e 

Cladding IE-022 0·. 641 117618 45° 14-2 49 CLDTMP42 K 
Thermoccup 1 e 

Claddin!; IE-022 0.64!1 117615 225° 14-3 50 CLDTMP43 K 
Thermoccup l~ 

Cladding IE-022 0.743 117616 315° 14-4 51 CLDTMP44 K 
Thermocouple 

...,_ Corrected for Coolant b. T IE-022 ~55 6-4 23 DELTMP41 K w zero .shift 0 
c~3;s F:·owmeter IE-022 10]03 -7-4 27 FLORAT41 

LVDT IE-022 4!31 8-4 31 CLDDSP41 mm 

SPND 1 0.1588 55209 3-2 9 NTFLUXOl neutrons/cm2 ·.s 

SFND 2 ·0 . .3152 552J6 3-3 10 NTFLUX02 neutrons/cm2·s 

SPND 3 0.4717 '552)8 3-4 11 NTFLUX03 neutrons/cm2·s 

SPND 4 0.62El 55204 4-1 12 NTFLUX04 
. 2 

neutrons/em ·s 

SPND 5 0.:'84!6 56082 4-2 13 NTFLUXOS neutrons/cm2·s 

SPND 6 0. i5~ 53964 4-3 '4 NTFLUX06 neutrons/cm2·s 

SPND 7 0.~:152 539;9 4-4 iS NTFLUX07 neutrons/cm2·s 

sPrm 8 0. 4717 539E8 5-1 16 NTFLUX08 neutrons/cm2·s 



TABLE C-11 (continued) 

Azimuthal 
Transducer Rod Elevation Serial Orientation Data System Reduced Channel 

Comments Name Number (m) Number -- (Degrees) Channel Number Tape Number ID Units 

Corrected for SPtm 9 0.6281 52721 5-2 17 NTFLUX09 neutrons/cm2·s 
zero shift 

neutrons/cm2·s sPrm 10 0.7846 52768 5-3 18 NTFLUXlO 

Loop Flowmeter 2-3 6 LOPFLOOl cm3/s 

SL?-1 1-4 3 RECPOWOl MW 

Fission Break 3-1 8 FISRELOl Log 10 (R/hr) 

Monitor 

PPS #1 1-3 2 RECP0\~02 MW 
w PPS #2 2-1 4 RECPOW03 Ml~ 

0-1.67 X 105 (Time) 12-1 thru 12-4 TIME s 

Decalibrated Coolant Pressure 158 5-4 19 SYSPRSOl MPa 

Dec.:~l i bra ted Loop IPT Inlet 2-4 7 L0PPRS01 MPa 
Pressure 

Inlet 450 9-1 32 INTEMPOl K 
T1ermocouple 

Inlet 451 9-2 33 INTEMP02 K 
Thermocouple 

IPT Pressure 2-2 5 IPT -DPOl 



TABLE C-11 (continued) 

Azimut1al 
Tra-sducer Rod Eleva~icn1 Serial ·orientation Data System Reduced Channel 

Comments 'arne Number (ml Nurroer -- (Degrees) Channel Number Tape Number · ID Units 

Decalibrated (Local !=eaking o. o·:3 52 AXFLUXOl 
(continued) Factor) 

(Local Peaking a. 159 53 AXFLUX02 
Factor _I 

(Local Peaking 0. 30E 54 AXFLUX03 
Factor: 

(Local P-=aking 0.4!:2 55 AXFLUX04 
Factor) 

- (Local Feaking 0. 521 56 AXFLUX05 w 
N Factor) 

(Local Peaking 0.599 57 AXFLUX06 
· Factor) 

(Local Peaking 0.66~ 58 AXFLUX07 
Factor) 

(Local P=aking 0.724 59 AXFLUX08 
Factor) 

(Local Peaking 0.745 60 AXFLUX09 
Factor) 

(Local Peaking 0 .;392 61 AXFLUXlO 
Factor 

(Average 'leutron 32 FLUXAVER neutrons/cm2-s 
Flux) 



TABLE C-II (continued) 

Azimuthal 
Transducer Rod Elevation Serial Orientation Data System Reduced Channed 

Comments Harne NumJer -- (m) Number (degrees) Channel Number Tape.Number . ID Units 

Decalibrated (Elevation or 63 FLXMXELV m 
(continued) Peak) 

