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N ABSTRACT .

This report describes the results of the fourth test;‘Test IE-2,
conducted by the Thermal Fuels Behavior Program of the Water Reactor
Research Program of EG&G Idaho, Inc. The research is sponsored by the
Nuclear Regulatory Commission and is part of the NRC's Irradiation
Effects Test Series. This test used four,'0.97<m long, PWR-type fuel
rods with differences in diametral gap and cladding irradiation. The
objective of this test was to'provide information about the effects of
these difterences on' tfuel rod behavior during quasi-equilibrium and film

-boiling operation. |

The fuel rods were subjected to a series of preconditigning power
~cycles of less than 30 kW/m. Rod powers were then increased to 68 kW/m
at a coolant mass flux of 4900 kg/s-mZ. After one hour at.68 kW/m, a
power-cooling-mismatch sequence was initiated by a flow reduction at
constant power. At a flow of 2550 kg/s-m2, the onset of film boiling
occurred on one rod, Rod IE-011. An additional flow reduction to

2245 kg/s-m2 éaused the onset of film boiling on the remaining three
rods.

Data are presented on the behavior of fdel rods during-quasim'
equilibrium and during film boiling operation. The effects of initial
gap size, cladding irradiation, rod power cycling, a rapid power in-
crease, and sustained film boi]ing are discussed. These discussions are
based on measured test data, preliminary postirradiation examination
results, and comparisons of results with FRAP-T3 computer model cal-
culations.
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. SUMMARY

.This report describes the resu]ts of the fourth test, Test IE-2,
in the Irradiation Effects Test Series, which is part of the Thermal
Fuels Behavior Program béing conducted at the Idaho National Engineering
Laboratory by EG&G Idaho, Inc., to define the behavior of fuel rods
during transient operating conditions. Research is being sponsored by
the Fuel Behavior Program of the Nuclear Regulatory Commission. The
objective of this test was to provide inférmation about the effects of
diametral gap and cladding irradiation on fuel rod behavior during
quasi-equilibrium and film boiling operation. |

Test IE-2 was conducted in October, 1976, in the Powér Burst
Facility (PBF) reactor at the Idaho National Engineering Laboratory. A
Four rods designated IE-011, IE-012, IE-013, and iE-O14 were used. -Rods
IE-011 and IE-012 were fabricated from irradiated zircaloy-4 cladding;,
and Rods IE-013 and IE-014 were assembled from unirradiated zircaloy-4
cladding. All rods contained fresh fuel. The-fuel pellet diameters
were ground so that Rods IE-011 and IE-013 had small diametral gaps ‘
(0.10 mm) and Rods IE-012 and IE-014 had large diametral gaps.(0.34'mm).
The fuel rod upper end caps contained a préssure transducer. The rods
were repressurized with an argon and helium gas mixture which had a
thermal conductivity similar to fission gases extracted from similar
Saxt@n fuel rods. - ' '

The four rods were mounted in the PBF in-pile tube which is con-
"nected to an external loop capable of providing PWR coolant conditions.:
Each of the rods was surrounded by a separate flow shroud so that they
were hydraulically and thermally isolated from one another. - The rods
and the shroud. assembly were instrumented to monitor fuel rod behavior.

and coolant conditions.

The firs; part of the test consisted of about thirty-seVeh hours of
preconditioning at various peak rod powers not exceeding 30 kW/m. This
period was fol]owed by a power ramp to 68 kW/m at a ramp rate of 3 kW/m

per minute. The rods were held at 68 kW/m for one hour and then were



subjected to. a power-cooling-mismatch'sequence initiated by a flow"
reduction to induce film boiling. At a.coolant flow of 2550 kg/s-mz,
the onset of film boiling occurred on Rod IE-011. During a further flow
reduction to 2245 kg/s-mz, film boiling was indicated on the remaining
rods. After one minute of film boiling on Rod IE-011, the reactor was
rapidly shut down. Rod failure was not indicated by test instruments or
found during the posttest examination. | '

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

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

iv
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1. INTRODUCTION

This document describes the results of the Irradiation Effects
‘Test 2 (Test IE-2), the fourth test.in the Irradiation Effects (IE) Test
Series. The tests are being conducted at the Idaho National Engineering
Laboratory under the Thermal Fuels Behavior Program by EG&G Idaho, Inc.
This test series, part of the Nuclear Regulatory Commission's Fuel
Behavior Program[1], is ‘designed to study the behavior of irradiated and
unirradiated fuel rods under abnormal reactor conditions. The results
of these tests will be used in the development of verified analytical '
models for predicting the behavior of irradiated fuel rods. A more
-comprehensive discussion of the scope and objectiVes of this test series

[2]

is given in the Irradiation Effects Experiment Requirements Document

The objective of Test IE-2 was to provide information on fuel rods
with differences in diametral gap size and cladding irradiation. The
data include (a) steady-state data at various fuel rod power levels, (b)
~ data on petlet-cladding mechanical intéraction (PCI) during transient
operating conditions, and (c) data for post-DNB fuel rod behavior at
 high power (approximately 68 kW/m peak). -

Four PWR-type fuel rods were mounted in ‘the in-pile tube in the
Power Burst Facility (PBF) reactor. These rods, contained in individual
nominal operating conditions. The fuel rods and shroud assembly were
instrumented to monitor fuel rod behavior and coolant conditions. A
complete description of the fuel rods-and test train is contained in

Section 2.

The test consisfed of a series of precondftioning power cycies.
followed by a rapid power ramp, high powef steady-state period, and a'
power-cooling-mismatch (PCM) sequence initiated by a.f]ow reduction to. .
produce film boiling while at high .power. A piggyback gap conductance
test, which used a sjnuspidal'variation of reactor power to produce ‘gap
conductance data, was run early in the preconditioning period. The

[3]

results from this piggyback test are presented in a separate- report

1



The description of the test conduct and the experimental results are
contained in Sections 3 and 4.

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

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

Conclusions and a discussion of the test vesults and the compari-
sons made in Section 6 are provided in Section 7. '

In Appendix A, an assessment of the instrumentation and data system
errors is presented. The fuel rod characterization data are given in
Appendix B. A description of the data reduction process and‘additiona1
test data not presented'in the main body of the text are given in
Appendix'C. The results of a detailed power calibration are presented
in Appendix D. '



2. EXPERIMENT DESCRIPTION

The PBF consists of an open-tank reactor vessel, a driver core
region with an active length of 0.91 meter, a central‘f1ux trap region
containing an .in-pile tube (IPT), and a loop coolant system to provide
the typical preséurized water reactor system conditions. The re-entrant
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 flow enters the top of the IPT and is directed downward on the
outside of a flow tube which surrounds the test assembly. At the bottom
of the IPT, the coolant flow reverses direction and flows up through the
test assembly and out the IPT outlet.

The four fuel rods tested in Test IE-2 were positioned vertically
in the IPT. A separate flow shroud surrounded each fuel rod. Hence}iﬁ
‘the fuel rods were hydraulically and thermally isolated from interacffﬁg
with one another, essentially allowing four single fuel rod tests to_Be
conducted simultaneously. '

Each fuel rod and flow shreud assembly was instrumented to monitor
fuel rod behavior during nuclear operations. The fuel rods, test train,
flow shroud, and associated instrumentation are described in this section.

2.1 Fuel Rods

The four fuel rods were designated Rods IE-011, IE-012, IE-013,
and IE-014. Rods IE-011 and IE-012 were remotely fabricated from ir-
radiated zircaloy-4 cladding, and Rods IE-013 and IE-014 were assembled
from unirradiated zircaloy-4 cladding. A1l rods contained fresh 12.5 wt%
235UO2 dished fuel pellets. The fuel rods were approximately 0.97-m
Tong (not including the instrumented end cap) and had a nominal. active
fuel stack length of 0.884 m. A summary of selected information de-
scribing the fuel rods is contained in Table I. Complete cladding and

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



TABLE 1

DESIGN AND TEST PARAMETERS FOR FUEL RODS USED IN TEST I:=-2

Rod
Parameter 1E-011 1E-012 IE-013 IE-014
Rod Identification M-15 M-19 925 929
“Cladding Fluence (1020 n/cn?) 4.7 5.2 0 0
Cladding Length (m) 0.97 0.97 0.97 0.97
Mean Cladding 0D (mm) 9.997 9.967 3.925 9.939
"Mean Cladding Thickness (mm) 0.630 0.617 0.592 0.600
Mean Diametral Gap (mm) 0.102 0.343 ~D.100 0.343
‘Measured Void Volume (m1) 6.6 9.2 7.7 10.2
Fill Gas Composition/Pressure (MPa) 76% He- ' 76% He- 76% He- 76% He-

(at time of assembly)

24% Ar/2.51

24% Ar/2.50

. 24% Ar/2.69

24% Ar/2.67




2.1.1 Fuel Rods with Previously Irradiated Cladding. Rods IE-011
and IE- 012 were remotely fabricated from_ MAPI[a] Rods, M-15 and M-19,
irradiated in the Saxton reactor[ ] to approximate burnups of 5110 and

5610 MWd/tu, respect1ve]y[ ]. The c]add1ng from these rods received
20

neutron fluences at energies greater than 1 MeV of 4.7 and 5.2 x 10
neutrons/cmz, respectively[4]. The irradiated fuel within the rods was
removed and .replaced with unirradiated 12.5 wt% 235U02. The measured
cladding outer diameter (0D) near the central region of the irradiated
cladding was a maximum of 0.04 mm smaller than the nominal cladding 0D
of the unirradiated cladding. This small dimensional change was pro-
bably due to creep experiénced during irradiation in the Saxton reactor.

. The 0D of the fuel pellets was ground to produce nominal diametral
fuel-cladding gaps of 0.102 mm and 0.343 mm. in Rods IE-011 and IE-012,
respectlvely One fuel pellet having an outside diameter of 8.11 mm,
approximately 0.3-mm smaller than all other fuel pellets, was loaded
into Rod IE-012 at the 0.58-m e]evation[ ]. Fuel pellets at the top of
the stack were drilled to accommodate a centerline thermocoup]e. The
upper end caps of the two rods were replaced with end caps containing a
pressure transducer. A gas mixture of 76% helium and 24% argon was used
to backfill the rods to a pressure of 2.5 MPa. This gas composition
simulates the thermal conductivity of the gases in the irradiated Saxton

[2]

fuel rods
2.1.2 Fuel ROds with Unirradiated Cladding. Rods IE-013 and

- IE-014 were fabricated from c¢ladding from unirradiated Saxton Rods 925

and 929 and from fresh 12.5 wt% 235U02 fuel. The fuel pellet diameters

were ground to produce diametral fuel-cladding gaps of 0.100 mm in Rod

1E-013 and 0.343 mm in Rod IE-014. The nominal wall thickness of the
. unirradiated é]ddding was 0.596 mm, approximately 5% thinner than the

[a] Mitsubishi Atomic Power Industries of Japan.

[b] The Saxton Reactor was designed by Westinghouse Electric
Corporation for the USAEC. The reactor was a small, prototyp1c,
pressurized water reactor.

[c] The smaller pellet was inadvertently loaded and could not be
removed without severe schedular impactt



irradiatedxtladding'df Rods IE-011 and IE-O]Z. ‘Pellets dt “the t6p of
the fuel stack were drilled to accommodate an ultrasonic thermometer
(UT) at the fuel céhter]ineiof both rods. The rods were fitted with
upper end caps containing a pressure transducer. These rods were also
backfilled with a 76% helium/24% argon gas mixture, but to approximately
2.7 MPa. o

2.2 Test Train

‘The test train hardware symmetrically positions the four fuel rods
in- the PBF IPT as shown in Figure 1. A fuel rod mounted in a flow
shroud withfa full complement of instruments is depicted in Figure 2.

A cross sectional view of the test train assemb1y presenﬁed in Figure 3
shows the relative location of each flow shfoud and the self-powered
neutron detector (SPND) sUppdrt tubes. Figure 4 shows the relative
'positioning of the SPNDs in the test assembly.

2.3 Flow Shroud

The flow shrouds were fabricated from zircaloy-4. Each flow
shroud had a nominal inside diameter of 16.31 mm and a wall thickness of
3.15 mm. The outside diameter of each fuel rod was nominally 9.96 mm.
Resu]tant’hydrau1ic and heated equivalent diameters were 6.35 and
16.75 mm, respectively. The four flow shrouds were positioned in the
in-pile tube as shown in‘Figgre 1.

2.4 Instrumepfﬁﬁjon

Instrumentation was provided to monitor fuel rod behavior and
cod]ant conditions in each flow shroud during the test. A listing of
the transducer calibrations and error analyses for the test instruments
is given,in Appendix A. The test instrumentation is divided into two
classifications: test train instruméntation and fuel rod instrumenta-
tion.



“Top

b

_ %5:_,

L VN

: 0-69 MPa : .

. . : : : Pressure Tvansducer

Fragment Screen - : ;
IPT Closure Thermal Barrier : ‘ o ' ‘ o ) ' Hanger Rod -

" Head {

Loop Water ' ' Loop Water : !
Qutlet Inlet

‘ o A : . _ In-pite Tube : - ' :
. . . A ' Flow Shroud (4 places) ' _ :
: : , Flow Tube, : S :
o _ SPND Support Tube o L
\ ‘ /(4-D|3C95) ) - /LVDT Housing (4.places)
] /

A A A A A Vi

W

S

Turbine Flowmeter

Turbine Flowméter Pickup Coil

Catch Basket

7 7 Ty 7

Bottom
- - ' Turbine Flowmeter Shroud
203 mm Dia. Fuel Rod (4 places) . . '
» 1070 mm
Fuel Rod Shroud ' ‘
~ Attachment 896.6 mm " |
Top of Fuel Stack” : Bottom of Fuel Rod EGG-8-835

Fig. 1 Test IE-2 four rod experiment assemb]y and 1nstrumentat10n shown
installed in the PBF in-pile tube

/



Top

v Fuel Nod Lhroud (rircaloy)

Outlet Thermocouple (Type K)
and Outlet Thermocouple for
AT Pair (Type T)

LVDT Push Rod

-Bottom
,~— Orfice Plate

- Turbine Flowmeter

T Y%

— 16.3-mm Dia Fuel Rod -
. LVDT Housing
. Spring-Loaded Claddin - .
— 9.96-mm Dia ,.p g ! ] _g Labyrinth
Surface Thermocouple and Piston
(W5%Re/W26%Re) Ring Seals
l////ll/l,gj//// Al A 4 VAR AR AR AR A /'/"///1/// (s ¥ 7 -“
{ 7 R - - . ¢ I . -
{ ? - _ I O — — AP S § 1
1 = T - r— > | |
Z ) 7 2 Z 12\ L L 7 7 7 7 L L (WS [ L7 7 JZ 2 7 72 7 7 7% | AR AR AR A \1

/

/
£ 17 MPa Intornal
Pressure Transducer

Bottom of Active Fuel —A

612.1 mm =

bt ——-12.7 mm

- 749.3 mm
N,

\ Top of Active Fuel

RAR A mm

Fuel Rod Centerline
Thermocouple (W5%R/W26%R)

Fig. 2 Typical instrumented fuel r

flow shroud.

\ Bottom of

Fuel Rod

Inlet Thermocouple

(Type K) and Inlet Thermocouple

for &OT Pal_r (Type T)

N
Flow Screen
Assembhly
Turbine Flowmeler Pickup Coil .
EGG-B-834
i

od for Test IE-2, shown installed in a



}

N (Reactor Core)

200——?
\/ t5

SPND Support Tube (4 places)

_ Fuel Rod/Shroud - IPT Flow Tube

Assembly (4 ploces

Fuel Rod/Shroud to
Hardware Orientation
(typicol 4 places)

INEL-A-2001%

Fig. 3 Top view of Test IE-2 hardwaré<oriehtat1on in the PBF in-pile tube.
The zero degree position for each flow shroud is toward the center of the
test assembly. ' ' : . :



\ SPND Support Tube 1
SPND 7 Positioned

N

on This Tube

(Reactor Core)

In-Pile Tube (top)

0

N —— - e

SPND
Identification

/— SPND 8

SPND Suppurl Tube 4 SPND Support Tubo 2

SPND Support Tube 3+ ANC-A-T7241.

Fig. 4 Schematic orientation of IE-2 self-powered neutron detectors
(SPND). , '

10



2.4.1

Test Train Instrumentation. The test train instrumentation

consisted of the following:

(1)

(3)

(5)

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

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

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

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

One Tinear variable differential transformer (LVDT) was posi-
tioned at the bottom of each fuel rod to measure changes in
fuel rod cladding length as shown in Figure 5.

Eight, 10-cm long, cobalt self-powered neutron detectors
(SPNDs ) were mounted on support tubes in the test train assem-
bly as shown in Figure 6. The locations of these devices
relative to the test train are shown in Figure 3. Five of the
detectors were mounted on the test train with centers at 0.16,
0.31, 0.47, 0.63, and 0.78 m from the bottom of the active
core. These devices were employed to measure the relative
axial neutron flux in the in-pile tube during the test. Three
additional SPNDs were mounted at the 0.63-m location to pro-
vide a relative measure of the azimuthal neutron flux distri-
bution across the test train.

11
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(7)

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

2.4.2 Fuel Rod Instrumentation. The following transducers were

utilized to monitor the response of each fuel rod during the experiment:

(1)

(2)

(3)

(4)

One 17-MPa strain post-type pressure transducer was mounted on
the upper end cdap uf edch rud Lo monitor internal pressure.

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

An ultrasonic thermometer (UT) with an active length of 10 cm
was uscd to measure the fuel centerline temperature in Rods
IE-013 and IE-014. The UTs were inserted from the top of the
fuel stack through drilled fuel pellets and centered at 0.61 m
above the bottom of the fuel rod.

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

14
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(5)

Four platinum/platinum 10% rhodium (Type S) spaded tip thermo-
couples were located in 0.25-mm-deep grooves machined in the
surface of the cladding of Rods IE-013 and IE-014, respec-
tively. The orientation and location of the thermocouples are
shown in Figure 8. The tips of all thermocouples except
Thermocouple A (Figure 8) on Rod IE-014 were brazed in the
grooves. Thermocouple A on Rod IE-014 was laser welded to the
cladding. Thermocouples B, C, and D of Rod IE-014 were also
laser welded after being brazed to the cladding.

16
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3. EXPERIMENT CONDUGT

Irradiation Effects Test 2 consisted of four phases, which spanned
a total of 49 hours, including about 38 hours of nuclear operation:

(1) A preconditioning phase.
(2) A rapid power ramp ‘phase.

(3) A steady-state operation phése in which the test rod power,
inlet temperature, and coolant t1ow rate were held constant.

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

‘ During the 37-hour preconditioning phase, the fuel rods were sub-
jected to different power cycles, which allowed for fuel restructuring.
In these cycles a maximum power of 30 kW/m was reached. In the power
ramp phase the peak fuel rod power was increased from 25 kW/m up to 68
kW/m at a rate of 3 kW/m per minute. The power ramp was used in the
study of pellet-cladding mechanical interaction, known to be a principal
factor in irradiated fuel rod failure. A one hour constant power phase
followed the rapid power ramp to 68 kW/m. This period of steady-state
operation allowed additional fuel restructuring and relaxation of the
stresses between the fuel and its cladding. The final test phase was a
forced f]ow reduction to study film boiling behavior by inducing a
power- coo]1ng -mismatch.

To avoid possible misundersfanding, a specific terminology is used
to discuss test conduct. S1ncé most of the test conditiuns (inlet
temperature, flow rate, eté.) have small random variations, as shown in
Figure 9, nominal values are used to describe these conditions. Fuel
rod -peak power is the peak linear heat rating (kW/m), whereas fuel rod
‘average power'is the linear heat rating averaged over the length of the
rod. Fuel rod average peak power is used for the average of the fuel rod
peak powers in all four rods. Fue1 rod average powers were calculated
using a thermal balance, whereas local power was calculated using data

18
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from three axially distributed SPNDs and two cobalt flux wires. The
specific calculational techniques are discussed in Appendix D.