(Peak tn Average) 64 FLUXMAX 

Peak= 1.338 (Average Rod Power) IE-019 65 RODHROl kW/m 
Average 

(Average Rod Power) IE-020 66 RODPWR02 kW/m 

(Average Rod Power) IE-021 67 RODPWR03 kW/m 

(Average Rod Power) IE-022 68 RODPWR04 kW/m -w (Average of all (P.verase Rod Power) 69 RODPWRAV kW/m w 
four rods) 

(Standard deviation 70 RODPWRSD kW/m 
of rod power) 

(Mass flux) IE-019 71 MASFLXOl kg/s·m2 

(Mass flux) IE-020 72 MASFLX02 kg/s·m2 

(Mass -=1 U X) IE-021 73 MASFLX03 kg/s·m2 

(Mass flux) IE-022 74 MASFLX04 kg/s ·m 2 

(Average of all (Mass flux) 75 MASFLXAV kg/s·m 2 
four rods) 
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Fig. C-2 Fuel rod internal pressure for all four rods during Test IE-5. 
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Fig. C-5 Coolant inlet temperature and coJlant temperature increase for all four rods during Test IE-5. 
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Fig. C-6 Coolant flow rate for all four rods during Test IE-5. 
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Fig. C-7 Coolant mass flux for all four rods during Tes: £E-5. 
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Fig. C-8 Fuel rod peak power for all four rods during Test IE-5. 
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Fig. C-'9 N~ut:on flux at several axial locations during Test IE-5. 
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Fig. C-10 Reactor power and loop fission activity during Test IE-5. 
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Fig. C-1 1 Peak to a•erEp, peak ele>.<ation, and average neutron flux during Test IE-5. 



2. DATA REDUCTION 

Corrections were applied to some of the channels to eliminate obvious errors in the 
data. Each of the corrections are discussed below. The first correction was wild point 
removal. During the digitizing process, particularly at the beginning or end of an analog 
tape, wild points were sometimes introduced into the data. Most of these points were 
removed using the MAC/RAN processor following conversion to engineering units. 

The second step was elimination of zero power offsets in coolant 6T data. These 
transducers have a very small output. Therefore, the signals must be recorded through high 
gain amplifiers. For this reason, these transducers are subject to small electronic zero drifts. 
This zero shift was corrected by adding an offset to the data so that the temperature rise is 
zero at zero reactor power. The constants that were applied are shown in Table C-111. 

TABLE C-II I 

ZERO POWER OFFSET CORRECTIONS APPLIED TO DIFFERENTIAL 
THERMOCOUPLE CHANNELS FOR FIRST AND SECOND HALVES OF TEST IE-5 

Corrections[a] 

Instrument Rod 0-75600 s 75600-166610 

SN 452 IE-019 -0.4 -0.4 

SN 453 IE-020 -0.122 -0.122 

SN 454 IE-021 -0.38 -0.6 

SN 455 IE-022 -0.35 -0.6 

[a] These corrections were added to the data so that the average 
instrument signals at zero power were zero. 

s 

The SPND data were then converted from detector nanoamps to neutron flux. The 
conversion factors were determined trom comparisons of the SPNDs and a cobalt wire 
mounted in the Test IE-5 hardware. The fluence was then determined from a gamma scan of 
the cobalt wire. Neutron flux was calculated by dividing 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. 
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TABLE C-IV 

CONVERSION FACTORS RELATING SPND CURRENT AND 
NEUTRON FLUX IN TEST IE-5 

Conversion Factor[a] 

Instrument ( 1020 neutrons/cm2·s per ampere) 

SPND 1 3.473 

SPND 2 3.712 

SPND 3 3.862 

SPND 4 4.002 

SPND 5 4.194 

SPND 6 Failed 

SPND 7 3.457 

SPND 8 3.714 

SPND 9 3.905 

SPND 10 3.996 

[a] The SPND data were multiplied by this constant to produce neutron 
flux. 

Rod internal pressure data were also corrected for zero shifts due to decalibration of 
the pressure transducers. The correction was determined 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 perfect gas 
equation, 

P - pRT (C-1) 

where 

p = gas pressure (MPa) 

p = gas density (kg/m3) 
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R = gas constant (m3 /kg·K) 

T = temperature (K). 

The measured pressure (P m) was assumed to be 

or 

where 

bandb1 = 

t 

c = 

p = p + bt + b t 2 + c m 1 

quadratic time drift coefficients 

time from start of test (s) 

zero shift from the time of pressurization of the 
rod to the start of the test. 

(C-2a) 

(C-2b) 

Since the average temperature of the gas cannot be measured, it has been assumed to be a 
quadratic function of average fuel rod power as 

T = T. + d ~ + d ~2 
1n 1 (C-3) 

where 

= average fuel rod power (kW /m) 

dandd 1 = quadratic power coefficients 

= inlet temperature (K). 

When Equation (C-3) is substituted into (C-2b) and a general set of coefficients applied, the 
. measured pressure is 

(C-4) 

where 

= c 

= pRd 

= pRd 
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a3 = pR 

a4 = b 

as = by 

The first coefficient, a0 , was determined by using the cold (300 K) fill pressure adjusted to 
hot (606 K) conditions at the start of the test, i.e. 

(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 si.Ich as the 
gap conductance segment and. the power ramp. The results of this analysis are given in 
Table C-V. 

The corrected pressure (P) was then calculated .for the entire test using 

(C-6) 

The corrected pressure is presented in the text. 

148 



TABLE C-V 

MULTIPLE REGRESSION ANALYSIS RESULTS FOR TEST IE-5 FUEL ROD INTERNAL PRESSURE 

Regression Equation Coefficients[~] 

Rod ao a, a2 a3 a4 a5 

IE-019. 2.60 0.198 -0.171 X 10 -2 0. 282 X 10- l 0.944 X 10-4 -0.337 X 10-10 
2.69 

IE-020 1. 30 0. 601 X 10-l -0.386 X 10-3 . -1 0.264 X 10 -0.211 X 10-5 0·.338 X 10-10 
2.13 

IE- 021 0.70 0. 555 'X 10- l -0. 530 X 10-3 0.110 X 10 -2 0.335 X 10 -6 -0.920 X 10-11 
0.04 - 0.586 X 10-l ~ 

IE-022· 0.64 -0.517 0.836 -0.799 0.873 \0 

0.79 

[a] 2 t 5 The regression analysis mode1 was P = a1 ~ + a2 ~ + a3 Tin + a3 Tin + a4 + a5 t where a
0 

was 
determined using cold fi 11 ·p:"essure~ 



3. COORDINATE TRANSFORMATION 

Coordinate- transformations were used in some of the cladding elongation and rod 
internal pressure plots. These were not data corrections because no changes were made to 
the data. They were made, particularly in the case of comparisons with FRAP-T4[ C-4 1 
results, to minimize the effects of small uncertainties in transducer output or to eliminate 
the effect of heating the fuel rods to test conditions prior to nuclear operation. 

For the pressure transducer, the transformations minimize the uncertainties in 
transducer zero shift prior to the test [ a

0 
in Equation (C-4)] and to minimize the slight 

differences in fill gas pressure between the rods. The first transformation was applied as 
follows. At ope.rating temperatures, prior to an increase in fuel rod power (at time= 0), the 
corrected pressure is 

where 

Po = 

To = 

•I• 
ao = 

corrected pressure at zero power under hot conditions at 
start of the test (MPa) 

initial gas density (kg/m3) 

rod temperature at the st~rt of the test (605 K) 

actual difference between measured and hot pressure. 

(C-7) 

The quantity a~- a0 should be zero if Lhe hul pressure ls determined exa<.:lly in 
Equation (C-5). If pressure data is presented in terms of pressure differences, ie. 

P - P = pRT - p RT 
0 0 0 '. (C-8) 

* . 
the offset prior to the test (a0 - a

0
) is eliminated. Therefore, the difference in corre~ted 

pressure is equal to the difference in actual pressure. Of course, if there were no 
uncertainties involved in calculating in Equation (C-5)1 this would be unnecessary since P m 

in Equation (C-6) would equal the actual pressure. However, with this transformation all the 
pressure differences are equal, 

Pm - P (measured) = P (actual) - P (actual) t. P - P (C-9) 
0 0 0 

The second transformation minimizes the effects of slight differences in the initial tm 
gas pressure of the rods. If Equation (C-8) is divided by P 

0
, the following is obtained when 

* . -a0 - a0 ts zero 
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p - p 
---.~-=-o _ p T 

Po· - poTo- (C-1 Oa) 

If written in terms of void volume (V 
0

) and change in void volume (t::;.V 
0

), it is 

p ; p 0 = v ~ 0 l:\ v (I_) -1 . 
o o o T 

0 

(lOb) 

Therefore, if the void volume or initial fill gas pressure is slightly different for each rod 
(P 

0 
and V 0 for each rod) that difference is minimized. Using the coordinate transformation 

of Equation (C-lOb), only the changes in gas temperature and void volume are important. 
The P 0 's for each rod are given in Table C-VI. 