3.1 Preconditioning Phase. The first part of the test, the
preconditioning phase, consisted of (a) two cycles designed to study the
effects of coolant inlet temperature, coolant flow rate, reactor power,
and time on fuel rod and test train measurements, (b) a gap conductance
piggyback test, and (c) two additional cycles of slowly varying power.

The. first two cycles consisted of 16 steps at all possible combina-
tions of two levels ot tlow rate; bU0 and /00 em®/s. inlet temperature:
585 -and 606 K, and fuel rod peak power; 23 and 30 kW/m[a]. As shown in
Figure 9, rod avérage power was slowly increased at a rate of 0.23 kW/m
per minute up to the first power step. Subsequent scheduled power
changes were compieted at ramp rates of 0.5 kW/m per minute: Between
Cycles 1 and 2 (7 hours after the start of the test) there was -an un-
scheduled shutdown. The average rod power was decreased and increased
at approximately 1.25 kW/m per minute for this shutdown and- subsequent
startup. '

(3]

The gap conductance testing. described in another report="-. con-
sisted of oscillalions at noininal Tuel rod pedk puwer levels of 12 and
19 kW/m. The coo]ant flow rate and inlet temperature were varied from
500 to 300 cm /s and from 583 to 555 K, respectively. No attempt was
made to retain the frequency content of the data during the oscillations
- for this report. These data, which show strong aliasing effects, were

presented only to show the complete sequence of fuel rod preconditioning.

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

[a] The comb1nat1on of flow rate, 1n%et temperature, and rod linear
heat rating was chosen'using a 2° factorial design with one com-
plete replicate to provide estimates of variances. The steps
were randomly arranged in time with a constraint on the inlet .
temperature as shown in Figure 9. The design was additionally

- constrained so that the effect of time, electronic drift, etc.,
was confounded with three factor interaction.
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was returned to power after nine hours to compiete,tWO additional cycles
~of preconditioning. This period consisted of ramps from a rod average
_power of O kW/m to 30 kW/m at rates of either 0.25 or 1.25 kW/m per ‘

- minute. Nominal coolant flow rate and inlet temperature were 1000 cm /s
and 606 K, respectively. At the middle of Cycle 6, as the power was
being increased to 24 kW/m, a loss of onsite power caused the reactor to
scram. After startup, the preconditioningvperiod was completed..

3.2 Power Ramp and Steady- State Operation. The preconditioning

period ended with a steady-state fuel rod peak power of 24 kW/m. The
rod peak power was then increased at a ramp rate of 3 kW/m per minute,up
to 68 kW/m. After a constant power level was reached, a calculation of
fuel rod average power using coolant flow and temperatume differentia]
measurements determined that powers of 68.5, 65.0, 72.0, and 64.2 kW/m
for Rods IE-011, IE-012, IE-013, and IE-014, respectively, had been
attained. ' \

1

3.3 Flow Reduction. After about one hour at consfant power,

coolant inlet temperature and flow, the flow reduction portion of the . .
- test was initiated. The fuel rod coolant flow rates, nominaily the same
for all four rods, were reduced in steps from an initial value of

1000 cm /s (4880 kg/s-m ) Following each flow reduction step, flow was
held constant for approximately one minute. At-a flow of approximately |
530 cm/s (2550 kg/s-m2), the LVDT on Rod IE-011 indicated the onset of
film boiling (DNB - departure from nucleate boiling). Concurrently, -the
flow rates for the other three rods were approximately 2700 kg/st2 and -
slight indications of film boiling were observed on Rods IE-013 and IE-014.
At this point, the flow for Rod IE-011 was further reduced to 460 tm3/s
(2245 kg/s—mz) During this flow reduction, film boiling was 1nd1cated
on the remaining fuel rods. After the f]ow reduction to 460 cm /s, the
flow was held constant for about one minute after which the reactor was.
shut down. These events are summarized in Table II.

Film boiling ceased as the control rods were inserted into the

reactor core. Rewetting of the fuel rods was indicated by the LVDTs,
the fuel rod internal pressure transducers, cladding surface thermo-
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MASS FLUX AND FUEL ROD POWER DURING TEST IE-2 FILM BOILINC

Time after
DNB (sec) Rod
0.0 1E-011
1E-012
1E-013
1E-014
18.0 {Same)
22.0 1E-012
24.0 1E-011
1E-012
1E-013
1E-014
40.0-50.0 {Same)
62.0 (Same)
80.0 (Same)
115.0 JE-011
“1E-012
IE-013 . -
1E-014

Mass “lux
gkg/s-mzz
2550-— 30
2700 = 30
2750 = 30 -
2750 = 30
(Same
2€50 - 50
2220 - 30
2475 = 30
2360 = 30
2370 = 30
(Same’
(Same
(Same’
2350 = 30
2600 = 30
2550 T 30
2540 = 30

aobe o,
©Rroo
WO —un

—d d ot et
(S ]
oO—=wW

[+ +]+]+

Average Rod

Pover QKW/mQ

| +i++1+

“Same)

' Same)

1 Same)

Same)

+Same)

1Same)

Comments

—_ s —
(S  WE, NS

OO0
PN N

First indications of DWB c¢n Rods IE-011, IE-013, IEl014:

(1) IE-011 - cladding el¢ngation increases,

(2) 1E-013 - cemterline ilemperature increases, slight 1ncrease in
c1add1ng t=mperatures at 0.61-m elevation,

(3) IE-014 - increase in internal pressure and cladding surface
temperaturzc at 0.61-m elevation.

Start of final flow reduction; immediate change in slope on measure-.-
ments listed above. Increase in pressure for Rods IE-011 and IE-013.
Increase in cladding surfzce temperatures on Rods IE-013 and I1E-014.
First indication of DNB.-or Rod IE-012.

Lowest fiow.

Increases have leveled off, equilibrium has been reached.

Cladding temperature a: 0.61-n elevation and zero degree orientation
on Rod IE-014 has. dropped. indicating local collapse of vapor layer.

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

Measurements have reached pre-DNB levels.




coup]es'pn Rods IE-013 and IE-014, and a fuel centerline thermocouple on
Rod IE-011. '

Fuel rod interna]'pressuré readings, loop fission monitor readings
and subsequent postirradiation visual examination indicated that none of
the fuel rods failed during or after the film boiling portion of the
" test.
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4. EXPERIMENTAL RESULTS

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

: Thé raw experimental data, described in Appendix C, were reduced
using a fairly cohp]icated process to obtain the data presented in this
section. One of the steps involved was to find the uncertainties
associated with the data due to instrument calibration and data acquisi-
tion. These uncertainties are discussed in Appendix A. Another step,
and probab1y the most important, was the correction of the data for
known systematic instrument or data acquisition errors. Most of these
corrections were minor except for those concerned with the rod internal
pressure transducers.

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

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

Cladding elongation data are presented in terms of change in strain

) o AL = ALO i (|)
£ % L
where
e = cladding strain '
€ = cladding strain at the start of the nuclear portion of the

test as shown in Table III and at time zero in Figure 9

24



Al
AL

cladding e]bngation
cladding elongation at the start of the test
cladding cold length (970 mm).

.o
1]

Rod interna]‘pressure is presented in terms of the fractidna]
change in pressure, '

P-P
P (2)
)
- where
P = rod internal pressure
Po= rod internal pressure at the start of the test after cor-
rection for decalibration of the pressure transducer (Table III).
TABLE ITI
REFERENCE INITIAL CLADDING STRAINS AND FUEL ROD
INTERNAL PRESSURES FOR TEST IE-2
Initial : Initial
Pressure, Po Cladding Strain, €0
Rod (MPa) : (mm/mm )
IE-011 5.07 - 1.18 x 1073
IE-012 5.05 0.89 x 1077
IE-013 5.43 -
IE-014 5.39 ‘ ©-0.03 x 107>
IE-011 (FRAP-T3) 2.211 | 1.47 x 1073
IE-014. (FRAP-T3) 5.246 h 1.51 x 1073

4.1 Pre-Film Boiling Experimental Resu1ts.

Prior to film boiling the fuel rods were essentia]ﬁy in thermo-
dynamic equilibrium. The changes in rod power, inlet temperature, and
flow rate were slow enough that any thermal lag in fuel rod temperature
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or coolant temperature was negligible. The fuel rods were not in me-
chanical equilibrium due to fuel creep and slippage between fuel and
cladding. 'Nonequilibrium effects were less pronounced at low powers
(<'30 kW/m) but were quite evident during the,one hour steady power
period at 68 kW/m. For this reason, the mechanical data such as cladding
elongation is more properly termed quasi-equilibrium during the pre-film
boiling period.

Representative key measurements made on each rod are presented 1in
Figures 10 through 13. Also, the mass tluxes and rod average powers for
all four rods during the bower ramp and steady-state operation are shown
in Figures 14 and 15. '

4,1.1 Cladding Elongation. Only three' LVDTs, on Rods IE-011,
1E-012, and IE-014[a], were operational during the test. The LVDT on
Rod IE-013 failed prior to the test and could not be replaced without
substantial schedule impact. The change in cladding strain versus power
for Rod IE-011, which had a diametral gap of 0.102 mm, was consistently
'greater than the change in strain of Rods IE-012 and IE-014, which had
gaps of 0.343 mm. "Hard"[b]‘pel]et—c]adding interaction was initiated
at lower rod average powers on Rod IE-011, with a resultant increase in

the slope of cladding strain versus rod power. This effect can be seen
in Figures 16 through 18.

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

[b] "Hard" PCI is differentiated from "soft" PCI which is characterized

. by isolated points of fuel-cladding interaction due to pellet
fragments or misaligned pellets, and does not result in Tockup
between the fuel and the cladding. During "hard" PCI the cladding
elongation approximates that of the fuel stack.
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Fig. 10 Rod IE-011 behavioral data for pre-film boih"ng phase of Test
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Fig.. 11 Rod IE-012 behavioral data for pre-film boiling phase of Test
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As the fuel rods were subjected to continued power cycles (Figures 17
and 18), the relationship between strain and power became "saturated" or
remained fixed, even for continued cycles. This constant relationship
~ is due to the repositioning and deformation of the fuel. At the start
of the test, because of the handling of the fuel rods, there is a non-
uniform annular gap betweeh the fuel pellets and the cladding. Off.
center, skewed, and chipped pe11ets produce a random annular gap with an
average effective gap smaller than the designed diametral gap The
smaller effective gap causes PCI during the initial power cyc]es“at low
fuel rod powers.  As the éyc]es continue, stresses between the cladding
and the fuel column realign the peliets and pellet fragments, increasing'

the effective diametral gap. Once the fuel column has become aligned,
'PCI results from closure of the diametral gap by thermal expansﬁon and
cracking of the fuel. This type of PCI, often called "hard" PCI, happens
at higher rod powers ‘that are consistent from cycle to cycle. As the
power is increased, "hard" PCL occurs first for Rod IE-011 at approxi-
mately 9 kW/m. The other-two rods, IE-012 and IE-014, show PCI initia-
tion at 23 kW/m and 18 kW/m, rcspective]y. The power at which "hard"
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PCI occurs is a fuanion of the diametral gap and the previous maximum
power level. Evidently, some PCI existed for Rod IE-011, during all
power cycles even at rod powers close to zero (Figure 17), since the
slope of strain versus power was higher than can be explained by thermal
expansion of the cladding alone. The slope for Rod IE-012 is consistent
with cladding thermal expansion. The differences in relative slopes
between the two rods above the onset of "hard" PCI indicates that the
axial extent of PCI was also-much less for Rods IE-012 and IE-014 (large
gaps) than for Rods IE-011 and IE-013 (small gaps).

The influence of prior irradiation damage to the cladding should
make no difference in the elongation since no plastic deformation nf the
cladding was observed. - Irradiation of zircaloy-4 raises the yield
point, but has minimal effect on the modulus of elasticity and the
thermal expansion coeffiéient[SJ. Since the cladding of all three rods
with LVDTs remained in the elastic region, except perhaps during the
ramp to 68 kW/m, no d1fferences were expected.

The influence of the diametral gap on e10ngat1on rate was also

' observed dur1ng the power ramp to and operation at 68 kW/m as shown in
Figure 19. The cladding strain on Rod IE-011 showed evidence of hot
pressihg'or creep of the fue] as the slope of strain versus time de-
creased above 34 kW/in even though the power ihcrease versus time is
constant. As the power ramp was termfnated, the slope in strain versus
time went from positive to negative with the strain decreasing in an
exponential decay which is an indication of fuel creep[s]. The cladding
strains in Rods IE-012 and IE-014 also showed evidence of fuel creep
probably combined with some slippage because the level of PCI was low.
The slope of the claddiny strain for Rod IE-012 reached zero about the
time the ramp was terminated. The difference in cladding strain be-
havior between the three rods is probably due to an interaction of two
conditions. The larger initial gaps in Rods IE-012 and IE-014 would
cause their average fuel temperatures to be higher, but the stress in
their fuel would be less. Since fuel creep increases for both increas-
ing fueT temperature and stress, the temperature must play the dominant

role in this case resulting in higher creép rates for Rod IE-012 in
comparison with Rod IE-011.
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Fig. 19 Change in cladding strain for Rods IE-011 and IE-012 during power
ramp and steady-state operation.

4.1.2 Fuel Rod Internal Pressure. The fuel rod internal pressure

transducers showed sizable zero shifts before and during the tests.
Prior to the test, all four transducers indicated changes in pressure
from their "as-filled" pressure readings. These shifts are tabulated in
Table C-V of Appendix C. During the test, the devices exhibited additional
zero drifts. The data were corrected for these zero shifts using the
results of a multiple regression analysis as discussed in Appendix C.
When zero drifts were removed, effects of different gap sizes were
readily apparent as shown in Figures 20 through 24. Rods IE-011 and
IE-013, which had the smaller gaps of 0.102 and 0.100 mm, respectively,
showed lesser increases in internal pressures than did Rods IE-012 and
IE-014, which had gap sizes of:0.343 mm. This small pressure 1ncreése
was expected, since the average gas temperatures in Rods IE-012 and
"1E-074 would be higher because of more gas contained in the larger
nominal gaps and higher fuel surface temperature of the pellets,

35



Fractional Fressure Changs, (P-P)/P,

3

025

. o A°

. . .

o

A .

® o
g ~ L
<
oA ‘ n oo
A asp, 0 Sgmo L 0
IO :

O ‘Rod IE-011
< Rod IE-012
73 Rod |E-Q13
A R IE-014

a

—r—r 7 Y Iy e T T

10 20 30 40
Fuel Rod Average Power (kW/m

Fig. 20 Fractional change in rod internal pressure for all four rods
during pre-film boiling phase of Test IE-2 (time drift has been removed).

Pressure Change. P-P, (MFa)

SR S " 1 i A A " ) S 1 " A i 1 s R 1

8 Y RN T SR S 1
. -
1 ' -
’ - : X
. +i ¥ XX
"+ (XX -
] o8t x X R
R sl
aP + X -
+
_ q_"a L
. 8t
d i ‘
O Ramp 1 Preconditioning Phase ]
& Ramps 2 and 3 Preconditioning Phase
<+ Ramps 4 and 5 Preconditioning Phase }
] X Ramp to 68 kW/m
-1 ——— T
0 in 20 30 40 &0

Fuel Rod Average Power (kW/m

Fig. 21 Change in rod internal bressure for Rod IE-011 during power
cycles (time drift has been removed). -

36




5 re 1 i 4 1 b 1

1 H
—~ 4 ) L
S 4- . -
' j - xx')(>,°<)‘"
& . 5 X% [
= 5] - xS !
R J T XX% ' L

' X
A - # XXX '
1 [ )% xx :
& 2 nf ++ X _
g Tt ; -
A i B + x L
g n i -
. i@ L
o 1 & _-
o 1 b i
2 8 N . ‘ -
h . _ O Ramp1 Precondit_ioning Phase s
L 0 ©& Ramps 2 and 3 Preconditioning Phase [
& + Ramps 4 and 5 Preconditioning Phase - |
X. Ramp to 68 kW/m 5
L

-'1 -y T L 4 T T T T 4 v v T n g T T T T T T ' v T T

a in 20 30 e 50

Fuel Rod Average Power (kW/ m)

Fig. 22 Change in rod internal pressure for Rod IE-012 during power
cycles (time drift has been removed).

2 PR . i 1 P — 1 N .. " PN SR i N " 1
N
g x % X
Ay ’ X XA i
= ) x X i
a .
o, 14 + —
R _ | n'ﬁt _
A a ]
& 4 H L
af 4 o] |
. » )
5 +8 4 5
5
oiﬁ -
Q .
5 '
{7/} o Ramp 1 Preconitioning Phase |
3 A Ramps 2 and 3 Preconditioning Phase | -
= 4+ Ramps 4 and 5 Preconditioning Phase |
A X Ramp to 68 kw/m
— —— T T T T
a ) 10 20 30 40 &0

Fuel Rod Average Power (kW/m)

Fig. 23 Change in rod internal pressure for Rod. IE-013 duriing power
cycles (signal became extremely noisy during the later phases of the
test so that add1t1ona1 filtering was necessary; time drift has been
removed).

37



The p}essdre"data in'FigureIZQ are presented in terms Q% fractional
pressure change. As discussed in Appendix C, this transformation
minimizes the slight differences in initial fill pressure or number of
moles of fill gas. Thus, the differences in fractional pressure between
large and small gap rods is dominated by the differences in the change
of .average gas temperature-and void volume.

The power cycling had no discernibﬁe effect on the change in rod
pressure (Figures 21 to 24). Since all the fuel rods had fresh fuel, no
fission gases were released and no pressure changes were expected The
removal of the zero drift errors could bias these data. However, if a
shift in thefglope of pressure versus power had occurred, due‘ﬁerhabé to
fuel cracking allowing more of the gas to see hotter interior pellet
reg1ons, this effect wou]d not have been altered by the correct1on
Therefore, fuel cracking and other m1crostructura1 changes in the fuel

pellets due to thermal cyc11ng, had no observable effect on rod 1nterna1
pressure. )

A comparisbn of the data in Figure 25 shows that the internal
pressure of Rod IE-011 remained .constant during the steady-state opera-
tion at high power whereas the internal pressure of Rod IE-012 decreased.
This trend is not seen in Rod IE-013 and IE-014; hut, these signals were
so noisy that this shift could have been concealed. Data for these twu
rods (Rods IE-013 and IE-014) were additionally filtered for the figure
so the data do not appear to be noisy. However, the original noise had
an-amplitude of 1 MPa. Noise in the other two pressure signals was neg-
ligible.

The decrease in intarnal pressure for Rod IE-012 may have been due
to accelerated drift of the Lransducer during this period. If so, that
drift would not be removed by the previously mentioned drift correction.
HoWever, a comparison of the corrected rod pressure after shutdown and
at the start of the test revealed no shift'of this magnitude. - As ‘dis-
cussed: in Sections 4.1.3 and 4.T;4, the centerline temperature and
cladding surface temperature did not decrease appreciably during the
steady power opefatioh at high power so the-gas temperature4shoqu have

38



Fractional Pressure Changs, (P—P,)/P,

5 A N B | i 1 i 4 H i i i 1 i 4 PO B § n 4 i A
N 5 -
& 47 L
9 x-
] XX
\z; : xX.X XX L
o o X Xx R
TP ‘ ><><><>E?%< [
A XX [
4 .++ X X s
& + :
o 2 B X _
o] B . L
< ] " i
3 y a¥® i
8 1-_' d£ :
51 af . g
g,‘ . O Ramp 1 Preconditioning Phase N
8 o" A Ramps 2 ana 3 Preconditioning Phase |-
A ] . 4+ Ramps 4 and 5 Preconditioning Phase [
) : . X Ramp to 68 kW/m i

I T R e A
()] . .10 20 30 40 - &0

Fuel Rod Average Power (kW/m)

Fig. 24 Change in rod internal pressure for Rod IE-014 during power
cycles (signal became extremely noisy during the later phases of the
test so that additional filtering was necessary; time drift has been
removed). o

Fuel Rod Average Power (kW/m)

1 " ] A 1 1 A m
T -
4 /_Power i
4 m e e T T T A e e —TTET T TS mTm ~-80
p— A —Rod IE-012 =
E ~Rod IE-014
) ~-40
050 4 [
] : Rod IE-013 :
) ’, /— 30
9 ’ .
025 - : Rod iE-011 [
4 . /—
- J' -m
s SNy
0 -
j 10
: — —— Fuel Rod Average Power
1 - 4P - Po)/P,, .
—-025 ™ T v T T ! ) o
—20 0 20 40 S éa

Time (min)

"Fig: 25 Fractional change in rod iilernal pressure for all four rods
during ramp and steady-state operation (time drift has been removed).