TABLE C-VI 

TEST IE-5 REFERENCE INITIAL CLADDING STRAINS 
AND ROD INTERNAL PRESSURESJa] 

-

Initi a 1 Initial Initial Cladding 
. Pressure ( P ) Elongation (llL

0
) Strain, ~:: . 0 3 0 

Rod (MPa) (mm) {10- mm/mm} 

IE-019 16.60 0.806 0.83 

IE-020 5.00 1. 130 1. 16 

IE-021 5.00 4.740 4.89 

IE-022 5. 12 3.330 3.43 

IE-019 (FRAP-T4)[b] 16.84 1. 418 1. 46 

IE-020 (FRAP-T4) 5.00 1. 418 1.46 

IE-021 (FRAP-T4) 5.00 1. 418 1. 46 

[a] 605 K, zero power. 

[b] See Appendix E for a discussion of the fuel rod behavior model 
FRAP-T4. 

A transformation was also applied to the cladding elongation data. Cladding thermal 
strain, referenced to the cold rod tempcrntures, cun be written 
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where 

€ 

T 

= strain= cladding -elongation divided by initial clad­
ding length 

= expansion coefficient of the cladding during the test 
(during PCI it will be a combination of both thefuel 
expansion and cladding expansion coefficients) 

= 

= 

= 

expansion r.np,fficient nf the cladding during heat up 
and changes in inlet te~perature . 

temperature of the cladding 

inlet temperature 

Tcold = cold temperature (300 K). 

Defining an initial strain at the start of the test, 

thP. clifference is 

(C-11) 

(C-12) 

(C:-B) 

In this form, effects of growth during heatup have been eliminated and the effects of 
changes in inlet temperature [cx0 (Tin- T0 )] have been isolated. For actual cladding growth, 
cx

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 and inlet 
temp~ri!ture increases. The hardware is mostly zircaloy so that the measured growth is 
approximately zero. Thus, for the measured values of strain, cx0 is approximately zero. If it 
is not exactly zero, ex pressing cladding strain in lerms uf E4 uatiuu ( C" 13) minimizes the 
effect of hardware growth, since (Tin- T0 ) is small (<10 K), except for the gap conductance 
testing. This is particularly important in the case -of comparisons with FRAP-T4 since a

0 
is 

not zero in the calculations. The test assembly is not modeled in FRAP so the cx
0 

used in the 
calculations is the actual expansion coefficient. 

Cladding elongation data are presented in terms of a length change, t:::. L- t:::.L0 {in mm), 
and a change in strain (in%) given by 

£ - £ = o L (C-14) 
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where 
€ 

~L 

~L 
0 

L 

= 

= 

= 

= 

= 

cladding strain 

cladding strain at the start. of the nuclear portion of the 
test shown in Table C-VI 

cladding elongation 

cladding elongation at the start of the test 

cladding cold length (970 mm). 
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APPENDIX D 

POWER CALffiRATION RESULTS 

Fuel rod power was calculated using a combination of several techniques. During the 
test, except for the flow reduction phase, fuel rod average power was calculated from a 
thermal balance. During the flow reduction phase, average power was determined from 
SPND 9 current using a linear regression equation relating the two variables. Local rod 
powers were determined from both cobalt flux wires and SPNDs. 

1. FUEL ROD AVERAGE POWER 

Each of the four fuel rods were instrumented for a thermal balance. Each fuel ro.d was 
surrounded by an individual flow shroud which was instrumented with a differential 
thermocouple pair and a flowmeter. The test assembly was instrumented for coolant inlet 
temperature and pressure. All of these instruments were available throughout the test except 
for the system pressure transducers. No usable pressure data was recorded. A constant 
pressure of 14.8 MPa was assumed based on PBF plant instrumentation. 

Fuel rod average power was calculated from. the thermal balance using a computer 
program which incorporates the equations &resented in Reference D-1 and water properties 
determined from the ASTEM subroutines[ -21. The computer program used the decimated 
data (Appendix C) for the preceding instruments and generated individual fuel rod average 
power, average fuel rod average power, and individual flow shroud coolant mass fluxes. 