39



also remained fai}ly constant. If the decrease in pressure on Rod
IE-012 is a true indication of the pressure during the steady-state
period, the available void volume must have increased. '

4.1.3 Fuel Center]ine Temperature. All four -centerline temper-

ature measurements were valid through part of the ramp to 68 kW/m. The
ultrasonic thermometers in Rods IE-013 and IE-014 produced extremely
noisy data; so, the data for these rods were numerically filtered, as
discussed in Appendix C. The data shown in Fiéufes 10 to 13 and plots
in this section have been filtered. ' .

,A Both UTs on Rods IE-013 and IE-014 also exhibited drift during the
test. (The dritt of the'UT on Nod IE-013 appeared to become negligible
after the first power ramp). The results from a regression analysis
(Appendix C) indicated the drift was probably a zero shift, whith would
indicate a drift in the signal conditioning equipment. This drift has
not been removed because the reason for the dritt 1§ not fully undcr-
stood. The reader is cautioned on the use of the UT data (see'Seé-
tion 6.2.3).

The differences in the centerline temperatures are apparent in
Figure 26. At the same power levels, the rods with Lhe smaller gaps
(Rods IE-011 and IE-013) have lower centerline tempe#atures than does
Rod IE-012. The greater centerline temperature of Rod IE-012 is due to
the larger tcmperature drop across the large gap in this rod. No change
occurs in the slope of centerline temperature versus power at powers ,
well in excess of the powers at which PCI occurred. As discussed in Lhe
previous section, the onset of PCI occurred at average rod powers rang-
ing from 9 to 23 kW/m. This range would correspond to a local power .at
the thermocouple locations of 7 to 19 kW/m on Rods IE-011 and IE-012
and 10 to 25 kW/m on Rods IE-013 and IE-014. This lack of a slope
change implies that the PCI is due to Tocalized, random fuel-cladding
contact rather than uniform gap closure.

As shown in Figures 27 to 29, very little difference in the center-

line temperatures is evident from cycle to cycle. During the first
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ramp, the flow rate (which affects the surface temperature) was also
reduced but this effect on centerline temperature is too small to be

[a]

seen

The differences in centerline temperature due to initial gap are
also-apparent during the powe% ramp to and hold at 68 kW/m as shown in
Figure 30. The rods with the larger gaps have higher center11ne tem-
peratures than do the rods with the smaller gaps. The centerline tem-
peratures did not change s1gn1f1cant1y during the steady Qperation'at
high power. The centerline temperatures exhibit-a slight decrease, but
this is probably due to the decrease in power rather than e change in
the heat transfer through and from the fuel.
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F1g 30 Fuel centerline temperatures for Rods IE-011, IE-012, and IE- 013
during power ramp and steady-state operation (data for Rod IE-013 have
been additionally filtered).

[a] Fuel centerline temperatures have not been shown for Rod IE-014
because the drift was so severe that resu]ts after Ramp 1 would -
be misleading.
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4.1.4 Cladding Sdrface Temperature. No reliable measurements of

the absolute cladding surface temperature were made due to thg dominance
of systematic measurement uncertainty. The spring-loaded thermocouples
used on the rods with irradiated cladding (Rods IE-011 and IE-012) have
normally indicated Tower temperatures than the absolute cladding surface
temperatures. Because of their design, the cladding surface thermo- |
coUp]es act as fins perturbing the f]bw and the thermal symmefry of the
fuel rods. The thermocouples on the other rods (Rods IE-013 and IE-014)
were mounted in grooves'by brazing or laser we]dingbor botﬁ. Theée
thermocouples generq11y indicate Lemperatures‘higher_thgn the expected-
surface tefiperature due to their mid-wall location. The differénce in
temperature between a thermocouple mohnted 1h a yroove and the absnlute
cladding surface temperature is dépendent upon the'degree of bonding of
the .thermocouple to the cladding and exact radial location of the thermal
junction within the thermocouple sheath. The plots of cladding surface .
temperature versus power are given in Section 6.2.4 a]dng with the
FRAP-T3 predictions. B ‘

4.2 Film Boiling Expérimenta] Results

=

The PCM transient was initiated by a flow reduction at a constant
averayge (all four rods) peak power of 68 kiW/m. As shown in Figures 31 to 34,
all four rods experienced an abrupt reduction in the heat transter from.
their surfaces,ét the.onset of film boiling. Immediately prior to the
flow reduction, all four rods were in nucleate bdi]ing, As the flow
decreased, departure from nucleate boi111ny occurred, with the heat
transfer going through a transition regime and reaching stable film
boiling within 20 seconds. DNB was indicated by an abrupt increase in
cladding elongation, fuel centerline temperature, rod internal pressure,
and cladding surface temperatures (for part of the cladding thermocouple
elevations). As seen in Figures 31 and 35, at a flow rate of 530 cm3/s
(2550 kg/s-mz),'cladding strain started to increase on Rod IE-011. .
There were no corrésponding indications in centerline temperature, rod
internal pressure, and cladding surface temperatures shown_by Table II.
At approximately thé same time, there were s1i§ht indications of DNB on

Rods IE-013 and IE-014 (Figures 33 and 34) at mass fluxes of 2750 kg/s-m2
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cladding surface temperatures on Rod IE-013 and IE-014 at e]evatioﬁs of
0.51 and 0.61 m appeared to reach equilibrium excebt for the temperatufe
on Rod IE-013 at 0.51-m elevation (ft exhibited fairly periodic oscilla-
tions in temperature until the complete collapse of the vapor layer at
-termination of the test). ' ‘

8
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Fig. 38 Cladding surface temperatures which indicated film boiling during
film boiling.

After one minute in film boiling on Rod IE-011, the cladding
surface temperature at the 0.61-m elevation and 0-degree ofientation on
Rod IE-014 dropped sharply, indicating that the vapor layer collapsed
over this part of the rod. The region of.the vapor collapse mustlhave
been small since no corresponding decrease in cladding elongation on
this rod was seen. After 1.5 minutes of film boiling on Rod IE-011,
the rod power was decreased and the flow increased. Power was decreased
at a rate of 1.4 kW/m per second from 60 kW/m down to 19 kW/m and at a
rate of 0.2 kW/m per second down to O kW/m. The flow went up apbroxi-
mately 200 kg/s-m2 over a 30-second period due to collapse of the voids,
it fhen stabilized. At the beginning ot the power decrease, ¢ladding
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strains, rod_interna]_bressures, fuel centerline temperatures, and those
cladding surface témberatures indicating film boiling started to>dec1ine. ‘
By the time the average rod power had reached 19 kW/m, all measurements'
were at pre-DNB readings.

The effects of different initial diametral gap sizes on rod behavior
were readily apparent during this transient. Large differences in
cladding strain of the rods were observed during the transition to and
. during film boiling (Figure 35). Rod IE-011 (0.102-mm gap) showed an
e]ongﬁtion increase of approximately three to eight times that of Rods j
lE-U12 and 1E-Ul4 (U.343 mm gap). internal pressures (tigure 36) of
Rods IE-012 and IE-014 showed 1afger increases than did the pressures of
Rods IE-011 and IE-013. Centerline temperatures cannot be compared
because the thermocouple on Rod IE-011 was the only ¢enterline tem- .=
perature measuring device to survive film boiling. Figure 37 shows this
measurement with the other centerline measurements until the time of
instrument failure. The cladding surface temperatures, for Rods 1E-013
and IE—Q]4, (the spring-loaded thermocodp]es on Rods IE-011 and IE-012
did not indicate film boiling) are shown in Figure 38. Additional
discussions are contained in Section 6.
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5. PRELIMINARY POSTIRRADIATION EXAMINATION RESULTS

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

5.1 Visual Examination

A11 four rods were intact. The film boiling zones were visually
distinguishable by cladding collapse into pellet-to-pellet interfaces,
cladding oxidation, and oxide spalling. Detailed observations on each
rod are presented in the following sections; photographs of the rods
through their film boiling zones are shown in Figures 39 to 42.

5.1.1 Rod IE-011. The film boiling zone on Rod IE-011 extended
from the 0.546 to 0.679-m elevation, as measured from the bottom of the

rod[a].

Oxide spalling and cladding collapse into pellet-to-pellet
interfaces occurred throughout the film boiling zone, but were more
pronounced on the 180 degree axis of the rod (Figure 40). The rod was

intact with no obvious cladding failures.

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

[a] A11 elevations are referenced from the bottom of the fuel rod.
The fuel column starts at 12.7 mm above the bottom of the rod.
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is approximately 7 mm higher than the elevation at which the pellet was
loaded, which might indicate the axial growth of the fuel column below
this pellet was 7 mm from cold conditions to film boiling conditions.
Neutrographs of Rod IE-012 disclosed a 5-mm gap between pellets at the
0.567-m elevation and a 2-mm gap due to a transverse crack in the fuel
pellet immediately below the small diameter pellet. No definite in-
dications of cladding collapse into these gaps were observed during the
visual examination of the cladding.

No oxide spalling occurred on the zero-degree axis of the rod.
Black oxide was present in both the film boiling zone and the rest of
the rod. Oxide spalling did occur on the 180-degree axis of the rod;
however, bare zircaloy base metal was not exposed. Rather, a dark grey
colored film was present on the spalled areas.

5.1.3 Rod IE-013. Rod IE-013 was intact with no obvious cladding
perforation (Figures 41 and 42). The film boiling zone extended from
the 0.521 to 0.676-m rod elevation. Cladding collapse into pellet-to-
pellet interfaces which occurred throughout the zone appeared more
pronounced on the 180-degree axis of the rod. In the film boiling zone,
most of the oxide had spalled from the rod surtace, exposing bare zir-
caloy base metal. The Type S thermocouples, which had a spaded junctian
brazed into a groove in the cladding, appeared to be in excellent con-
dition. The junctions appeared to have remained firmly attached in the
cladding groove.

5.1.4 Rod IE-014. Rod IE-014 was intact with no obvious cladding
perforations. The film boiling zune extended from the 0.505 to 0.676-m
rod elevation. Cladding collapse into pellet-to-pellel interlaces
occurred throughout the zone with the collapse more pronounced on the
180-degree side of the rod. Extensive oxide spalling occurred, exposing
bare zircaloy base melal. All cladding surface thermocouples appeared
to be in excellent condition and remained firmly attached in their

grooves in the cladding.
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5.2 Dimensional Characterization

The results of diamefeﬁ measurements made along the length of each
rod are shown in Figures 43 through 46. For Rods IE-012, IE-013, and
IE-014 the cladding uniformly collapsed throughout the film boiling
zone. The diameter of Rod IE-011 may have slightly increased through '
theAfilm boiling zone. As expected, the Observéd-c011apse strains for
Rods IE-012 and IE-014 (initial diametral gaps of 0.343 mm) wérevgreater
than for Rods IE-011 and IE-013 (initial diametral gaps of 0.102 and
©0.100 mm, respectively). o ' .

Estimates were made of the amount of bowing in each rod. Rod
IE-011 bowed in the 180-degree direction from the 0.46 to 0.71-m rod
elevation with an estimated maximum deflection of 4 mm. -Rod IE-013
bowed in the 180-degree direction from 0.46 to 0.76-m rod elevation
with an estimated maxihum deflection of 6 mm. Rod IE-014 bowed in the
zero-degree direction from the bottom of the rod to 0.62-m rod elevation
- with a deflection of approximately 4 mm. Rod IE-012 bowed in the
180-degree direction from 0.46 to 0.66-m rod elevation with an esti-
mated maximum deflection of 10 mm. The bow on Rod IE-012 displayed an
abrupt change in direction or "kinked" appearance at the 0.57-m location
‘(Figure 39), 15 mm below the location of the undersized pellet and in
the region of the 5-mm gap between pellet interfaces (Section 5.1.2).
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6. COMPARISON OF EXPERIMENTAL AND -FRAP-T3 CALCULATED RESULTS

As part of the poéttest data evaluation, calculations of fuel rod
behavior were made using FRAP-T3[a], a fuel behavior code, with input
determined from test measurements. The FRAP-T3[8]
tinued development. incorporating improvements in fuel behavior models

code is under con-

based upon comparisons between measured data and calculated results
similar to those presented in this section. '

Calculations from FRAP-T3 were compared with measured data from
Test IE-2. Quasi-equilibrium calculations were performed for various
power levels to analyze the quasi-equilibrium portion of the test as
defined in Section 3. An analysis of the film boi1ingltransient was
.performed with FRAP-T3 by modeling as closely as possible the measured
fuel rod powers and mass fluxes versus time. '

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

6.1 Analytical Model

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

[a] FRAP-TB, MOD 003, Version 008 on tape T9P182 was used in con-
junction with MATPRO MoD 008l7].
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.6.1.1 Fuel Rod Model. For this analysis, the fuel rods were
modeled using 11 radial and 17 axial nodes. FRAP-T3 input included the
nominal measured conditions of coolant flow, coolant inlet temperature,

coolant pressure, fuel rod average power,-and axial flux profile. The
Westinghouse Electric Corporation W-3 9] critical heat flux (CHF) cor-
.relation (with the cold wall factor) and the Groeneveld tubes and
annu]us[]o:l film boiling heat transfer correlation (Version 5.9) were
used. A .free thermal expansion fuel deformation model which assumes
that radial cracks extend from the fuel surface to the center and the
Ross and Stoute[]]] model for gap conductance were specified. '

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

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

6.1.2 Experimenf Conduct Model. Steady-state analyses using

FRAP-T3 were made using incremental steps in fuel rod average power of

6 kW/m, from zero to a maximum of 48 kW/m. At‘each step, the power was
held constant, allowing the fuel rod parameters to equilibrate. These
equilibrium fuel rod parameters (cladding surface temperatures, cladding
elongation, etc.) at each 6 kW/m power step were compared with the
quasi-equilibrium data presented in Section 4.1.

Transient fuel rod>behavior during the flow reduction up to the
point of DNB was calculated with FRAP-T3 to estab]isﬁ the proper initial
conditions for film boiling transient calculations which were then
compared with film boiling data presented in Section 4. FRAP-T3 did not
calculate DNB well during the flow reduction using the experimentally
determined fuel rod average power, coolant pressure, coolant inlet
temperature, and coolant flow history during the flow reduction steps.
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TABLE IV
AXIAL POWER PROFILE FOR TEST IE-2 FRAP-T3 CALCULATIONS

) Elevation :
(m above bottom of fuel) L Local Power/Average Power

0.0 . 0.579
0.0555 0.732
0.1164 0.884

©0.1545 0.991

- 0.1926 1.108
0.2536 - 1.204
0.2993 1.264
0.3527 -1.311
.0.4060 1.321
0.4517 1.306
0.4898 - "1.270
0.5508 1.169
.0.6194 1.077
0.6651 1.006
0.7108 0.915 .
0.7565 - 0.785
0.8099 0.642
0.8403 0.564
0.8861 0.448

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

Radial Location

(mm from fuel centerline) Local Power/Average Power

0.0 < 0.6178 0.870
0.6178 - 1.2355 ‘ : 0.880
1.2355 - 1.8533 0.896

' 1.8533 - 2.4711 : 0.928
2.4711 - 3.0888 | 0.970
3.0888 - 3.7066 ' : 1.030
3.7066 - 4

.3243 : ©1.130
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The measured mass fluxes at which DNB occurred for Rods IE-011 and
IE-014 were 2550 + 30 and 2750 + 30 kg/s-mz, respectively, whereas the
ca]ch]ated mass fluxes were 3163 and 2924 kg/s—mz, respectively, using
the W-3 correlation with the cold wall factor. To improve the film
boiling fuel behavior analysis, the FRAP-T3 code was modified to use the
nucleate boiling heat transfer coefficients until the time DNB was
measured to occur during the experiment. At the flow rate at which DNB
occurred during the experiment, a logic switch was used in FRAP-T3 to
force specific axial locations along the fuel rod into film boiling.
The transfent propagation of the film boiling zone cannot be modeled by
this method, but equilibrium conditions during film boiling should be
more correctly calculated. Visual postirradiation examination of the
fuel rods provided measurements of the axial extent of the film boiling
zones for input to the FRAP-T3 code. Table VI compares measured film
boiling zones to those modeled in FRAP-T3. The film bojling zones were
not modeled exactly because the node stchture used in FRAP-T3 was ‘
selected to coincide with temperature measuring devices.

The coolant flow, inlet enthalpy (which cbrrespénded to an inlet
temperature of 605 K), system pressure of 14.8 MPa, and fuel rod power[a]
that occurred in the experiment during film boiling were input to FRAP-T3.
The coolant flows and rod powers that were used are shown in Figures 47
and 48. Results for Rods IE-011 and IE-013, both having initial dia-
metral gaps of 0.10 mm, and for Rods IE-012 and IE-014, with gaps of
0.34 mm, are compared with FRAP-T3 results from Rods IE-011 and IE-014,
respectively, in the figures in the remainder of this section.

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

65



3500, —L S T— L L 1 yo— -
. FRAP-T3 .
Rod |E-012 : — —_ Measured [
& 3300 , : ‘ "
{ 7 Rod : - -
oh IE-013 .
S~ 3100 - , _ L
m - ~a
S S TH
g 2500 - }:-\/ TN Rod IE-014 : e ~
. _ Y PN
E:- ] Rod IE 01{4'\. b \\ |
@ £ N
2 2700 o
st .4 Rod IE-011 o s
42 BCOD a2 .
= - D N R
= Lo |
l's o o g g -
el - = N
ta ™ L7
i -—_— S — = -~ /"
2100 . +— . . . . — '
-50 0 &0 100 150

Time during Film Boiling (s)

Fig. 47 Measured and FRAP-T3 modeled coo]ant mass fluxes durmg the flow
reduction portion of the test.

w N 1 I i 1 1 1 L 1 1 i I i i 1 n 1 I 1
-1 - Rod IE-013 7 . . 8
. ; Rod IE-011 X
B "] — :
. — \_f e P X
& ] ‘\\ Rod IE-012 i
Pl 80 - ~Rud 1B-014 _
b 1 -
3] ] i
£ 50 i
% ] [
'ﬁ 40 :
4] E -
A ; [
= ] L
Qo 304 -
M [
— -1 -
O ] )
7 20  ____ FRAP-T3 5
= 4 Measured i
10 . —_— T
~50 a 50 100 150

Time during Fllm Boiling (s)

Fig. 48 Expemmenta]]y determined and FRAP-T3 mode]ed fuel rod peak powers
during the flow reduction portion of the test.