During the flow reduction phase of the test, saturated conditions existed at the outlets 
of the flow shrouds preventing valid thermal balances. A set of linear regression equations 
relating SPND 9 current and individual fuel rod average powers were generated using the 
data from the previous parts of the test. These equations, ~ven in Table D-1, were used to 
calculate fuel rod average.powers during the flow reduction. 

Since individual fuel rod power data were 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 ~ue to instrument drift or asymmetry in the n~utron flux due to control rod changes; 
there were none. The ratios of individual fuel rod power to average rod power, shown in 
Table D-11, remained constant within the listed uncertainties. 

The uncertain ties in rod power for Rods lE-O 19 through IE-022 were calculated using 
both instrument calibration errors and data acquisition errors. These results are shown in 
Table D-Ill. 
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TABLED-I 

LINEAR REGRESSION EQUATIONS RELATING NEUTRON FLUX 
MEASURED BY SPND 9 AND AVERAGE FUEL ROD POWER 

Rod 
Number 

IE-019 

IE-020 

I E-021 

Tes t[a] Phase 

Preconditioning 

Regression[b] 
Equation 

y = 8.980 X +0.40 

Power Ramp, Steady State y = 8.723 x +0.4.3 
Operation and Flow 
Reduction 

Preconditioning y = 9.877 X +0.46 

Power Ramp, Steady State y = 9.374 x +0.80 
Operati6n and Flow 
Reduction 

Preconditioning y = 8.941 X +0.25 

Power Ramp, Steady State y = 8.800 x +0.28 
Operation and Flow 
Reduction 

I E--022 · Precondi ti oni ng y = 8~901 X +1.07 

Power Ramp, Steady State y = 9.622 x -0.76 
Operation and Flow 
!{eduction 

Average Preconditioning y = 9.175 X +0.54 

Power Ramp, Steady State y = 9.130 x +0.36 
Operation and Flow. 
Reduction · 

95% Confidence 
Interva 1 ( kW/m) 

+ 0.40 

+ 0.49 

+ 0.58 

+ 0.98 

+ 0.37 

+ 0.36 

+ 1.23 

+ 0.84 

+0.47 

+0.44 

[a] The gap conductance data 1Was not included in the "Preconditioning 
·Ph,asell regression. · · 

[b] y = Average fuel rod power (kW/m) 

x = Neutron flux neutro~s/cm2 ·s measured by SPND 9 divided by 1014 . 
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Rod 

Rod 

Rod 

Rod 

TABLE O-Il 

RATIOS OF INDIVIDUAL FUEL ROD POWER TO AVERAGE FUEL ROD POWER 

Power Ratios 

IE-019/Average 

IE-020/Average 

IE-021/Average 

IE-022/Average 

Mean 95% 

0.967 

1. 065 

0.947 

1. 022 

TABLE 0-I II 

UNCERTAINTIES IN FUEL ROD POWER[a] 

Confidence Interval 

+0.020 

+0.037 

,, +0. 026 

+0.050 

Average Fuel Rod Power (kW/m) 95% Confidence Level (kW/m) 

+ 1.47 0.0 

29.2 

60.7 

.+ 1. 53 

+ 1.68 

'[a] At system conditions of: pressure, 14.8 MPa; inlet temperature, 
600 K; and flow rate, 1000 cm3/s. The tabulated results for fuel 
rod power and total error are for the avera'ge coolant differential 
temperature and total error presented in Appendix A. The variation 
of the error between the rods was insignificant. 

[b] Total error is based on uncertainties in transducer calibration, 
data acquisition, and a propagation of these uncertainties in the 
thermal balance. 

2. 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 instantaneous peaking factors which were then multiplied by average 
fuel rod power to obtain an instantaneous local power. The instantaneous peaking factors 
were calculated by fitting a sine function to the output from each column of SPNDs. The 
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sine function was then divided by the integral average of the fit over the length of the fuel 
to normalize the profile (see Reference D-1 for a discussion of the techniques), 

Analysis of th.e two instantaneous profiles as a function of power indicated that any 
appreciable skewing in local power, due to change in control rod position, was li!llited to a 
rod less than 10 kW/m. Above that level, any change in local power was minor. In going 
from a fuel rod power of less than 30 kW/m, the ratio of the peak to average changed less 
than 0.5%. Even this change is limited to the lower half of the rod; so that the normalized 
local power on the upper h~f of the rod remained fixed. 