66



-

TABLE VI

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

Ratio of
Measured
Film
Lower Film Upper Film Boiling
, - Boiling Zone Boiling Zone Length of Zone
. ~ Boundary Boundary Boiling Zone to FRAP-T3
Rod (m) -~ (m) (m) - Modeled Zone
0.10 mm gap
1e-o11L2] 0.546 0.679 0.133 0.95
IE-013 0.521 ‘ 0.676 - 0.155 1.11
FRAP-T3 : .
(IE-011) 0.523 : 0.663 . 0.140 -——-
- -0.34 mm gap
1E-012 0.542 0.679 0.137 1 0.83
re-o14l®d os0s 0 0.676 0.171 1.04
FRAP-T3 ' | ‘ : :
(1IE-014) 0.498 0.663 - 0.165 ———-

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

6.2 Comparison of Experiment and Analysis

In this section, FRAP-T3 results are compared with measurements for
high power steady-state operation and film boiling operation for cladding
- elongation, fuel rod internal pressure, fuel centerline temperature, and
cladding surface temperature. A summary of those comparisons is given
in Table VII. Values of cladding elongation, fuel rod internal pres-
sure, fuel centerline temperature, and cladding surface temperature
immediately prior to the occurrence of film boiling are presented with
the peak>transient values prior to shutdown of the reactor. The in-
creases in temperature, pressﬁre, and elongation due to film boiling are
also tabulated. A more extensive discussion of these results 1s pre-
sented in the following sections.
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TABLE VII
COMPARISON OF MEASURED AND %ALCULATED TRANSIENT VARIABLES FOR TEST IE-2

Maximum Increase

Steady-State Peak During due to Film
. Pre-Film Qoiling Film Boiling Boiling
Cladding Elongation[a] {mm) (mm ) (mm)
Small Gap - .
IE-011 3.86 5.63 1.77
1e-013(0] - . : -
FRAP (IE-011) 3.65 5.54 1.89
. Large Gap
1E-012 = 2.51 2.58 0.07
FRAP (IE-014) 1.78 1.95 0.17
Fuel Rod Internal Pressure - MPa MPa MPa
Small Gap
1E-011 6.07 6.11 0.04
1E-013 7.32 7.42 0.10
FRAP (TF-N11) 3 nd 3,08 n.008
Large Gap
1E-m2 . 8.39 8.70 0.31
IE-O]? ) : 9,30 9.600 0.30
FRAP (IE-014) 9.00 9.238 0.23
Fuel Centerline
Temparature Ky : (K) ()
0.61-m elevation UT
1E-013 2300 3050 650
FRAP (IE-011) 2340 - 3010 670
1E-014[c] - ———- ---
FRAP (1E-014) 2870 2890 20
0.75«m elevation TC
1E-011 1670 1850 180
FRAP (IE-011) 1873 1873 ’ 0 !
IE-012 2375 244504 70
FRAP (IE-012) 2516, 2519 3
Cladding Surface . '
Temperature &) K} (k)
0.51-m elevation . .
TE-013 657 BOOES:]I 143
FRAP (IE-011) ' 620 620 0
IC-014 [fl .- .-
FRAP (I1E-014) 620 1257 X}
0.61-m elevation
TE-011(0°) 611 [f] -
1E-011(180°) 616 [f] ---
1E-013(0°) 625 1075 450
1E-013(180°) 620 700 80
FRAP(IE-011) ° 620 1250 630
15-012(0°) 604 [f]
TF-nM2(180°) f13 [f] R
1E-U14{U°) bbb 1010 i 355
1E-014(180°) 650 1080 430
FRAR{IC 014) ' £20 1198 &)
0.71-m elevation
TE-03 N7 fn7 0
FRAP(IE-011) ’ : 619 619 0
1E-014 626 625 0
0

. FRAP(IE-014) ' 619 619

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

[b] LVDT failed prior to test.

[c] Instrument failed prior to DNB.

[d] Film boiling not modeled at this location. ‘

[e] Estimate from erratic signal; thermocouple possibly on edge of film boiling zone.
[f] Instrument failed at onset of DNB.
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6.2.1

strains, e-e

i

Cladding Elongation. Quasi-equilibrium cladding axial

as defined in Section 4, measured on Rods IE-011 and

IE-012, and calculated by FRAP-T3 for Rods IE-011 and IE-014 are given

in Figure 49[a]

FRAP-T3 calculated that the diametral gap of Rod

IE-011 first closed at a rod average power of 24 kW/m and at 52.4 kW/m .

was closed over a]] but the top 7.4 cm of the fuel rod.
0.343-mm d1ametra] gap of Rod IE-014 was not calculated.

C]osure of the
Based on LVDT

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

1

=
.

15 1
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Fig. 49 Cladding e1ongat1on versus fuel rod average power for Rods' IE-011

and IE-012.

[a] As noted in Section 4.1 the sensitivity of the LVDT on Rod IE-014
changed, therefore, only the onset of PCI is given in Figure 49

for this rod.
Rod IE-014 before the sensitivity change was realized.

Posttest FRAP-T3 calculations were performed for

FRAP-T3

results for Rod IE-014 can generally be compared with data from

Rod 1E-012 because the fuel cladding gaps are similar.

Cladding

elongation during film boiling for Rod IE-012, however, should be
approximately 25% less than the elongation for Rod -IE-014 as a
result of the differencc in film boiling zone lengths.
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-after several power cycles had been conducted. Pellet-cladding me-
chanical interaction occurred at lower power levels during the first few
cycles as discussed in Section 4.1. 'FRAP-T3 cannot calculate the effects
of power cycling or creep by the fuel or cladding, so the comparisons of
-calculated and measured strains for each cycle and the steady-state
operation at 68 kW/m average peak power are not presented.

Calculated and measured cladding axial strains during the film
boiling transient are compared in Figures 50 and 51. Figure 50 shows
results for Rod IE-011, a rod with a small gap, whereas, Figure 51 shows
the strains for a rod with a large gap, measured on Rod IE-012 and cal-
culated for Rod IE-014. LVDT measurements indicate that during fiim '
boiling operation, Rod IE-011, with an initial diametral gap of 0.102 mm,
experienced a substantially greater elongation due to film boiling than
did Rod IE-012 which had an initial diametral gap of 0.343 mm. Measured
lengths of the film boiling zones on -all the rods were not sufficiently
different to account for the relatively large differences in length
increase as a result of thermal expansion of the fuel or cladding.
Diametral gaps in-Rods IE-011 and IE-013 were probably closed through
the film boiling zone during the hold at high power and during the flow
reduction. Thermal expansion of the fuel during film boiling would then
produce a large deformation in the cladding if there was no slippage
between the fuel and cladding. Although quasi-equilibrium axial strain
measurements indicated initial PCI at powers between 18 and 23 kW/m for
Rods IE-014 and IE-012, it is probable that the PCI was weak and that
slippage between the fuel and cladding occurred during the flow re-
duction prior to lock up between the fuel and cladding. Fuel, creep

'during the steady-state period wouid reduce the severity ot PUl prior to
the flow reduction and shorten the axial extent of interaction. Weak

~ PCI would account for the minimal lengthening of the cladding on Rods
1E-012 and IE-014 during film boiling. | |

For Rod IE-011, FRAP-T3 calculated that the gap first closed at an
average rod power of 24 kW/m and was closed over all but the top 7.4 cm
of the fuel rod prior to the flow reduction. FRAP-T3, assuming no
slippage between the fuel and cladding, calculated restrained expansions
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for the fuel and c]adding of 3.3S.aha 1.89 mm, respectively. Thus, -
p]aétic deformation of the cladding was éa]cu]ated by FRAP-T3. If no
slippage between the fuel and cladding océurs, the cladding will be
deformed axially to accommodate the fuel expansion during film boiling.
Since the film boiling zone length modeled in FRAP-T3 is only 5% larger
than the measured film boi]ing zone length for Rod IE-011, the agreement
between the calculated and measured cladding elongation is excellent.
The calculated unrestrained fuel thermal expansion resulting from an
estimated average fuel temperature increase due to film boiling of 700 K
is approximately 1.5 mm for a film boiling zone equivalent to that |
measured on Rod IE-011. This length increase compares favorably with
measured and FRAP-T3 calculated results which would indicate that
plastic deformation of the cladding on Rod IE-011 did occur.

In the large gap fuel rod, Rod IE-014, FRAP-T3 calculated the fuel
would lengthen by 8.7 mm by unrestrained thermal expansion whereas the
cladding would lengthen by 0.17 mm. (FRAP-T3‘indicated that the initial
nominal diametral gap of 0.343 mm for Rod 1E-014 did not c1osefat,any
axial location prior to film boiling). Unrestrained axial thermal
expansion of the cladding due to an estimated average temperature during
film boiling over the measured film boiling zone lengths shown in
Table VI would result in a cladding elongation of approximately 0.2 mm.
Both of these calculated values compare favérably with Lhe neasured
elongations for the large gap rod, Rod IE-012.

Permanent axial and radial cladding deformation was both measured
and calculated for Test IE-2 fuel rods. The lengths of the rods were
not measured during postirradiation examination of the fuel rods.
However, in-reactor LVDT measurements made immediately ftollowing the
flow reduction while ‘the rod was at 605 K are compared in Table VIII
" with FRAP-T3 analyses of the permanent axial strain in the c]add{ng.
FRAP-T3 calculated the length change of Rod IE-011 within 5% of the
measured value and correctly indicated a decrease in cladding length but
not the magnitude for Rod IE-012 due to axial cladding collapse in- the
£iIm boiling zone. The measured cladding radial strain in Rod IE-012
and the calculated radial strain in Rod IE-014 were substantially larger
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" TABLE VIII

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

Rod
0.10-mm gap
Measured (Post-DNB)

IE-011
IE-013

FRAP-T3(Rod IE-011)

Pre-DNB
Post-DNB

0.34-mm gap

Measured (Post-DNB)
IE-012

FRAP-T3(Rod IE-014)

Pre-DNB
Post-DNB

Cladding Permanent Axial Strain (mm)

0.82

0.591
0.860

-1.00

0.0
-0.239

than either the measured or calculated radial strains in Rods IE-0T1

and IE-013. Permanent radial cladding deformation calculated by FRAP-T3
for Rod IE-011 is compared in Figure 52 with theAcladding outer diaméfer
measured during the PIE for Rods IE-011 and IE-013. Diametral gr‘ow'ch[a:|

was measured-in the film boiling zone of Rod IE-011. Collapse in the

7

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

variations in fuel swelling caused by tuel melting. FRAP-T3 calculated

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

[a] Postirradiation measurements of the cladding OD were berformed

remotely using a micrometer.

Relative measurements on a given rod

are generally accurate to within +0.02 mm. A comparison of direct
and remote micrometer measurements indicates that the remote mea-
surements (posttest) may be offset by a maximum of -0.12 mm re-
lative to the direct measurements (pretest) of the cladding 0D.
Since the cladding below the film boiling zone remained below
. approximately 620 K throughout the test, it was assumed that the
cladding OD in this region had not been affected by operation in
-PBF. From this diameter measurement, the offset was determined
and the percent strain was calculated. The standard deviation
of the strain shown in Figures 52 and 53 is estimated to be +0.026 mm
or approximately +0.26% strain for all of the rods.
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Extensive cladding growth was calculated over the film boiling zone.
(A1though FRAP-T3 models the volume increase due to fuel melting, no
molten fuel was calculated for these rods.) Figure 53 compares the
strain determined from the measured postirradiation c]adding CD of Rods
IE-012 and IE-014 with the calculated strain in Rod IE-014. Collapse
throughout the film boiling zone was measured on both rods and cal-
culated by FRAP-T3. The difference between the collapse of irradiated
cladding in Rod IE-012 and that of the unirradiated cladding in Rod IE-014
can be partially accounted for by creepdown of the cladding on Rod

IE-012 during irradiation in the Saxton reactor prior to testing 1n PBF. ‘
In the region of the film boiling zone, the cladding outer diameter of
Rod 1E-012 is up to 0.03 mm smaller than that of Rod IE-014. Therefore,
the cladding collapse strain of Rod IE-012 due to creepdown could be up
to 0.3% less than the measured strain of -2.3% for Rod IE-014 which

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

IE-012 is approximate]y -1.4%, cladding creepdown prior to PBF testing
does not account for all the differences between irradiated and un-
irradiated cladding.

6.2.2 Fuel Rod Internal Pressure. The calculated and measured

quasi-equilibrium fuel rod internal pressure data from all four rods is
presented in Figuré 54. FRAP-T3 calculated préssures, evaluated by
assuming instant pressure equilibrium throughout the rod are shown as a
_ function of fuel rod average power. Pressures in the 0.10-mm diametral
gap rods tend to be overestimated, whereas those in the 0.34-mm dia-

" metral gap rods are slightly underestimated. The difference in pres-
sures between Rods IE-011 and IE-013 shown in Figure 54 represents a
variation of approximately 10%. The reason fur Lhe uvereslimales of the
rod internal pressure for the rods with the small gaps 15 not readily
épparent, but may be related to gap closure.

Film boiling transient pressure transducer measurements for Rods
jiE-Oll and IE-013 are compared with FRAP-T3 calculations of the fuel rod
internal pressure for Rod IE-011 in Figure 55. Measurements for Rods
IE-012 and IE-014 are qompared to FRAP-T3 calculations for Rod IE-014
in Figure 56 (also Table VII.) '
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Transient pressure increases within the fuel rods were differen-
tiated by the sizes of the initial diametral gaps. Rods IE-011 and
IE-013 experienced small average pressure increases of 1.0% that are
barely discernible on Figure 55. Rods IE-012 and IE-014 had average
pressure increases of 3.5%. FRAP-T3 calculated pressure increases of
0.3% and 2.6%, respectively. The trends in terms of the difference in
pressure increases due to gap differences were calculated, allhuuyh Lhe
magnitude of the pressure increases was underestimated.

As discussed in Section 4.1.2, fractional change in pressure,
(P-Po) /Po’ is a function of.the change in gas temperature and void
.volume. For the small gap rods, the gap was probably closed through the
film boiling zone so that the transition into £ilm boiling would not
change the void volume appreciably. Thus an increase in gas temperature
of 1%, i.e. 7 or 8 K, would account for the small pressure increase (the
7 or 8 K increase is based on a calculated average gas temperature of

78



720 and 820 K at 6§ kW/m prior to DNB for Rods IE-011 and IE-013, re-
spectively, which corresponds to the expected temperature increase from
zero power conditions if void volume changes are neglected). Therefore,
a slight difference in calculated and experimental gas temperature would
explain the difference between FRAP-T3 calculated and measured pressure
increases. For the large gap rods the situation is more comp1ex because
both gap thickness, thus void vo]uﬁe, and average gas temperature would
change during transition to film boiling. In fact, measured cladding
collapse onto the fuel in the film boiling zone would account for a 3%
increase in pressure for Rods IE-012 and IE-014. When the average gas
temperatures are also calculated for 68 kW/m prior to DNB assuming no
change in void volume from zero power, the resulting temperatures are
1005 and 1044 K for Rods IE-011 and IE-013. These temperatures should
be well in excess of the actual gas temperatures but they do establish
an upper bound for the increase in temperature necessary to increase the
pressure an additional 0.5%. Thus, a change in temperature of less

than 5 K would increase the pressure 0.5%. Again slight differences in
the calculated and measured cladding collapse and gas temperature would
account for the difference in interna] pressure,

6.2.3 Fuel Centerline Temperature. Fuel centerline thermocoup]é

measurements during the quasi-equilibrium portion of the test are com="
pdred with FRAP-T3 calculations in Figures 57 and 58. The FRAP-T3
results for both the small and large gap rods are shown. A comparison

of the data taken with ultrasonic thermometers (in Rods IE-013 and
IE-014) and the thermocouples (in Rods IE-011 and IE-012) shows a signi-
ficantly higher slope for the data from the ultrasonic thermometers.
Although the FRAP-T3 calculations compare favorably with the UT generated
data, this appears fortuitous. A comparison of the UT and thermocouple
data from this test to data from twe Irradiation Effects Scoping Tests
(Test IE-ST-1[]2] and IE-ST-Z[]BJ), and Irradiation Effects Test 5[]4]

was made[a]. A1l data were obtained from thermocouples except for four
|

[a] Data from other tests were examined but not included because thé
fill gas composition and hence the thermal conductivity was not
similar to that observed during the IE Test Series.
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rods, two each in Tests IE-2 and IE-5, which used UTs. Since diametral
gap has been a variable in these tests, temperature is plotted versus
gap size with power as a parameter. The results are shown in Figures 59
and 60 for local powers of 18-and 40 kW/m. Apparently the UT-data from
Test IE-2 are significantly in error compared with similar data from
thermocouples and the latter produce a more consistent trend. If this
assessment of the data is correct, then as shown in Figure 58, FRAP-T3
overestimates the temperature at 40 kW/m by about 200 K.

Figure 61 compares the fuel centerline temperatures measured.at an
elevation of 0.61 m in Rod IE-013 and 0.75 m in Rod IE-011 with FRAP-T3
analyses of Rod IE-011 at the same elevations during the film boiling
transient. Figure 62 compares temperature data for Rod IE-012 at an
elevation of 0.75 m with FRAP-T3 analyses of fuel centerline temper-
atures in-Rod IE-014. | |

Film boiling zones extended only up to the 0.68-m elevation so film
boiling was not mode1ed at the 0.75-m elevation.~ Since these locations
were above the film boiling zone, fuel centerline thermocouples at .
0.75 m on Rods IE-011 and IE-012 should not have responded substantially
to the occurrence of DNB. The fuel centerline thermocouple in Rod
IE-011 indicated a temperature increase from 1670 K to 1850 K. An
increase of approximately 70 K (2375 to 2445 K) was observed in Rod
IE-012. FRAP-T3 éa]cu]ations indicated that pre-film boiling temper-
atures would be 1873 and 2516 K, respectively, and that the temperature
differences between the rods is due to the original diametral gap.

Since axial heat conduction within the fuel is not modeled in FRAP-T3,
an increase of less than 5 K was calculated for both rods during film
boiling. ‘

The u]trasonié thermometer at the 0.61-m elevation was in the
central region of the fiim boiling zone on Rod IE-013. FRAP-T3 pre-
" dicted a stable film boiling temperature of 3010 K which corresponds
well to the measured temperature of 3050 K. (The same cautions apply to-
thic measurement as previously discussed).
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6.2.4 C(Cladding Surface Temperatures. Cladding surface temper-

atures were measured at one axial location, 0.61-m elevation, on Rods
IE-011 and IE-012, and at three axial locations, 0.51, 0.61, and

0.71-m elevations, on Rods IE-013 and IE-014. Since the spring-loaded
thermocoup]es generally have not prov1ded good measurements of the
cladding surface temperature during either quasi-equilibrium or tran-
sient conditions, their data are not presented. Type S thermocouples oﬁ
the remaining rods were all placed in grooves in-the cladding and either
brazed or brazed and laser we]ded[a]

Figure 63 compares quasi-equilibrium data from cladding surface
thermocouples located in grooves on Rods IE-013 and 1E-U14 at 0.51 m
above the bottom of the fuel rod with FRAP-T3 calculated temperatures.
Calculations of the cladding temperatures at both the surface and mid-
radius are presented for both rods. Measured data fall in between these
two calculated values at local rod powers greater than 30 kW/m since the
thermocouples are embedded in the cladding. Data from thermocouples
brazed in grooves on Rods IE-013 and IE-014 at an elevation of 0.61 m
are compared with cladding surface and midradiue temperatures calculated
by FRAP-T3 in Figure 64. The high temperature from the thermocouple at
0° .on Rod IE-014 may be a result of the groove'being located deeper that
at the mid wall radius. Cladding temperature measurements from Rods
IE-013 and IE-014 at an elevation of 0.71 m are compared with FRAP-T3
calculations of the cladding surface and midradius temperatures in
Figure 65.

Comparison of the data at the three elevations indicates that the
temperatures measured on Rod IE-013 are consistently below those mea-
sured for Rod IE-014. The difference in power between the two rods is

[a] As discussed in Appendix A, the quasi-equilibrium data has been
adjusted to reflect intercalibration with inlet temperature. No
adJustment was made on the film boiling transient data because of
the high® temperature measured.
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not ‘responsible. The comparatively high temperature measured on Rod
IE-014 cannot be attributed to the method of attaching the thermocouples,
because the one brazed thermocouple was consistent with the three brazed
and laser welded thermocouples on that rod. Circumferential variafions
in heat transfer may be partially responsible for the variations in
measured temperature. Further, as evidenced by the FRAP-T3 calculations,
the radial location of the thermocouple within the cladding wall would
alter the temperature measured. The high power steady-state temperature
gradient across the cladding at the 0.51, 0.61, and 0.71-m elevations
varies from 60 to 120 K. A consistent variation in the cladding groove
depth of approximately 0.15 mm (approximately 25% of cladding wall)
between rods will produce the 15 to 25 K temperature differences seen in
the data.