As shown in Table D-IY, the uncertainties in the normalized local power as 
determined from the SPNDs in the vertical column of 225° are extremely high. The exact 
cause for this problem is not fully understood, but is a consequence of the delay of two 
weeks between the t1rst half and the second half of the test. For the first half of the test, the 
peak to average was approximately 1.30 while the peak to average for the second half 
was 1.35. The data for the second half are more noisy, so a degradation of one of the SPND 
amplifiers is suspected as the cause of this shift. This problem was not seen in the SPNDs at 
45°. Therefore, instantaneous local power was determined from the SPND column at 45° 
only. 

A comparison of the local power profiles from the two columns of SPNDs and the 
four cobalt wires extending the length of the fuel rods indicated that the azimuthal flux 
profile did not show any measureable asymmetry or tilting with change in power. Each 
cobalt wire mounted on the flow shroud of Rods IE-019, IE-020, IE-021, and IE-022 at the 
same radial distance from the centerline of the test assembly as the centerline of the fuel 
rods, gave nearly identical average neutron fluences (the deviation was less than 2.3%, well 
within the uncertainties of the measured fluences). 

, . 
Local power profiles versus axial elevation from both SPNDs and average of the .four 

wires are shown in Figure D-1 and tabulated in Table D-IY. 
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TABLE D-IV 

LOCAL POWER PROFILE WITH UNCERTAINTIES 

Instantaneous Local Power From SPNDs Integrated Profile 

Column a~ 45°[a] Column at 225o[b] From an Average of Flux Wires[c] 

Elevation[d] 
Normalized Local 

Power 
S5% Normalized Lo~a1 

Confidence Intervals Power 
95% Normalized Local 95% 

Confidence Intervals Power· Confidence Intervals 

0.013 0.34C 0 . .475 0.503 2.103 
0.159 0.82t 0.045 0.869 0.939 0.824 0.017 
0.306 1.20] 0.047 1. 177 0.575 1.208 0.031 
0.452 1.331 0.051 1. 300 0.890 1. 328 0.034 
0. 521 1. 32( 0.135 l. 275 0.671 1. 301 0.024 
0.599 1. 24t 0.330 l. 187 0.361 1.190 0.036 
0.662 1. Hi 0.365 1.077 0. 181 1.098 0.024 
0. 724 0.981 0.226 0.943 0.125 0.954 0.060 
0.745 0.92( 0.144 0.894 0.129 0.902 0.059 
0.892 0. 45~ 0.535 0. 517 . 0. 201 0. 504 0.124 

[a] Average Peak Elevation: 0.432 + 0.050 m 
Average Peak to Ave·rage: l. 323 + 0.064 

[b] Average Peak Elevation: 0. 411 + 0.024 m 
Average Peak to Av~rage: 1.428 + 0.175 

[c] Average of the four wires 
Average Peak Elevation: 0.456 + 0.069 m 
Average Peak to Av~rage: 1.338 + 0.0557 

[d] Measured from the bottom of the fuel rod. 
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Fig. D-1 Normalized local fuel rod power for fuel rod average powers above 10 kW/m determined from self-powered 
neutron detectors and cobalt flux wires versus axial elevation. 
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APPENDIX.£ 

FRAP-T4 COMPUTER CODE MODEL DESCRIPTION 

Calculational results for Rods IE-0 19, IE-020, and IE-021 were obtained using 
FRAP-T4, a fuel rod behavior code. FRAP-T[E-l 1 is a FORTRAN IV computer code 
developed to describe the transient behavior of nuclear fuel rods. The version used in this 
report La] is the fourth in a series of fuel codes with each succeeding version incorporating 
the most recent advances made in fuel rod response analysis. 

The FRAP-T4 computer code is a composite of various subcodes that are used to 
predict zircaloy oxidation and the thermal and mechanical response of a fuel rod to input 
power and flow conditons. The code is designed to allow the user to specify a few fuel 
behavior submodels, heat transfer correlations, ·axial and radia(power distributions, and the 
physical characteristics of the fuel rod (e.g. dimensions, fuel-cladding gap, etc.). The 
FRAP-T4 code differs from the FRAP-T2[E-l 1 code in the following areas important for 
analysis of Test IE-5: (a) the time at which film boiling initiates and the length of the film 
boiling zone may be prescribed by the user, (b) a central void in the fuel may be modeled, 
and (c) stress induced fuel deformation, fuel relaxation, and cladding creep are considered in 
FRAP-T4. 

1. FUEL ROD MODEL 

For this analysis,· the fqel rods were modeled using 11 radial and 16 axial nodes. 
FRAP-T4 input included the nominal measured conditions of coolant flow, coolant inlet 
temperature, coolant pressure, fuel rod average power, and axial flux proflle. The 
Westinghouse W-3 [ E-3 1 critical heat flux (CHF) correlation (with the cold wall factor) and 
the Groeneveld tubes and annulus fllm boiling heat transfer correlation (Version 5 .9)[ E-4 1 
were used. A void at the fuel centerline for a centerline thermocouple or ultrasonic 
thermometer was modeled for all rods. The Ross and Stoute[ E-5] gap conductance model 
was selected. Gas within the rod was assumed to be in instant pressure equilibrium 
throughout the rod. 

Two fuel deformation models are available in FRAP-T4. Both models assume radial 
cracks in the fuel extend "from the fuel surface to the fuel centerline. The standard model 
employs the nominal cold fuel-cladding gap in calculating mechanical and thermal behavior. 
The second ·model is an option in FRAP~T4 called the Coleman Fuel Relocation Model 
which was developed empirically from steady state fuel rod data. It assumes that fuel pellet 
cracking produces radial relocation of the pellet pieces and reduces the nominal gap to an 

[a] FRAP-T4, MOD004, Version 05/10 on Tape T9V720 was used in conjunction with 
MATPRO MOOOOR[E-2]. 
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effective gap which describes the observed fuel rod thermal and mechanical behavior. The 
nominal gap is reduced by increasing the effective fuel pellet diameter. The increase in 
diameter of the fuel pellet, t:.D;is given by 

~ D = G-- 0.005 (D) (E-1) 

where 

G = nominal cold fuel-cladding diametral gap (mm) 

D = nominal cold fuel pellet diameter (mm). 

The steady state calculations of each HIUtld cuiufldltd with ccntcrlit'1c temperature 
and fuel rod elongation data at various power levels during the preconditioning period of the 
test are given in Section VI. 

Fuel rod average power was calculated from the experimental data using steady state 
coolant flow and coolant . temperature rise measurements. The axial and radial power 
profiles used in the calculatio11s are shown in Tables E-1 and E-11. The radial profile was 
obtained from neutron transport calculations. The axial flux profile was determined by 
averaging results from a gamma scan of four cobalt wires that were positioned in the reactor 
test space during the test. Evaluation of the axially distributed self-powered neutron 
detector data and the flux wire data showed that the axial flux profile was not effected 
significantly by changes in the reactor power level. Consequently, the flux wire data, 
although they represent an integral of the power profile, were the best available measure of 
the rod axial power distribution (see Appendix D). 

FRAP-T4 input to model the fuel rotls, summarized in Table E-III, included the fresh 
fuel pei1et nominal dimensions and cladding inside antl uutslde diameter measuremwls 
taken prior to testing in the PBF reactor. These data are summarized in Section II, Table I, 
and in Appendix A. 
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TABLE E-I 

AXIAL POWER PROFILE FOR TEST IE-5 FRAP-T4 CALCULATIONS 

f• Elevation (m above bottom of fuel rod) Local Power/Average Power 

0.0 0.0 

0.0276 0.0 

0.0277 0.477 

0.0576 0.523 

0.1076 0. 641 

0.1576 0.783 

0.2076 0.929 

0.2576 0.062 

0.3076 1.171 

0.3576 1. 251 

0.4076 1. 301 

0.4276 1. 312 

0.4476 1. 318 

0.4676 1. 319 

0.4876 1. 316 

0.5076 .1. 308 

·0.5099 1. 296 

0.5476 1. 280 

0.5676 1. 260 

0.6076 1. 209 

0.6576 1. 127 

0.7076 1. 029 

0.7576 0.915 

0.8076 0.789 

0.9062 0.505 
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TABLE E-II 

RADIAL POWER PROFILE FOR TEST IE-5 FRAP-T4 CALCULATIONS 

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

0.0 - 0.6178 0.870 

0. 6178 - l. 2355 0.880 

l. 2355 - l. 8533 0.896 

l. 8533 - 2.4711 0.928 

2. 4711 - 3.0888 0.970 

3.0888 - 3.7066 1.030 

3.7066- 4.3243 l. 110 

3. 7066 ... 4;32~3 l. 130 
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TABLE E-III 