The cladding thermocoupies located at the 0.61-m e]eVation on Rods
IE-013 and IE-014 all responded to film boiling. Measured temperatures
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on Rods IE-013 and IE-014 during the film boiling transient are compared
with FRAP-T3 calculated values for Rods IE-011 and IE-014 in Figures 66
and 67, respectively. FRAP-T3 calculated peak temperatures of 1250 and
1198 K for Rods IE-011 and IE-014, respectively. Measured peak tem-
beratures for three of the four thermocouple locations generally varied
from 1010 to 1080 K. One thermocouple on Rod IE-013, however, recorded
a peak value of only 700 K. The difference in measurédAand calculated
values can be attributed to a fin-cooling effect on the thermocouple.
The thermocouples act as fins to cool the cladding and actually measure
temperatures between the coolant temperature and the actual cladding
surface temperature. )

Several of the c]édding thermocouples recorded an increase in
temperature of 50 to 100 K at time zero as shown on Figures 66 and 67.
A subsequent decrease in temperature at approximafe]y 15 seconds in- -
dicates collapse of the film boiling zone. An additional flow reduction
reestablished film boiling on the rods. The time dependence of the film
boiling zone length could not be adequately modeled by the current
version of FRAP-T3. The onset of film boiling in FRAP-T3 was .adjusted
so that it would occur at the time stabilized film boiling occurred in
the experiment.

One thermocouple on each of Rods IE-013 and IE-014 was located
at 0.51 m above the bottom of the fuel rod. Only the thermocouple of
Rod IE-013 operated during the flow reduction. The pre-film boiling
measured température was 657 K. During film boiling, the signa] was
very érratic, reaching a peak of approximately 800 K, as shown in
Figure 68. The bottom of the film boiling zone was determined to be at
an elevation of 0.546 m from visual examination. FRAP-T3 predicted a
pre-film boiling cladding surface temperature of 620 K and a peak ‘tem-
perature of 1257 K for full film boiling on Rod IE-014. Film boiling
was not modeled at the 0.51-m elevation on Rod IE-011, the rod com-
parable to Rod IE-013, because it was'apparently outside the film
boiling zone. The measured temperatures for the 0.51-m elevation
thermocouple on Rod IE-013 are attributed to the transition to film
boiling with intermittent rewetting.
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© 7. DISCUSSION AND CONCLUSIONS

The purpose of Test IE-2 was to study the behavior of fuel rods
with variations in diametral gap size and c]addihg irradiation damage
sfate; The data from this test will be used in conjunction with data
from other tests in the Irradiation Effects Test Series to establish the
effects of differing design or operating conditions upon fuel rod
behavior. '

7.1 Effects of Giap and Lladding Irradiation

Of the four rods tested in Test IE-Z; two had 0.10-mm diametral -
fuel-cladding gaps (Rods IE-011 and IE-013) and two had 0.34-mm gaps
_(Rods IE-012 and IE-014); One out of each pair of similar gap size rods
had unirradiated cladding (Rods IE-013 and IE-014) and irradiated
.cladding (Rods IE-011 and IE-012). The remaining fuel rod design para-
meters were nominally the same among all four rods.

Comparison of the data as a function of gap size indicated that the
rods with larger gaps experienced: ‘

(1) Higher fuel centecrlinc temperatures because of lower gap
conductance;

(2) Onset of pellet-cladding mechanical interaction at higher rod
powers because of the larger available volume for fuel ex-
pansion;

(3) Less total cladding elongation during buth puwer cycling and
film boiling because of reduced levels of pellet-cladding
mechanical interaction;

(4) Increased rod relaxation strains at high power due to fuel

creep or slippage or both because of reduced PCI friction
force and increased average fuel temperature;
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(5) Greéter cladding cd]]apse onto the fqe] during:film boiling
with a resulting shortening of the c]adding after shutdown;

(6). Larger pressure increases as a function of power due to larger
" number of moles of fill gas, increased gas temperature, and
greater decrease in void volume due to fuel expansion with

increasing power. |

Because of cTadding creepdown, fuel swelling, relocation, and den-
sification, -the effect of initial gap size should lessen as the irradia- -
tion time increases. This lessening of the initial gap size effect is
shown by the results from Test IE-1 and Ha1den[a] tests that indicate
the influence of gap size on irradiated fuel rod behavior was relatively
minor[15 and 16].'

The effect of prior cladding irradiation upon fuel rod behaviof?
during Test IE-2 was minimal. The influence of prior irradiation damage
on cladding behavior was expected to be significant only where the
cladding strain and strain rates were high, such-as in the perr ramp

to 68 kW/m. Plastic defofmation resulting from the power ramp could not
be measured by the LVDTs, since the power was not decreased to zero
power after the power ramp and prior to film boiling which masks any
effect of the ramp. The key result is that the rods with the irradia-
tion damaged cladding did not fail as a result of PCI strain during the
high power ramp. ‘No discernible effect of prior cladding irradiation on
fuel rod behavior during film boiling was observed.

7.2 FRAP-T3 Comparison;

The results from this and other tests in the IE Test Series are
important for the development of verified analytical models for fuel rod
behavior computer codes. A version of one of these codes, FRAP-T, has

[a] The OECD Halden Reactor Project, located in Halden, Norway.

91



been used throughout thiéktest program for (a) prediction of fuel rod
behavior to be expected ddring a'test'(fo?‘design and operaﬁion pur-
poses), (b) comparisons of calculations with test data to determine
whether any systematic errors in the data are present, and (c) to
provide feedback for continued development of the code. The comparison
made in Section 6 using FRAP-T3 shows that agreement between calculated
and measured results is generally good. The comparisons are discussed
in more detail in the following subsections, but the basic comparisons
are as follows: '

(1) Calculated fuel rod behavior generally agreed'with measured
behavior except that PCT was calculated at a higher power (or
not at all) than was measured, resulting in less axial growth
of the rods. This result was probably due to the differences
in the annular gap modeled by FRAP-T3 and the actual gap.

'(2)' During the flow reduction phase, the calculation for the'oc-
currence 6f DNB was the ﬁain discrepancy in FRAP-T3 results
relative to the data. The consequences of this discrepancy
were minimized in the calculations by forcing DNB to occur at
a zone corresponding to the measured film boiling zone. This
method yielded good agreement between calculated and measured
film boiling fuel rod behavior for part of the measurements
made. Correctly calculating the onset of DNB is only a
function of using or having a DNB corre]ation applicable for
these unique test conditions and geometries.

7.2.1 Pre-Film Boiling Behavior. During the pre-DNB phase of the

experiment, the folluwing were noted:

(1) Rods IE-011, IE-012 and IE-014 showed initiation 6f PCI at rod
average powers of 9, 23, and 18 kW/m, respectively. "The B
FRAP-T3 analyses indicated that PCI would occur on Rod IE-011

-~ at 24 kW/m and PCI would not occur on either Rod IE-012 or
1E-014 even during the ramp to 68 kW/m. Therefore, cladding
elongation was also not well calculated.
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(2)

7.2.2

(3)

(4)

Calculated fuel rod pressures showed good agreement with the
data. '

Quasi-equilibrium fuel centerline temperatures were over-
estimated.

Comparisons of surface temperature calculations were limited
by the scatter in the data.

Film Boiling Behavior

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

(1)

Cladding e]ohgation due to film boi]ing‘waé,generaT]y well
calculated. FRAP-T3 calculated the length increase of Rod *
IE-011 to within 8%. This agreement indicates that the fuel
creep and probable cladding plastic deformation‘dUrihg the
operation at 68 kW/m resulted in fuel and c]adding/stresses
representative of a rod with a uniform gap width. Posttest

_axial permanent strains were also generally well-calculated by

FRAP-T3. The code correctly calculated a decrease in 1ength
of the large gap rods, but not the magnitude. '

Extensive radial cladding éb]]apse due to film boiling opera-"
tion was measured and calculated in the film boiling zone of
the large gap rods. FRAP-T3 calculated cladding swelling for
Rod IE-011 which did show some diameter increase in the film.
boiling zone. ' |

The magnitude of the rod internal pressure increases were not
well calculated; however, the trends with regard to the dif-
ferent gap sizes were reasonably well calculated,

On the basis of fuel centerline thermocouple data, FRAP-T3

overestimated fuel centerline lemperature.
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(5)

FRAP- T3 genera]]y ca]cu]ated cladding temperatures that were
higher than those.measured The measured va]ues are probably
Tow due to'fin-coolihg effects and other.systemat1c errors.
Overall'assessment of the adequacy of the‘ca]cu1ated versus
measured temperature results during film boiling will depend

on the results of the post1rrad1at1on exam1nat1on
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APPENDIX A
INSTRUMENTATION AND DATA ACQUISITION SYSTEM UNCERTAINTIES

The calibration equations that were used to convert the transducer
output to engineering units .during the data reduct1on process for Test
IE-2 are. presented in this appendix.

Data obtained during the conduct of the test are subjected to three
significant sources of error: (a) instfument calibration errof, (b)
data system acquisition error, and (c) systematic measurement ‘error.
Estimates of both the instrument calibration eFror and data systém
acquisition error are provided in this appendix. The systematic mea-
surement error is a consequence of the transducer design and installa-
tion. To quantify the effect of the measurement error it would be
necessary, either by analysis or experiment, to simulate the in-use
configuration of the transducer. Since this effort has not been made,
an estimate of the systematic measurement error is not available. A
qualitéfive assessment of the systematic measurement error indicates
that this type of error is not significant except as stated below and
that the measurements provided by the instruments should closely reflect
values of the physical parameter measured, within the error estimates
specified in this appendix. This assumption does not apply to the .
cladding surface temperature measurements. Also, this statement is made
assuming that the instruments do not decalibrate prior to or durihg the
experiment. As indicated by the test data from rod internal pressure
tfansducers, uTtrasonic thermometers, and the linear variable differ-
ential transformer (LVDT) on Rod IE-014, significant errors due to
decalibration can occur. Data corrections or coordinate transformations
were used to minimize these errors (Appendix C). Posttest calibrations
were not performed on the test instrumentation to check for instrument
decalibration due to the difficulties involved in handling irradiated
~ components. | ' '

Calibration equations for each instrument are presented in a tab-
ular form in Table A-I. Included in the table is the 95% confidence
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SUMMARY OF CALIBRATION EQUATIOMS AND UNCERTAINTIES IN TEST IE-2 EXFERIMENTAL MEASUREMENTS

TABLE A-1

Transducer Fuel Rod Calitration Output - Data
Measurements (serial numer) Number Equetion (% of Span) Ciput System Error
. (wPa) ' (MPa
System Pressure 69-MPa Strain Post [a] MPa = -22.35 + 3.856(mV) 0 0 '0.22
(SN 159) 2583 x 10742 25 10.3 c0.27
<£.725 x 10°4(T) 50 20.7 0.35
75 1.0 0.46
100 el.4 0.58
®) ®)
Coolant Inlet Chromel-Alurel [a] K= 3¢3.6 + 24.05 (mv) 0 540 0.3
and Outlet Thermocuale ’ 25 568 0.3
Temperature (a1l devices) 50 595 0.4
75 623 0.5
100 n50 0.7
Cladding W5%/W26%5e IE-011 K= 351.2 . 0 - 340 10
Surface Thermoco.ple 1E-012 +53.50(mV) 25 330 n
Temperature -0.5598(mV)° 50 13130 15
+0.72044(mv) 3 75 1370 -2,
100 2320 25
Cladding Platinum IE-013 X=381.2 0 530 7
Surface 10% Rhodi um IE-014 +103. 7(mV) ‘ 25 332 ' ]
Temperature (Type S) +0.7667{mv)2 ’ 50 1230 1
' Thermocauple 75 1580 14
100 . 2330 17

Calibration Total
Error Error
MPa MPa
0.12" 0.25
0.08 0.28
0.08 0.36
0.09 0.47 -
0.14 0.60
{K) (k)
0.1 1.0
1.1 1.1
1.2 1.3 -
1.3 1.4°
1.4 1.6
2 10
4 12
5 16
7 21
9 26
1 7
3 9
5 13
7 17
8 21
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SUMMARY OF CALIBRATION EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS

TABLE A-I (Continued)

Transducer Fuel Rod Calibration Output ) Data
Measurements {serial number) Number Equation (% of Span) Ouput System Error
(cn¥/s)  (em¥/s)
Coolant Flow Turbine Flowmeter [E-0M cm3/s = -0.6800 0 0 6.8
(SN 10094) +0.7265(mV) 25 210.3 7.9
' 50 420.5 9.8
75 630.8 11.5
100 841.0 141
Coolant F]ow- Turbine Flowmeter IE-012 cm3/s = 0.3621 0 -0 . 6.8
(SN 10092) +0.1257(mV) 25 209.1 7.9
: 50 418.3 9.8
75 627.4 1.5
100 836.6 14.1
Coolant Flow Turbine Flowmeter IE-013 cm3/§ = -0.6868 0 0 6.8
(SN 10095) +0.1265(rv) 25 211.2 7.9
: 50 422.4 9.8
75. 633.6 11.5
100 844.8 14.1
Coolant Flow Turbine Flowmeter 1E-014 cm3/s = ~0.0053 0 . 0.0 6.8
(SM 10093) +0,1254(mv) 25 213.6 7.9
50 427.1 9.8
75 640.7 1n.5
100 14.1

854.3

Calibration Total

Error Error

‘gcm3/52 gcm3/52
0.32 6.8
0.27 749
0.79 9.8
0.27 1.5
0.32 14.1
0.32 6.8 .
0.27 7.9
0.22 9.8
0.28 11.5
0.38 14.1
0.32 6.8
0.24 7.9
0.22 9.8
0.28- 1.5
0.32 4.1
0.32 6.8
0.28. 7.9
0.22 9.8
0.28 1.5
0.35 14.1



TABLE A-1 (Continued)

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

0oL

Transducer Fual Red Cal-tration Cutput Data Calibration - Total

Measurements (serial number) Number Equation (% of Span) Quput System Error Error Error
' (K) {K) K) (K)

Coolant Copper-Constantan IE-011 K = '16.10(nv)[b] o 0 0.12 0.12 0.17
Temperature Thermocouple 25 5.€0 0.11 0.14 . ' - 0.18
Differential (Type T) 50 11.20 0.19 0.1 0.22
' (SN DTC-7) 75 16.€0 0.25 0.1 0.27

100 22.40 0.31 0.12 - 0.34

Coolant Copper-Constantan  IE-012 K = 16.08(nv)[b] 0 0 0.12 0.07 0.14
Temperature Thermocowplle 25 5.€0 0.14 0.07 0.16 -
Differential (Type T) 50 11.20 0.19 0.07 0.20
(SH DTC-2) 75 0.z5 0.25 0.07 0.26

100 22,40 0.3 0.08 0.32

Coolant Copper-Constantan (£-013 K = '16.'IZ(|'1V)[b:I ¢ 0 0.12 0.08 0.15
Temperature Thermocouple 25 5.€0 0.14 0.08 0.16
Differential (Type T) 50 11.20 0.19 0.07 0.20
(SN DTC-10) 75 16.€0 0.25 0.08 0.26

100 22.40 0.3 0.08 0.32

Coolant Copper-Constantan (E-014 k = '16.08(n\/)[C] 0 0 0.12 . 0.16 0.20
Temperature Thermocouple : 25 5.€0 0.14 0.15 0.21
Differential (Type T) 50 11.20 0.19 0.15 0.24
(SN DTC-9) 75 16.80 0.25 0.16 0.30

100 22.90 0.31 0.17 0.36
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TABLE A-1 (Continued)

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

Transducer Fuel Rod Calibration OQutput Data Calibration - Total
Measurements (serial number) Number Equation (% of Span) Ouput System Error Error Error
; — ~ » - Wa) (W) - (Pa)  [Pa]
" Fuel Rod 17.2-MPa Strain IE-011 - MPa = 5.699 + 3.389(mV) 0 ' 0 0.11 0.18 0.21-
Pressure -~ Post ‘ +3.616 x 1073 (my)2 25 43 0.13 0.12 0.18
: (SN 301) -2.070 x 10°3(T) -~ 50 8.6 0.15 0.13 0.20
75 12.9 0.17 0.12 0.21
, ) 100 - 17.2 0.20 0.19 0.28
" Fuel Rod . 17.2-MPa Strain IE-012  MPa =-6.128 + 3.470(mV) 0 0 0.1 0.18 0.21
Pressure Post ' -4.789 x 1072(mv)? 25 43 013 0.12 0.18
(SN 222) +9.871 x 10°3(T) - 50 8.6 0.15 0.13 ° 0.20
75 12.9 0.17 0.12 0.21
, 100 17.2 " 0.20- 0.19 0.28
Fuel Rod 17.2-MPa Strain IE-013  MPa = 3.945 + 3.450(mV) 0 0 0.1 0.12 0.16
‘Pressure . Post | . +3.086 x 1072(mv)? 25 4.3 0.13 0.08 0.15
(SN 257) _ 21.181 x 107(T) 50 8.6 0.15 0.08" 0.17
‘ - 715 12.9 0.17 0.08  0.19
100 17.2 0.20" 013 0.4
Fuel Rod ©17.2-MPa Strain IE-014  MPa = -3.297 + 3.232(mv) 0 0 0.11 0.04 0.12
Pressure  © Post S -1.603 x 1072(mv)2 25 4.3 0.13 0.03 0.13
(SN 308) ) +7.588 x 1073(7) 50 , 8.6 0.15 10.03 0.15
‘ 75 12.9 0.17 0.03 0.17
' 100 17.2 0.20 "0.04 0.20
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“ABLE A-I (Continued)

" SUMMARY OF CALIBFAT:ON EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS
Transducer Fuel Fod Calibration Qutput Data Calibration Total
Measurements {serial number) Humber Equation {% of Span) Quput System Error Error Error
‘ (K). (K) (K A
Fuel W5%/W26%Re ZE-011 K = 341.C + 65.09(mv) 0 34C 14 Tc] [cl
Centerline “hermocouple -0.9571(nV)2 25 . 8k 16 [c] [c3
Temperature (SN 435) +0.02:7(nv)3 ' 50 147C 19 [c] [cl
' 75 19£C 23 [c] [c]
100 250C 28 " el [c]
Fuel U5%/WZ6%Re {E-012 K = 346.2 + 59.92(mV} 0 35C 14 [c] X
Centerline Thermocouple -0.759‘_5(|nv)2 25 91C 16 [c] [cl
Temperature ISN 434) +0.0224(mv)3 50 147C 19 [c] [c]
75 203C 23 [c] [c]
100 25¢C 28 [c] {cT
Fuel Yltrasonic [E-0i3 K[e]= -11£6.9 + 498.96(mv) 0 3C [c] [c] [c]
Centerline ~hermometer -11.558(mv)* 25 10=C [c] [c] [T
Temperature ‘SN 443) -0.03348(mv)> 50 17z¢ fc] [c] [c]
Kl 17360 + 10z aamy) 75 281¢ [c] [c] [c]
-12.639(mv)° 100 S 3cc [c] [c] Ic]
+0.£5201 (mv)>
Fuel U1 trasonic [E-016 K19k _tee9.1 + se7.92(mr) o 3¢C [c] [c] [c]
Centerline ~hermometer -11.397(mv)* 25 - 10:C [c] [c] [c]
Temperature ‘SN 442) -0.7130(my)~ - 50 172C [c] [c] [c]
k(M- 2167.8 + 138.52(mv) 75 201C [c] [c] [c]
-7.113(mv)? 100 31CC [c] [c] [c]

+0.21517(mv)3
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SUMMARY OF CALIBRATION EQUATIONS AND UNCERTAINTIES IN TEST IE-2 EXPERIMENTAL MEASUREMENTS

TABLE A-1 (Continued)

Transducer Fuel Rod Calibration Output Data Calibration Total
MeasLrzments (serjal numbef) Number Equation (% of-Span), - Quput System Error Error Error
{mm) (mm) {mm) {mm)
Cladcing LvDT IE-011 mm = 1.510 0 .0 [c] [c] [c]
Eloncation (SN 039) +9.538 x 107 3(my) 25 3.81 [c] [c] [c]
+1.038 x 10°8(my)2 50 7.62 [c] “Tc] [c]
-2.392 x 1073(T) 75 11.43 ) [c] [c]
100 15.24 Tcl [c] [c)
Cladcing LVDT IE-012  mm = 1.777 0 0 [c] [c] [l
Elongation (SN 433) #1.070 x 10" 2(mv) 25 3.81 [c] (c] [c]
+2.319 x 1077 {nv)? 50 7.62 [c] [c] [c]
-2.871 x 10°3(1) 75 11.43 [c] [c] [c)
100 15.24 [c] {c] [c]
Cladding LVDT IE-014  mm = -0.3090 0 0 [c] [c] [cl.
Elongation (SN 270) 1,974 x 10"2{mv) 25 3.81 [c) [c] [c]
-1.637 x 1072(my)? 75 7.62 [c] [c] [c]
+9.706 x 10 (mv) (4 100 15.24 [c] [c] [c]

[a] cCalibrations are not unique to a particu]ar'fue1 rod.

[b] These equations are applicable to coolan: inlet temperature at 600 K.

[c] Undefined, see Appendix A discussion.
[d] This equation is for a coolant temperature of 606 K.
[e] This equation applies-over the range of 300 to 1750 K.
[f] This equation applies over the range of 1750 to 2800 K.
[g] This equation applies over the range of 300 to 2150 K.

[h] This equation applies over the range of 2150 to 2800 K.




interval estimate for each equation. The data system error and linear
sum of the data system error and calibration instrument error are also
provided. '

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

| ] nlx, - o 1172
L = Y; i_t(]-q/Z) Sy-x . 1+ ;;;E—t—z;;)z‘. (A-1)
where
L, = the confidence interval estimate
Yi = calculated value of the dependent variable from
the regression equation
t(1-a/2) = value from a student's distribution for n-2 degrees
of freedom | '
o = level of confidence (0.95 was used here)
Sy-x = standard error of .the regression of y on x
n ' = number of points
X = independent variable
X .= mean value ofithe independent variable
Xy = value of the independent variable for which error’

~estimate applies.

The evaluation for Li for several X; values estabiished the 95% con-
fidence interval estimate.
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For those transducers that had functional relationships that were
nonlinear or more multivariate, the 95% confidence interval -estimate ‘is
given by:

Ly =Yy £ t(1 - a/2)E ) (A-2)
where E is the standard error for the multivariate or polynomial re-
lationship, and the other terms are as defined previously. The standard
"error term contains cross terms of the coefficients and independent
variables. The preceding procedures were extracted from Reference A-1.

For those transducers that were not calibrated, the 95% confidence
interval estimate is assumed to be specified by the accuracy limits as
established by a manufacturer.or an ANSI standard. The type of error
estimate for each transducer is specified in the fo]]owing discussionéf

Test Train Instrumentation

(1) System Pressure. Two 69-MPa strain poét pressure transducers

were used to monitor. the coolant pressure. One 69-MPa pressure trans-
ducer (SN 156) failed prior to the test, therefore only the calibration
for the other (SN 159) is presented. As discussed in Section 3, this
transducer drifted excessive]y.'

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

thermocouples were.used'to measure the coolant inlet temperature. These
devices were not calibrated. The 95% confidence interval estimate was
taken to be 0.375% of reading, as stated by the manufacturer when using
the standard calibration tables.

(3) Coolant Outlet Temperature. One Chromel-Alumel (Type K)
thermocouple was provided'to obtain the coolant outlet temperature of

each fuel rod. Again, these devices were not calibrated and the error
~ estimate for these devices was the same as for the inlet temperature

thermocouples.
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(4) .Coolant Tempefatdré.Rise. One copper-constantan dffferentia]'
temperature measurement thermocbub1e pair. was positioned in each flow
shroud. Each-thefmocoup]e pair was calibrated for inlet temperatures of
583, 600, and 605 K for a 20 K temperature rise at each in]et'tempera-
ture. Al11 of the differential -thermocouples correlated well.

(5) Coolant Flow. Four flowmeters with graphite journal bearings

were used to measure the coolant flow rate through each flow shroud.
These flowmeters were calibrated by the manufacturer (Flow Technology
Incorporated). Although the calibrations were conducted with a slightly
different inlet and outlet flow geometry than was used during the test,
it has been established that these deviations do not affect the measured
coolant flow accuracy.

(6) Cladding Elongation. A linear variable differential trans-

former (LVDT) was used on each fuel rod to measure the c]adding elon-
gation. The calibration equations for these devices are shown in
Table A-I.

The output of each LVDT is sensitive to the transducer temperature,
the lead wire resistance, and the electronic settings of the signal
conditioner uscd. The transducers that were utilized for this experi-
ment were not calibrated at the temperature and with the same lead wire
and electronics settings that were used during the test. The procedure
followed in determining a calibration function for the LVDTs was briefly
described in the IE-1 Test Results Report[A'ZJ.

Due to the nature of the calibration of these LVDTs, a formal
estimate of the 95% confidence {interval is not deemed apprupriale; but,
it is estimated that the calibrations described the cladding elongation
changes within 5% (except for the LVDT on Rod IE-014). The calibration
procedure used is not considered optimum; but practical limitations
prevented correcting the deficiency for this test. (The LVDT on Rod
IE-014 had decalibrated severely, 50 that the data were not presented).
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Fuel Rod Instrumentation

(1) Fuel Rod Inte}nal Pressure. Each fuel rod was fif with a

17-MPa strain post-type pressure transducer to measure the fuel rod
internal pressure. The'error estimates provided'in this appendix re-

_ present the uncertainty associated 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
changes in the zero offsets between repeated pressure increase and
decrease cycles. Sometimes this drift is excessive. A review of cal-
ibration data for several of these pressure transducers has shown that
the calibration of the transducer generally does not shift during a°
pressure increase cycle and that any zero offset change usually occurs
during the pressure decrease portion of a cycle. Consequently, the
pressure differentials indicated during power increases are likely to be
an accurate measure of the fuel rod internal pressure. ’

The reason for the zero shift is not fully understood, but it is
most likely due to the strain gauges not being ihtegra]]y attached to
the strain post in the pressure transducer. Transducers SN 222 and )
SN 257 were not calibrated at temperatures above 590 K so they were
expected to be less accurate than the remaining two. transducers, cal-
ibrated at 606 K, the temperature at which the precond1t1on1ng and flow
reduction portions of the test were conducted.

(2) Fuel Center]ine Temperature. Tungsten-rhenium thermocouples

were used to measure the fuel centerline temperature in Rods IE-011 and
IE-012." The thermocoup]es'dsed in the test consisted of a short, high
temperature section spliced to-a long lead-out cable. The lead-out
cable was insulated with Mg0, a stainless steel sheath, and wires
(405/426 Hoskins alloys). These alloys match the standard ca]ibration'
for W5%Re/W26%Re thermocouples. The high temperature zone had a tan-
talum sheath, Be0 insulation, and stranded W5%Re/W26%Re wires. This
high temperature portioh for Rod IE-011 was calibrated prior to use, but
the ca]ibrafion of this zone did.not match the standard ca]ibrat?on.

it
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However, it did remain within 25 K of the standard calibration. The
result is a thermocouple with a dual calibration which responds dif-
ferently to temperature gradients along different parts of its length.
This condition is discussed in IE Scoping Test 2 Test Results Repoft[A'3].

The high temperature portion of the thermocouple for Rod IE-012
was not calibrated, thus the standard calibration for a W5%Re/W26%Re
thermocouple was used. The estimated uncertainty for these two thermo-
couples is +30 K over the range from 600 to 2500 K.

Ultrasonic thermometers (UTs) were used to measure the fuel center-
line temperature in Rods IE-013 and IE~014. The UTs were calibrated up
to 2800 K using a combination of an optical pyrometer and a tungsten-
rhenium thermocouple. The instrumentation for this device is set up
such that a change of output range occurs during the DNB portion of the
test. The UTs are expected to be accurate within +5% but based on the
arguments in Section 6.2.3 the error may be much larger.

(3) C]addigg_Surfacé Temperature. Uncalibrated tungsten-rhenium

thermocouples, spring-loaded against the cladding, were used to measure
the cladding surfacé temperature on Rods IE-011 and IE-012. The 95%
confidence interval estimate was taken to be 0.375% of the reading, as
stated by the manufacturer when using standard calibration tables.

Type S thermocouples were used on Rods IE-013 and IE-014. Again,
standard calibration tables were used to convert these data.

The uncertainties 1isted in Table A-I are for the test following
the .gap conductance phase. As discussed in Section 3.1, the.recording
range was switched from a small range to a large range at this point in
the test. Because of the range changes, two separate calibration
equations were used to evaluate the data. Dur5n§ the power calibration
cycles, a calibration equation for the narrow range of 500 to 700 K was
used. The instrument error was approximately +1 K. During the pre-
conditioning period and ramp to high power, an equation for a range of
500 to 2000 K was used in preparation for temperatures expected during:
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the flow reduction. The associated instrument error for this equation
. was +10 K for the spring-loaded thermocouples and +7 K for the Type S
thermocouples. In an attempt to minimize this uncertainty in .the ab-'
solute temperature, each cladding thermocoub]e was intercalibrated with
the inlet temperature at zero power. After the data were adjusted using
‘the inter-calibration results, the instrument uncertainties were es-
timated to be +2 K for temperatures between 500 and 700 K. Above 700 K,
the uncertainties given in Table A-I apply. o
Another type of systematic error is also present in the cladding
surface thermocouple data. Both spring-loaded and Type-S thermocouples
measure temperatures other than cladding surface temperatures. The
spring-loaded thermocouples measure temperatures between coolant and
cladding surface temperature due to the coolant cooling the thermo-
coupies_which act as a fins in the flow. During film boiling operatian,
the errors are extreme with differences between actual and indicated
temperatures on the order of several hundred degrees. The error in the
Type S thermocouple data is apparently a function of the type of flow
regime surrounding the rod. During forced convection and nucleate
boiling, the Type S thermocouples measure~temperatdres between cladding
midradius and surface because they are embedded in the cladding. During
-film boiling operation, these thermocouples indicate temperatures 100 to
200 K less than is calculated for the cladding surface temperatures.
Because of the measurements during forced convection and nucleate
boiling, it is felt that the thermocouples are indicating the actual
temperature of the cladding somewhere between the midradius and surface,
but have locally cooled the cladding due to the thermocouples acting as
fins. '

Data Acquisition System

A summary of the data recording system errors associated with
decalibratioh and drift of the electronics used to record and reduce the
data are given for each transducer in Table A-I. A ‘thorough discussion
of the source of these errors is given in Appendix B of the IE Scoping

Test 1 Report[A'4].
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"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:

Vo = (Vy= V) é - (A-3)
where
Vo, = recorded data signal (volts)
‘ Qi - transduccr outpu; signal (vo]ts)
v, = offset (volts)
G = gain.

The standard deviation of -the recorded data signal, SVO, éah then
be determined to be ‘

v 2 ;
_ 0 2 2. 2 2. 21 1/2
SVo = (E—) SG + G Sv + G SV. (A¢4)
: z i
For the calibration, SVi can be considered to be zero such that
[/v\2 2 1/2 - ' N
- 0 2. 2 '
SVO.- (G ) SG + Q SvZ (A-5)

S A test perfqrmed to evaluate the data system resulted in values of

—%—and GSv to be,0;65% and 2.7 miT]ivo]ts, respectively.

Zz

For a total span (Y -y ) on the recording channel of 1000

max min
millivolts, Equation (A-5) can be simplified to

x (0.65%)2 + (0.27%)2| 172 (a-6).
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Where

Y = measured signal in engineering units
SY = standard deviation of Y -
Ymax = méximum output signé]
Ymin = minimum output signal
Ymax'Ymin = span of output signal.

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

~
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APPENDIX B -
FUEL ROD CHARACTERIZATION DATA -

Theipretest fuel rod characterization data for Test IE-2 are
présénted in this appendix to: (a) facilitate a comparison of fuel rod
physical characteristics between IE experiments, (b) provide input for
the analytical models used for predictfon of fuel rod behavior during
nuclear operations, and (c) provide data for poStteét model verification °
activities. The amount and type of characterization data available are
different for each fuel rod used in the test. ' All measurements, with
the exception of mass and volume, were obtained using devices that are
scaled for U. S. Cuétomary Units. These values were then converted to
SI units.

Rod IE-011 was constructed with cladding from a MAPI fuel rod
(M-15) irradiated in the Saxton reactor to.an approximate burnup of
5110 MWd/t and fresh fuel. Irradiated fuel within the MAPI rod was
removed and replaced with unirradiated 12.5 wt% 235U02 fuel. The
original end cap was replaced with an instrumented upper end cap.
Characterization data for the Rod IE-011 are presented in Table B-I.
The 95% population loaded value in the table refers to the dimensional
range of a parameter within which 95% of the measurements were found.
The void volume measurement includes the void found in the fueled
region, the plenum, and the instrumented end cap. The measurement
accuracy is *+ 0.2 cm3. The cladding mechanical properties are typical
of MAPI fuel rod cladding prior to irradiation in the Saxton reactor.
Table B-II contains characterizationﬂaata for the fresh fuel pellets .
inserted into Rod IE-011. Pellet length measurements were obtained by
measuring the length between the upper and lower dish shoulder of each
pellet. ‘Both the diaheter-and length measurements were performed using
a Bausch and Lomb optical gauge, Model BR-25. The measurements are
accurate to within + 0.0005 cm. An ana]yticél balance, accurate to
within + 1 milligram, was used to weigh the pellets. ' Table B-III con-
tains cladding dimensions for Rod IE-011. An air gauge was used to
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obtain measurements of the cladding inner diameter (ID) for the length’
of the rod. The accurécy of these meésurements is estimated to be
within + 0.002 cm. Figure B-1 combines the fuel pellet outer diameter
(0D) and cladding ID measurements to illustrate the diametral gap as a
function of axial position. .

Rod IE-012 is similar to Rod IE-011. C(Cladding from a MAPI fuel rod
(M-19) irradiated in the Saxton reactor to an approximate burnup of
5610 MWd/t was filled with fresh 12.5 wt% 235U02 fuel and fitted with an
instrumented upper end cap. Characterization data for the fuel rod is
contained in Table B-IV. The fuel pellets, for which characterization
is presented in Table B-V, were slightly smaller in diameter than. those
used in Rod IE-011 to create a larger diametral gap between the fuel and
cladding. Measured cladding dimensions are presented in Table B-VI.
Figure B-2 illustrates the diametral gap versus axial position for Rod
IE-012. Two fuel pellets had an OD slightly different from the re-
mainder of the pellets loaded in the rod. ‘

Rod IE-013 was constructed using the cladding from an unirradiated
Saxton fuel rod (925) and fresh 12.5 wt% 235UO2 fuel pellets with the
same OD as those pellets used in Rod IE-011. Characterization data for
the fuel rod, fue1‘pe11et$, and cladding are presented in Tables B-VII,
B-VIII, and B-IX, respectively. Figure B-3 contains the axial profile
of the diametral gap for Rod IE-013. '

Rod IE-014 was also manufactured with cladding from an unifradiated
Saxton fueT‘rod (929). Fresh 12.5 wt% 235U02 fuel pellets having an 0D °
similar to the pellets used in Rod IE-012 were inserted in Rod IE-014.
Tables B-X, B-XI, and B-XII, respectively, contain characterization data
for the fuel rod, fuel pellets, and cladding. Fuel pellet 0D and
cladding ID measurements are shown in Figure B-4 to illustrate the axial
profile of the diametral gap.

A detailed characterization of these and other fuel rods used in
the IE test series can be found in Reference B-1.
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Fig. B-1 Diametral fuel-cladding gap versus axial position for Rod IE-011.
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Fig. B-2 Diametral fuel-cladding gap versus axial position for Rod IE-012.
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Fig. B-3 Diametral fuel-cladding gap versus axial position for Rod IE-013.
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TABLE B-I

OVERALL PRETEST FUEL ROD AND CLADDING.

DATA FOR ROD IE-011

- _Finished Tube Data:

Mean 0D

Mean ID

Ovality (Max ID/Min ID)
Cladding Length

Overall Length

- 0.9997 cm
- 0.8738 cm
-+ 1.0050

- 96.949 cm .
- 103.38 cm

. Mechanical Properties Of Unirradiated Fuel Rod C1adding[a]:

. Fuel

Fill

Yield Tensile Strength

At Room Temperature
At 658 K

Ultimate Tensile Strength

At Room Temperature
At 658 K :

Data:

Enrichment
Mean Geometric Density
95% Population Loaded
Mean Diameter
95% Population Loaded
Stack Mass ‘
Measured Stack Length
Dish Dimensions

Dish Chord
Dish Depth

Grain Size

Grain Diameter
Center Hole Length
Plenum Length
Mcan Fuel-Cladding Gap -
Measured Void Volume
Gas Data

Pressure
Composition

568.7 MPa -
- 320.3 MPa

- 749.1 MPa
- 423.0 MPa

- 12.49% 2350 3

- 10.3661 gram/cm™
- 10.3661 (+ 1.3184,
- 0.8636 cm

- 0.8636 (+0.0005, -0.0015) cm

- 523.6631 gram
- 88.3996 cm

- . 0:6604 cm

- 0.0343 cm

- 22.5+ 6.5 x 10" %em
- 18.2093 cm

- 5.7404 cm

= 0.0102 cm

- 6.6 ml

- 2.51 MpPa
- 76% He, 24% Ar-

[a] Data supplied by Westinghouse Electric Corporation.
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TABLE B-11

FUEL PELLET CHARACTERIZATION DAT4 FOR ROD IE-O11

LENGTH (cm)

perLeTle] DIAMETER (em)
NO. TOP CENTEX _ BOTTOM  AVERAGE
1 0.8633  0.3635  €.8636  0.8635
2 0.8636  0.3633  0.8628  0.8633
3 . 0.8623  0.3623  0.8623  0.8623
4 0.8639  0.8633  0.8636  0.8638
5 0.8636  0.3635  0.8631  0.8634
6 0.8616  0.3623  0.8626  0.8622
7 0.8636  0.363)  0©.8636  0.8637
-8 0.8626 . 0.3631  €.8631  0.8629
9 0.8636  0.363)  0.8639  0.8638
10 0.8623  0.8623  ©.8631  0.8628
1 0.8636  0.8635  ©.8639  0.8637
12 0.8639  0.8633  ©.8636  0.8636
13 0.8636  0.863)  0.831  0.8639
14 0.8639  0.863)  (.8639  0.8639
15 0.8639  0.363)  (.839  0.8639
.16 0.8639  0.863)  0.8639  0.8639
17 0.8636  0.8635  6.8636  0.8636
18 0.8639  0.363)  €.8639  0.8639
19 0.8633  0.363)  0©.839  0.8637
20 .0.8639 ~ 0.8635  0.8636  0.8637
21 0.8633  0.8635 0.8636  0.8635
22 0.8633  0.8633  0.8633  0.8633
23 0.8639  0.3641  0.8636  0.8639
24 0.8639  0.8635  0.8636  0.8637
25 0.8633  0.3635  0.8633  0.8634
26 0.8631  0.3623  ©.8626  0.8628
27 0.8636  0.3633  0.8636  0.8637
28 0.8633  0.8633  €.8633  0.8635
.29 0.8636  0.363)  0.8639  0.8638
30 0.8636  0.3633  €.8631  0.8633