FRAP-T4 CODE INPUT FOR TEST IE-5 POSTTEST ANALYSIS 

Fuel Rod 

IE-019 IE-020 IE-021 

Fuel Region 

Active length (m) 0.8786 . 0. 8786 0.8786 
Materia 1 uo2 uo2 uo2 
Pellet height (mm) 15.240 15.240 15.240 
Pellet diameter (mm) 9.931 9.931 9.995 
Pellet shoulder radius (mm) 3.302 3.302 3.302 
Dish depth (mm) 0.343 0.343 0.342 

Density (lo- 3 kg/m3) 10.4211 10.3679 10.3698 
Theoretical density (%) 94.0 94.0 94.0 
Roughness (Jlm) 2.16 2. 16 2.16 

Cladding Region 

Material Zircaloy-4 Zircaloy-4 Zircaloy-4 
Cladding ID (mm) 8.748 8.748 8. 751 
Cladding OD (mm) 9. 931 9.931 9.995 
Roughness ( Jlm) 1.14 1. 14 1.14 

,_. 
Plenum Region 

Gas quantity (moles) 0.0215 0.006366 0. 006775 
Plenum volume (ml) 5~37 5.37 5.37 
Gas pressure (MPa) 8.3 2.5 2.5 
Spring length (mm) 57.20 57.20 57.20 
Spring coil OD (mm) 8. 72 8.72 8. 72 
Spring wire diameter (mm) 1.72 1.72 1.72 
Number of spring coils 15 15 15 

Flow Shroud 

Coolant flow area (mm2) 131.2 131.2 130.2 
Hydraulic diameter (mm) 6.368 6.368 6.305 
Equivalent heat~d di~meter (mm) 16.82 16.82 16. 587 

.~.t~?d.Y State O~erati on Conditions 

( Coolant inlet temperature (K) 605 .. 0 605.0 605.0 
Coolant pressure (MPa) · 2 14.8 14.8 14.8 
Coolant mass flux (kg/s·m ) 4880 5050 4832 
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2. EXPERIMENT CONDUCT MODEL 

Steady state analyses using FRAP-T4 were made using incremental steps in fuel rod 
average power of 5 kW /m, from zero to a maximum of 50 kW /m. At each step, steady state 
fuel rod parameters were calculated. These parameters (cladding surface temperatures, 
cladding elongation, etc.) at each 5 kW /m power step were used to generate the data for the 
steady state comparisons. The data were compared to measurements during the first power 
cycle, the last two cycles of the preconditioning phase, and the ramp to a rod peak power 
of 50 kW/m. · 

To model the transient fuel rod behavior during the flow reduction, the experimen­
t::~lly rlr.tr.rmined ft1el rod average power1 ~o9lant pressure, coolant inlet temperature, and 
coolant How history during the lluw reuuctio1i ~t~ps were u~eu. EAJ:lt:HiunsJit.llly, the on::~et 
of film boiling occurred for Rods IE-019, IE-020, and IE-021 at mass flow rates of 
1275 ± 30, 1315 ± 30, and 1210± 30 kg/s-m2, respectively. FRAP-T4 using the W-3 
correlation with the cold wall factor predicted that the onset of CHF would occur at 2775, 
2813, and 2260 kg/s-m2, respectively. · 

To improve the analysis of fuel behavior during film boiling, the FRAP-T4 code was 
modified to use the film boiling heat transfer coefficients only after the time DNB was 
measured to. occur during the experiment. At the flow rate where DNB occurred during the 
experiment, a logic switch was used in FRAP-T4 to force speclfic axial locations along the 
fuel rod into film hoiling. The transition to film boiling cannot be modeled by this method, 
but equilibrium conditions during film boiling should be more· correctly cakulaleu. 
Postirradiation examination of the fuel rods provided measurements of the axial extent of 
the film hoiling zones for input to the FRAP-T4 code. The film boiling zones for 
Rods IE-019, IE-020, and IE-021 were modeled exactly in FRAP-T4 by selecting the node 
structure to coincide approximately with measured film boiling zones[a]. The time 
dependent coolant flow, inlet enthalpy, and fuel rod power that occurred in the test were · 
used as input to FRAP-T4. Figures E-1 and E-2 compare the coolant mass t1uxes and. fuel 
rod peak powers for Rods IE-019, IE-020, and IE~021 during the flow reduction to the same 
quantities input to FRAP~T4. 

[a] Rod IE-022 can be compared with Rod IE-020 by noting that Rod IE-022 had a fllni 
boiling z·one that was 8.8% longer than Rod IE-020. 
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