0° 90° AVERAGE
1.5403 1.5222 1.5312
1.5438 1.5400 1.5419
1.5433 1.5390 1.5411
1.5222 1.5174 1.5198
1.5573 1.5514 1.5544
1.5220 1.5176 1.5198
1.5301 1.5265 1.5283
1.5154 1.5090 1.5122
1.5413 1.5367 1.5390
1.5629 1.5608 1.5618
1.5189 1.5138 1.5164
1.5281 1.5207 1.5244
1.5423 1.5380 1.5401
1.5240 1.5207 1.5223
1.5187 1.5138 1.5163
1.5187 1.5143 1.5165
1.5314 1.5276 1.5295
1.5357 1.5321 1.5339
1.5192 1.5123 1.5157
1.5314 1.5255 1.5284
1.5530 1.5481 1.5505
1.5283 1.5217 1.5250
1.5194 1.3856 1.4525
1.3967 1.5197 1.4582
1.5121 1.3795 1.4458
1.5489 1.5453 1.5471
1.5141 1.5113 1.5127
1.3820 1.3769 1.3795
1.5425 1.5367 1.5396
1.5207 1.5164 1.5185

WIIGHT  GEOMETRIC
(5RAMS)  DENSITY
(g/em”)
9.1360  10.3236 -
9.2181  10.3495
9.2171  10.3762
9.0904  10.3442
9.2891  10.3405 -
9.0921  10.3853
9.1731  10.3814
9.0245  10.3422
9.2372  10.3785
9.3486  10.3726
9.0608  10.3362
9.1222  10.3529
9.2200  10.3493
'9.1063  10.3427
9.0849  10.3604
9.0570  10.3629
9.1339  10.3313
9.2119  10.3828
9.0653  10.3457
9.1187  10.3190
9.3002  10.3766
9.1264  10.3595
9.0435  10.7722
9.1316  10.8383
8.9978  10.7791
9.2356  10.3441
9.0685  10.3705.
9.0093  10.3170
9.2380  10.3751
9.0800  10.3514
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6Ll

_ JABLE B-1I (Continued)

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-OW

peLLETL] DIAMETER (cm) LENGTH (cm) WEIGHT  GEOMETRIC IMMERSION

NG. TOP CENTER _ BOTTOM  AVERAGE 0° 90° AVERAGE. . (GRAMS) ~_ DENSITY DENSITY
' : ‘ {g/cm”) {g/cm”)

31 0.8633  0.8636  0.8633  0.8634 1.5321 1.5303  1.5312 9.1799  10.3753 ° 0.0

32 0.8639  0.8641 0.8636  0.8639 1.5451 1.5377  1.5414 9.2033  10.3220 0.0

33 0.8639  0.8636  0.8633  0.8636 1.5230  1.5121 1.5175 9.0841 10.3569 0.0

34 0.8636  0.8633  0.8633  0.8634 1.5207  1.5174  1.5190 9.0806  10.3465 0.0

35 0.8636  0.8639  0.8636  0.8637 1.5182  1.5151 1.5166 9.0650  10.3392 10.3997

36 0.8639  0.8639  0.8636  0.8638 1.5113  1.5065  1.5089 9.0121 10.3303 0.0 . -

37 0.8626  0.8628  0.8628  0.8628 1.5166  1.5154  1.5160 9.0373  10.3346 0.0-

38 0.8628  0.8628  0.8628  0.8628 1.5151 1.5118  1.5135 0 9.0282  10.3397 0.0

39 0.8631 0.8628  0.8628  0.8630 1.5187  1.5146  1.5166 9.0362  10.3228 0.0

40 0.8636  0.8639  0.8633  0.8636 1.5070  1.4989  1.5029 9.0035  10.3661 10.4119

41 0.8626  0.8628  0.8626 . 0.8627 1.5428  1.5380  1.5404 9.2000  10.3539 0.0

42 0.8636  0.8636 0.8636  0.8636 1.5230  1.5146  1.5188 ‘' 9.0672  10.3289 0.0

43 0.8633  0.8636  0.8639  0.8636 1.5220  1.5192  1.5206 9.0825  10.3341 0.0

44 0.8641 0.8641 0.8641 0.8641 1.5291 1.5263  1.5277 9.1344  10.3317 0.0

45 0.8626  0.8628  0.8628  0.8628 1.5306  1.3960  1.4633 9.1388°  10.8323 10.4244

46 0.8639  0.8641 0. 8641 0.8640 1.5126  1.5100 - 1.5113 9.0706  10.3744 0.0

47 - 0.8639  0.8641 0.8639  0.8639 1.5281 1.5225  1.5253 8.7298  10.349 10.2935

48 0.8639  0.8641 0.8641  0.8640 1.5105  1.5067  1.5086 8.6282  10.3475 10.1772

49 0.8639  0.8641 0.8641 0.8640 1.5258  1.5199  1.5229 8.6888  10.3419 10.2101

50 0.8641 0.8641 0.8636  0.8639 1.5250- 1.5212  1.5231 8.7157  10.3406 10.2988

51 0.8641 0.8641 0.8639  0.8640 1.5380  1.5326  1.5353 8.7641 - 10.3255 - 10.3160

52 0.8639  0.8636  0.8639  0.8638 1.5202  1.5149  1.5175 8.6948  10.3855 -. 10.3058

53 .0.8633  0.8639  0.8633  0.8635 1.5037  1.4956  1.4996 8.5646  10.3400 10.1963

54 0.8639  0.8639  0.8636 . 0.8638 1.5235  1.5182  1.5208 © 8.6820  10.3339 _10.1602

55 0.8639  0.8641 0.8639  0.8639 1.5237  1.5189  1.5213 8.6735  10.3227 10.6845

56 0.8636 .0.8639  0.8636  0.8637 1.5049  1.4994  1.5022 8.5823  10.3460 10.1556

57 0.8639  0.8639  0.8639  0.8639 1.5128  1.5083  1.5105 8.6299  10.3406 10.1720

58 0.8636  0.8639  0.8641 0.8639 1.5161 1.5126  1.5143 8.6476  10.3421 10.2486

[a] Pellets are numbered from battom of fuel stack.




TABLE B-III

FUEL ROD CLADDING DIMENSIONS FOR ROD IE-011

Tube Inside Diameter Measurements Tube Qutside Diameter Measurements
Location[a] Inside Diameter . Loca'cion[a:| - Outside Diameter
(cm) _ (cm) (cm) . (cm)
0° 90° . 0° ' 90°
. 2.54 0.8768 0.8758 71.12 0.9967 1.0025
5.08 - 0.8755 0.8750 : 73.66 . 0.9980 1.0018
7.62 0.8755 0.8750 76.20 0.9992 1.0010
10.16 0.8740 0.8740 78.74 0.9977 1.0023
12.70 0.8735 0.08730 :
15.24 0.8735 0.8735
17.78 0.8735 = 0.8735
20.32 0.8715  0.8722
22.86 0.8745 0.8748
25.40 0.8750 0.8748
27.94 0.8730 0.8725
30.48 0.8748 0.8750°
33.02 0.8725 0.8725
35.56 0.8710 0.8710
38.10 1.8733 N.8722
40.64 0.8730 0.8727
43.18 0.8710 0.8710
45.72 0.8707 0.8717
48.26 0.8715 0.8717
50.80 0.8725 0.8725
53.34 .0.8738 0.8725
55.88 . 0.8735 0.8738
58.42 0.8722 0.8725
60.96 0.8730  0.8725%
63.50 0.8722  0.8727
66.04 0.8733 0.8738
68.58 0.8733 0.8730
“71.12 0.8722 0.8720
73.66 0.8725 0.8717
76.20 0.8738  0.8743
78.74 0.8740 0.8730
81.28 0.8738 0.8750
83.82 0.8750 0.8748
86.36 0.8745 0.8750
88.90 0

.874%  .0.8733 : -

[a] Distance from bottom of fuel rod.

120



© TABLE'B-1v
OVERALL PRETEST FUEL ROD AND:CLADDING

DATA FOR ROD IE-012

Finished Tube Data:

" Mean 0D

Mean ID :
Ovality (Max ID/Min ID)

- Cladding Length
" Overall Length

0.9967 cm

- 0.8733 cm

1.0050
96.954 cm
103.378 cm

Mechanical Properties Of Unirradiated Fuel Rod C]adding[a]:

Fuel

Yield Tensile Strength

At Room Temperature
At 658 K

Ultimate Tensile Strength

At Rooﬁ Temperathre
At 658 K

Data:

Enrichment

Mean Geometric Density
95% Population Loaded

Mean Diameter '
95% Population Loaded

Stack Mass

Measured Stack Length

Dish Dimensions

Dish Chord
Dish Depth

Grain Size-

~ Grain Diameter

- Center Hole Length

Fill

Plenum Length
Mean. Fuel-Cladding Gap
Measured Void Volume

Gas Data

Pressure
Composition

~

568.7 MPa
320.3 MPa

749.1 MPa
423.0 MPa

'12 49% 235y
10.2776 gram/cm

10.2776 (+01519,
0.8390 cm

-0.8390 (+0.0104,

493.2690 gram
88.3768 cm

0.6604 cm
0.0343 cm

18.2677 cm
5.7404 cm
0.0343 cm
9.2 ml

2.50 MPa
76% He, 24% Ar

[aJ Data supplied by Westinghouse Electric Corporation.

4

-0.8977) gram/cm3
-0.0277) cm

22.5 + 6.5 x 107" cm
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TABLE B-V
FUEL PELLET C-ARACTERIZATION DATA FOR ROD IE-012

peLLeT(?] DIAMETER (cm) LENGTH (cm) WEIGHT  GEOMETRIC IMMERSION
NO. TOP CENTER  BOTTOM  AVERAGE . T 90° AVERAGE (GRAMS) ~ DENSITY ~  DENSITY-
~ : _ (g/cm”) (g/cm”)
1 0.8392 0.8397  0.8395  0.8395 1.5372  1.5397  1.5385 8.7112  10.3739 0.0
2 0.8390 0.8395  0.8395  0.3393 1.5270  1.5225  1.5248 8.5758  10.3100 0.0
3 0.8390  0.8392  0.8387  0.8390 1.5283 . 1.5316  1.5300 8.6524  10.3747 - " 0.0
4 0.8390 0.8395  0.8395  0.8393 1.5443  1.5484  1.5464 8.6074  10.2015 0.0
5 0.8395 0.8392  0.8387  0.839 1.5204  1.5176  1.5190 8.5725  10.3496 10.3904
6 0.8382 0.8385 - 0.8387  0.8385 1.5403  1.5448  1.5425 8.6899  10.3462 0.0
7 0.8392 0.8395  0.8397  0.8395 1.5367  1.5375  1.5371 8.6971  10.3666 0.0
8 0.8390 0.8392  0.8390  0.8390 1.5245  1.5278  1.5262 8.6077  10.345] 0.0
9 0.8392 0.8395 0.8395  0.8394 1.5016  1.5065 .1.5041 8.4900  10.3473 0.0
10 0.8395 0.8397  0.8397  0.8396 1.5151  1.5207  1.5179° 8.5518  10.3198 10.3813
1 0.8392 0.8395  0.8395  0.8394 1.5133  1.5176  1.5155 8.5600  10.3528 0.0
12 0.8395 0.8397  0.8397  0.8396 1.5337  1.5377  1.5357 8.6955  10.3700 0.0
13 0.8390 0.8395  0.8392  0.8392 1.5222  1.5278  1.5250 8.6189  10.3622 " 0.0
14 0.8379 0.8379  0.8379  0.8379 1.5283  1.5329  1.5306 8.6152  10.3512 0.0
15 0.8494 0.8496  0.8494  0.8495 1.5215  1.5245  1.5230 8.8182  10.3581 10.0975
16 '0.8392 0.8392  0.8395  0.8393 1.5329  1.5367  1.5348 8.6583 . 10.3402 0.0
17 0.8392 0.8392  0.8395  0.8393 1.5100  1.5138  1.5119 8.5233  10.3351 0.0
18 0.8392 0.8397  0.8395  0.8395 1.4999 © 1.5075  1.5037  8.5074  10.3690 0.0
19 0.8395  0.8395  0.8395  0.8395 1.5060  1.5088  1.5074 ©8.5109  10.3476 0.0
20 . 0.8395 0.8395  0.839C  0.8393 1.5093  1.5141  1.5117 8.5011  10.3099 10.3829
21 0.8390 0.8392  0.8395  0.8392 1.5255  1.5288  1.5272 8.6113  10.3382 0.0°
22 0.8392 0.8392  0.8392  0.8392 1.5255  1.5298  1.5277 8.7837  10.5416 0.0
23 0.8392 0.6395  0.8395  0.8394 1.5116  1.5199  1.5157 8.5340  10.3196 0.0
.24 0.8395  0.8395  0.8397  0.8396 1.5293  1.5331  1.5312 - 8.6473  10.3429 0.0
25 0.8392 0.6395  0.8395  0.839% 1.5210  1.5240  1.5225 8.5844  10.3340 10.3880
26 0.8395 0.8395  0.8395  0.8395 1.4994  1.5039  1.5016 8.4709  10.3387 0.0
27 0.8395 0.8392  0.8392  .0.8393 '1.5403  1.5453  1.5428 8.6967  10.3314 0.0
28 0.8392 0.8395  0.8395  0.8394 1.5433  1.5469  1.545] 8.5679  10.1611 0.0
29 0.8392 0.8395  0.8395  0.8394 1.5088  1.5136  1.5112 8.5522  10.3733 0.0
30 0.8395 - 0.8395  0.8395  0.8395 1.5042  1.5090  1.5066 8.4845  10.3208 10.3678
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TABLE B-V (Continued)

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-012

LENGTH (cm)

pELLETLE] DIAMETER (cm)
NO. TOP CENTER  BOTTOM _ AVERAGE
31 0.8932 0.8392  0.8390  0.8391
2 0.8395 0.8395  0.8395  0.8396
33 0.8395 0.8395  0.8392  0.8394
34 0.8392 0.8397  0.8392  0.8394
35 0.8392 0.8397 ~ 0.8392  0.8394
36 0.8397 0.8397  0.8392 - 0.8396
37 0.8392 0.8395  0.8395  0.8394
38 0.8113 0.8113  0.8113  0.8113
39 0.8392 0.8392  0.8395  0.8393
40 0.8390 0.8392  0.8395  0.8392
41 0.8392 .  0.8395  0.8392  0.8393
42 0.8392 0.8395  0.8395  0.8394
43 0.8400 0.8397  0.8392  0.8396
44 0.8397 0.8397  0.8395  0.8396
45 0.8397 0.8397  0.8397  0.8397
46 0.8395 0.8395  0.8395  0.8395
47 0.8397 0.8400  0.8395  0.8397
48 0.8395 0.8397  0.8395  0.8396
49 0.8392 0.8395  0.8397  .0.8395
50 0.8390 0.8395  0.8392  0.8392
51 . 0.8397 0.8392  0.8385  0.8385
52 0.8372 0.8392  0.8397  0.8387
53 0.8400 0.8400  0.8400  0.8400
54 0.8395 0.8397  0.8392  0.8395
55 0.8395 0.8397  0.8397  0.8396
56 0.8397 0.8397  0.8400  0.8398
57 0.8392 0.8397  0.8397  0.839
58 0.8395 0.8397  0.8397  0.8396

[a] Pellets are numbered from the bottom of the fuel stack.

— ot ot et e et ) ) d ) e —d ed o d e ek e d ) b ) ) ) ——d b ) —d

0° 90° AVERAGE
.5263 1.5156 1.5210
.5039 1.5062 1.5051
.5286 1.5334 1.5310
.5329 1.5364 1.5347
.5370 1.5405 1.5387
.5395 1.5438 1.5417
.5161 1.5243 1.5202
.5159 1.5199 1.5179
.5189 1.5235 1.5212
.5138 1.5169 1.5154
.5202 1.5151 1.5176
.5334 - 1.5278 1.5306
.5268 1.5220 1.5244
.5194 1.5159 1.5176
.5293 1.5240 1.5267
.5174 1.5136 1.5155
.5174 1.5105 1.5140
.5255 1.5227 1.5241
.5184 1.5128 1.5155 ~
.5215 1.5166 1.5190
.5138 1.5077 1.5108
.5326 1.5276 1.5301
.5344 1.5301 1.5323
.4986 1.4920 1.4953
.5349 1.5324 1.5337
.5273 1.5205 1.5237
.5184 1.5143 1.5164
.5337 1.5293 1.5315 -

3307

WEIGHT  GEOMETRIC IMMERSION
- (GRAMS) DENSIT DENSITY
(q/cm {g/cm”)
8.5868  10.3537 0.0
8.5132 10.3642 0.0
8.6589  10.3649 0.0
8.6363  10.3127 0.0
8.6682  10.3231 10.3898
8.7100  10.3487 0.0
8.6094  10.3799 0.0
7.9232  10.2519 0.0
8.5920  10.3540 0.0
8.5510  10.3470 10.3516
8.5779  10.3616. 0.0
8.6324  10.3358 0.0
8.6147  10.3509 0.0
8.5847-  10.3613 0.0
8.6183  10.3374 10.4076
8.5717 10.3648 . 0.0
8.1426  10.3384 10.3363
8.2093  10.3549 10.2526
8.1601 10.3559 10.2463
8.1612  10.3402 10.3179
8.0965  10.3472 10.3053
8.2270  10.3606 10.3997
8.2570  10.3501 10.2396
8.0451 10.3650 10.4295
8.2450  10.3488 10.0694
8.1827  10.3348 10.3799
8.1607  10.349] 10.4141
8.2303  10. 10.2511




FUEL ROD:CLADﬂLNG DIMENSIONS FOR ROD IE-012" ~ *

TABLE B-VI

Tube Inside Diameter Measurements

Location[a] Inside Diameter
(cm) (cm)
0° 90°
2.54 0.8766 0.8776
5.08 0.8771 0.8773
7.62 0.8773 U.8763
- 10.16 0.8778 0.8766
12.70 0.8748 0.8735
15.24 0.8743 0.8735
17.78 0.8760 0.8753
20.32 0.8760 0.8750
22.86 0.8768 0.8758
25.40 0.8743 0.8730
27.94 0.8740 0.8730
30.48 0.8748 0.8740
33.02 0.8760 0.8750
35.56 0.8735 0.8730
38.10 0.8735 0.8733
40.64 0.8750 0.8748
43.18 0.8766 0.8763
45.72 0.8740 . 0.8740
48.26 0.8748 0.8748
50.80 0.8730 0.8743
53.34 0.8738 0.8753
55.88 "0.8725 0.8738
58.42 0.8728 0.8735
60.96 0.8740 0.8753 -
63.50 0.8753 0.8753
66.04 - 0.8735 0.8755
68.58 0.8745 0.8740
71.12 0.8735 0.8753
73.66 0.8738 0.8758
76.20 0.8740 0.8758
78.74 ~0.8745 0.8758
81.28 0,8743 N.R87A3
83.82 0.8753 0.8763
86.36 0.8763 0.8766 .
88.90 0.8760

0.8766

[a] Distance from .bottom of fuel rod.

Tube Qutside Diameter Measurements

Locatibn[a] Outside Diameter
(cm) (cm)

0° 90°

71.12 0.9944 0.9985

73.66 0.9957 0.9977

76.20 U.9957 U.9Y82

78.74 0.9959 0.9982
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‘TABLE‘B-VII

OVERALL PRETEST FUEL ROD AND CLADDING '

~ .

DATA FOR ROD IE-013

Finished Tube Data: =

Mechanical Properties Of Unirradiated Fuel Rod C]adding

Fuel

Fill

Mean 0D

Mean ID

Ovality (Max ID/Min ID)
Cladding Length

Overall Length

Yie]d'Tensile Strength

At Room Temperature
At 658 K

Ultimate Tensile Strength

At Room Temperature
At 658 K

Data:

Enrichment .
Mean Geometric Density

95% Population Loaded
Mean Diameter

95% Population Loaded
Stack Mass ‘
Measured Stack Length
Dish Dimensions

Dish Chord
Dish Depth

Grain Size

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

Gas Data

Pressure
Composition

[a]
[b]

Not obtained..

0.9925 cm
0.8741 cm
1.0017

[a] -
103.51 cm

[b]

571.4 MPa
388.9 MPa

772.8 MPa
489.5 MPa

12.49% 2350
10.3725 gram/cm 3
10.3725 (+0.792, -01.207) gram/cm
0.8641 cm o
0.8641 (+0.0005, -0.0005) cm
521.6914 gram

88.6079 cm

0.6604 cm

'0.0343 cm

22.5+ 6.5 x 107 cm

36.6116 cm
5.7404 cm
0.100 cm

7.7143 w1

2.69 MPa
76% He, 24% Ar

Data supplied by Westinghouse Electric Corporation.
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TABLE B-VIIT
ZUEL PELLET CHARACTERIZATION DATA FOR ROD IE-013

PELLET[a] DIAMETER (cm) LENGTH (cm) WEIGHT GEOMETRIC ' IMMERSION
NO. TOP CENTER BOTTOM AVERAGE 0° 90° RVERAGE (GRAMS) DENSIT : DENSIT§ -

- (g/em”) _(g/em”)
1972 10.3463

I~
O
3

1 0.8636 0.8636 0.8636 0.8636 1.5347 1.5408 1.5377 9 0.0
2 0.8644 0.8644 0.8644 0.8644 1.5022 1.5047 1.5034 9.0060 10.3469 0.0
3 0.8646 0.8646 0.8646 0.8646 1.5342 1.5408 1.5375 9.2241 10.3536 0.0
4 0.8639 0.8639 0.8639 0.8639 1.4983 1.5037 1.5010 9.0109 10.3818 0.0
5 0.8639 0.8639 0.8639 0.8639 1.5499 - 1.5524 1.5612 9.3068 - 10.3714 10.4054
6 0.8639 0.8639 0.8639 0.8639 1.5380 1.5438 1.5409 9.2308 10.3563 0.0
7 0.8641 0.8641 0.8641 0.8641 1.5466 1.5512 1.5489 9.3230 10.3988 0.0
8 0.8644 0.8644 0.8644 0.8644 1.5083 1.5133 1.5108 9.0536 10.3502 0.0
9 0.8641 0.8641 0.8641 0.8641 1.5067 1.5136 1.5102 9.0171 10.3190 0.0
10 0.8639 0.8639 0.8639 0.8639 1.5055 1.5093 1.5074 9.0243 10.3528 "10.4081
1 0.8646 0.8646 0.8646 0.8646 1.5189 1.5245 1.5217 9.1480 10.3759 0.0
12 0.8636 0.8636 0.8636 0.8636 1.5189 1.5225 1.5207 9.1291  10.3862 0.0
13 0.8644 0.8644 0.8641 0.8643 1.5273 1.5321 1.5297 9.20M 10.3890 0.0
14 0.8641 0.8641 0.8641 0.8641 1.5204 1.5245 1.5225 9.1423 10.3765 . 0.0
15 0.8639 0.8639 0.8639 0.8639 1.5524 1.5568 1.5546 9.3446 10.3902. 10.4313
16 0.864] 0.8641 0.8641 0.8641 1.5296 1.5380 1.5338 9.21371 10.3788 0.0
17 0.8641 0.8641 0.8611 0.8641 1.5392 1.5448 1.5420 9.2715  10.3879 0.0 _
18 0.8641 0.8641 0.8641 0.8641 1.5428 1.5469 1.5448 9.2747 10.3725 0.0
19 0.8644 0.8644 0.86%4 0.8644 1.5047 1.5080 1.5063 9.0450 10.3713 0.0
20 0.8644 0.8644 0.8614 0.8644 1.5197 1.5225 1.5211 9.1317 10.3680 - 10.4056
21 0.8641 0-8641 0.8611 0.8641 1.5347 1.5377 1.5362 9.2092 10.3579 0.0
22 0.8641 0.8641 0.86M1 0.8641 1.5143 1.5123 1.5133 9.1032 10.3954 0.0
23 0.8646 0.8646 0.8616 0.8646 1.5270 1.5316 1.5293 9.1982 10.3802 0.0
24 0.8641 0.8641 0.863}1 0.8641 1.5212 1.5278 1.5245 9.1393 10.3591 0.0
25 0.8641 -0.8641 0.8611 0.8641 1.5385 1.5443 1.5414 9.2425 10.3598 10.4012
26 0.8641 0.8641 0.8611 0.8641 1.5108 1.5131 1.5119 9.0775 . 10.3758 0.0
27 0.8647 0.8641 0.86%1 0.8641 1.5494 1.5532 1.5513 9.3149 10.3734 0.0
28 0.8646 0.8646 0.86%6 0.8646 1.5390 1.5425 1.5408 9.2645 10.3764 0.0
29 0.8646 0.8646 0.86%6 0.8646 1.5276 1.5234 1.5300 9.1699 10.3439 0.0
30 0 0.8636 0.8636 1.5197 1.5240 1.5218 9.1401 10.3908 10.4205

.8636 0.8636



l~"

TABLE B-VIII (Continued)

FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-013

L1

perperle] DIAMETER (cm) LENGTH (cm) WEIGHT  GEOMETRIC IMMERSION

ND. TOP CENTER _ BOTTOM  AVERAGE 0° 90° ~ AVERAGE (GRAMS)  DENSITY DENSITY

- 4 ' (g/cm”) (g/cm”)
31 0.8644 0.8644  0.8644  0.8644 1.5138  1.5189  1.5164 9.1058  10.3710 . 0.0

32 0.8644 0.8644  0.8644  0.8644 1.5370 1.5420 . 1.5395 9.2542  10.3797 0.0

33 0.8644 0.8644  0.8644  0.8644 1.5276  1.5334  1.5305 ©9.1903  10.3701 0.0

33 0.8641 0.8641  0.8641  0.8641 1.5423  1.5464  1.5443 9.2909  10.3941 0.0

35 0.8639 0.8639  0.8639  0.8639 1.5210  1.5253  1.5231 8.7155  10.3491 10.3933
35 0.8646 0.8646 -0.8646  0.8646 1.5083  1.5135  1.5109 8.6410  10.3310 10.4002
37 0.8646 0.8646  0.8646  0.8646 1.5192  1.5237  1.5215 8.7274  10.3486 - 10.4123
33 0.8644 0.8644  0.8644  0.8644 1.5278  1.5311  1.5295 8.7849  10.3681 10.3253
33 0.8641 0.8641  0.8641  0.8641 1.5248  1.5303  1.5276 8.7427 . 10.3444 10.3686
41 0.8646 0.8646  0.8646  0.8646 1.5080-  1.5121 1.5100 8.6760  10.3867 - 10.4108
41 0.8636 0.8636  0.8636  0.8636 1.5278  1.5334  1.5306 8.7378  10.3440 10.3785
42 0.8641 0.8641  0.8641  0.8641 1.5133  1.5199  1.5166 8.6919  10.3727 10.4073
43 0.8636 0.8636  0.8636  0.8636 1.5171  1.5215  1.5193 8.7107  10.3762 10.3429
44 0.8639 0.8639  0.8639  0.8639 1.4928  1.4968  1.4948 8.5461  10.3428 10.3849
45 0.8636 0.8636  0.8636  0.8636 1.5154  1.5199  1.5176 8.6908  10.3572 . 10.3911
45 0.8639 0.8639  0.8639  0.8639 1.5458  1.5502  1.5480 8.8854  10.3790 10.4274
47 0.8635 0.8639  0.8639  0.8639 1.5222  1.5265  1.5244 8.7510  10.3758 10.3747
43 0.8644 0.8644  0.8644  0.8644 1.5286  1.5321  1.5303 8.7751  10.3504 10.3713
"4) 0.8641 0.8641  0.8641  0.8641 1.5095  1.5143  1.5119 8.6641  10.3521 - 9.1655
59 0.8641 0.8641  0.8641  0.8641 1.5106  1.5141  1.5123 8.6626  10.3745 10.3860
51 0.8636 0.8636  0.8636  0.8636 1.5377  1.5423  1.5400 8.7962  10.3287 10.3593
52 0.8641 0.8641  0.8641  0.8641 1.5339  1.5370  1.5354 8.7929. 10.3564 - . 10.3782
53 0.8641 0.8641  0.8641  0.8641 1.5143  1.5184  1.5164 8.7069  10.3856 " 10.3792
53 0.8635 0.8639  0.8639  0.8639 1.5169  1.5232  1.5201 8.7038  10.3629 10.3557
55 0.8641 0.8641  0.8641  0.8641 1.5385  1.5428  1.5406 8.8691  10.4240 9.6781
55 0.8641 ° 0.8641  0.8641  0.8641 1.5326  1.5370  1.5348 8.8047  10.3680 . 11.1645
57 0.8641 0.8641  0.8641  0.8641 1.5507 - 1.6845 ~1.6176 8.9024 9.9397 10.3838
53 0.8636 0.8636  0.8636  0.8636 1.5182  1.5222  1.5202- 8

.7165 10.3769 : 10.9676

[a] Pellets are numbered from bottom of fuel stack.




TABLE B-IX |
FUEL ROD CLADDING DIMENSIONS FQR ROD IE-013

Tube Inside Diameter Measurements Tube Outside Diamefer Measurements -

Location[a] Inside Diameter . Location[a] Qutside Diameter
(cm) - , (cm) (cm) - (cm)
0° = - 90° " 0° 90°
- 2.54 0.8741 0.8742 2.54 - 0.9944 0.9931
5.08 0.8744 0.8741 : 30.48 - 0.9931 0.9931
7.62 0.8745 0.8739 58.42 0.9906 0.9925
10.7b v.8744 u.8739 8b.36 u.y91y U.992b
12.70 0.8743 0.8739
15.24 0.8743 0.8742
17.78 0.8744 0.8742
20.32 0.8744 0.8739
22.86 0.8744 0.8738
25.40 0.8743 0.8738
27.94 0.8744 0.8738
30.48 0.8743 0.8739
33.02 0.8743 0.8740
35.56 0.8743 0.8739
38.10 0.8743 0.8738
40.64 0.8744 0.8736
43.18 0.8742 0.8736
45.72 0.8743 0.8736
48.26 0.8745 0.8736
$50.80 0.8742 0.8737
53.34 0.8741 0.8738
55.88 0.8740  0.8740
58.42 0.8743 0.8737
60.96 0.8742 0.8733
63.50 - 0.8740 0.8737
66.01 0.8711 0.8738
68.58 0.8741 0.8738
71.12 0.8741 0.8747
73.66 0.8741 0.8748
76.20 0.8741 0.8747
/8./4 0.8/40 U.8746
81.28 0.8739 0.8747
83.82 0.8738 0.8747
86.36 0.8739 0.8746

88.90 0.8739 0.8745

[a] Distance from bottom of fuel rod.
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. TABLE B-X

OVERALL PRETEST FUEL ROD 'AND CLADDING '

DATA FOR ROD IE-014

F1n1shed Tube Data:

Fuel

Fill

Mean 0D

Mean ID

Ovality (Max ID/Min ID)
Cladding Length

Overall Length

0.9939 cm
0.8738 cm
1.0023
[a]
103.51 cm

Cladding Mechanical Properties Of Unirradiated Fuel Rod C1adding[b]:

Yield Tensile Strength -

At Room Temperature
At 658 K

Ultimate Tensile Strength

At Room Temperature
At 658 K .

Data:

Enrichment
Mean Geometric Dens1ty
95% Population Loaded
Mean Diameter
95% Population Loaded
Stack Mass
Measured Stack Length
Dish Dimensions

Dish Chord
Dish Depth

Grain Size

Grain Diameter
Center Hole Length
Plenum Length
Mean Fuel-Cladding Gap
Measured Void Volume-
Gas Data

Pressure
Composition

[a]

Not obtained.

571.4 MPa
388.9 MPa

772.8 MPa .
489.5 MPa

12.49% 235y
10.4127 gram/cm ' 3
10.4127 (+0.0831, -0.0791) gram/cm
0.8395 -cm

0.8395 (+0.0076, -0.0102) cm
489.7859 gram ‘ '
88.4022 cm

0.6604 cm

0.0343 cm

22.5 + 6.5 x 10°% cm

36.5176

5.7404 cm
0.0343 cm
10.2497 ml

2.67 MPa
76% He, 24% Ar

[b] Data supplied by Westinghouse Electric Corporation.
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TABLE B-XI .
FUEL PELLET CHARACTERIZATION DATA FOR ROD IE-014

PELLET[a] DIAMETER (cm) : LENGTH (cm) WEIGHT GEOMETRIC IMMERSION
NO. TOP CENTER BOTTOM AVERAGE 0° 90° AVERAGE "(GRAMS) DENSIT% DENSISY
‘ (g/cm”) _(g/en”)
1 0.8397 0.8397 0.8337 0.8397 1.5227 1.5273 1.5250 8.6337 10.3673 0.0
2 0.8400 0.8400 0.8430 0.8400 1.5387 1.5453 1.5420 8.7304 10.3597 0.0
3 .8395 0.8395 0.8335 0.8395 1.5260 1.5314 1.5287 8.6404 ° 10.3563 0.0
4 0.8392 0.8392 0.8332 0.8392 1.5202 1.5237 1.5220 8.6108 10.3735 0.0
5 0.8397 0.8397 0.8327 0.8397 1.5415 1.5471 1.5443 8.7271 10.3466 10.3835
6 0.8390 0.8390 0.8330 0.8390 1.5049 1.5093 1.5071 8.4685 10.3104 0.0
7 0.8400 0.8400 0.8410 0.8400 1.5149 1.5179 1.5164 8.6087 10.3906 0.0
8 0.8390 0.8390 0.8330 0.8390 1.5342° 1.5390 1.5366 8.6810 10.3636 0.0
9 0.8400 0.8400 0.8490 0.8400 1.5281 1.5359 1.5320 8.6721 10.3589 .0.0" -
10 0.8390 0.8390 0.8330 0.8390 1.5248 1.5286 1.5267 8.6229 10.3620 10.3697
11 0.8397 0.8397 0.8397 0.8397 1.4948 1.4989 1.4968 8.4512 10.3420 0.0,
12 0.8400 0.8400 0.8490 0.8400 1.4996 1.5047 1.5022 8.5032 10.3618 0.0
13 0.8392 0.8392 0.8392 0.8392 1.5481 1.5502 1.549 8.7938 10.4055 0.0
14 0.8390 0.8390 0.8330 0.8390 1.5138 1.5194 1.5166 8.5817 10.3817 0.0
15 0.8397 0.8397 0.8337 0.8397 1.5070 1.5118 1.5094 8.5500 10.3745 10.3923
16 0.8400 0.8400 0.8420 0.8400 1.5136 1.5187 1.5161 8.5562 10.3290 0.0
17 0.8397 0.8397 0.8327 0.8397 1.5161 1.5232 1.5187 8.5860 10.3537 0.0
18 0.8390 0.8390 0.8330 0.8390 1.5375 1.5408 1.5391 8.7046 10.3744 0.0
19 0.8392 0.8392 0.8332 0.8392 1.5263 1.5316 1.5290 8.6457 10.3673 0.0
20 0.8395 0.8395 0.8335 0.8395 1.5403 1.5453 1.5428 8.7089 10.3417 10.3336
21 0.8400 0.8400 0.8490 0.8400 1.5230 1.5281 1.5255 8.6257 10.3478 0.0
22 0.8400 0.8400 0.8490 0.8400 1.5367 1.5418 1.5392 8.7306 10.3790 0.0
23 0.8400 0.8400 0.8490 0.8400 1.5342 1.5390 1.5366 8.6861 10.3443 0.0
24 0.8392 0.8392 0.8332 0.8392 1.5235 1.5309 1.5272 8.6313 10.3622 0.0
25 0.8402 0.8402 0.8492 0.8402 1.5309 1.5359 1.5334 8.6884 10.3624 10.3660
26 0.8397 0.8397 0.8337 0.8397 - 1.5293 1.5324 1.5309 8.6236 10.3151 0.0
27 0.8402 0.8402 0.8492 0.8402 1.5347 1.5400 1.5373 8.7037 10.3537 0.0
28 0.8400. 0.8400 0.8420 0.8400 1.5215 1.5248 1.5231 8.6398 10.3814 0.0
29 0.8397 0.8397 0.8327 0.8397 1.5202 1.5258 1.5230 8.6042 10.3458 0.0
30 0.8397 0.8397 0.8397 0.8397 1.5255 1.5316 1.5286 8.6497 10.3620 0.3769

—_—
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TAELE B-XI (Continued)

FJEL PELLET CHARACTERIZATION DATA FOR ROD IE-014

peLierle] . DIAMETER (cm) LENGTH (cm) WEIGHT  GEOMETRIC IMMERSION
rO. TOP CENTER  BOTTOM  AVERAGE 0° 90° AVERAGE (GRAMS ) DENSITY DENSITY
' ' : ‘ (g/cm”) (g/cm”)
31 - 0.8397 0.8397  0.8397  0.8397 1.5476  1.5405  1.5441 8.7252  10.3461° 0.0
k74 0.8395 0.8395  0.8395  0.8395 1.5270  1.5298  1.5284 8.6331 10.3493 ' 0.0
33 0.8400 0.8400  0.8400  0.8400 1.5199  1.5255  1.5227 8.6169  10.3565 0.0
34 0.8400 0.8400  0.8400  0.8400 1.4935 .1.4976  1.4956 8.4578  10.3527 . 0.0
35 0.8397 0.8397  0.8397  0.8397 1.5108  1.5156  1.5132 8.360  10.3425 10.3839
36 0.8392 0.8392  0.8392  0.8392 _1.5202  1.5240  1.5221 8.1791 10.3418 10.3594
37 0.8385 0.8385  0.8385  0.8385 1.4953  1.5004  1.4978 8.9441 10.3511 10.3639
38 0.8390 0.8390 ~ 0.8390  0.8390 1.5314  1.5359  1.5337 8.2753  10.3902 10.4792
39. 0.8387 0.8387  0.8387  0.8387 1.5324  1.5367  1.5345 8.2703  10.3846 10.4464
40 0.8395 0.8395  0.8395  0.8395 1.5034  1.5072  1.5053 8.0962 - 10.3460 10.4298
4 0.8390 0.8390  0.8390  0.8390 1.5339  1.5377  1.5358 8.2748 . 10.3748 ~10.4389
42 0.8397 0.8397  0.8397  0.8397 1.5278  1.5324  1,5301 8.2128  10.3090 10.4107
43 0.8392 0.8392  0.8392  0.8392 1.5192  1.5240  1.5216 8.1650  10.3275. 10.4175
44 0.8392 0.8392  0.8392  0.8392 1.5171 1.5212  1.5192 8.1643  10.3433 : 10.4958
45 0.8387 0.8387  0.8387  0.8387 1.5222  1.5250  1.5236 8.1942  10.3710 10.4255
46 0.8395 0:8395  0.8395  0.8395 1.5164  1.5215  1.5189 8.1955  10.3779 10.4592
97 0.8385 0.8385  0.8385  0.8385 1.5075 1.5126  1.5100 8.1087  10.3559 10.4096°
48 0.8362 0.8362  0.8362  0.8362 1.4986  1.5032  1.5009 8.0519  10.4073 10.4447
49 0.8397 0.8397  0.8397  0.8397 - 1.5204  1.5230  1.5217 8.2055  10.3645 10.4332
£0 0.8400 0.8400  0.8400  0.8400 1.5243  1.5309  1.5276 8.2016  10.3128 - 10.4152
£ 0.8395 0.8395  0.8395  0.8395 1.5182  1.5225  1.5203 8.1951 10.3677 : 10.4561
£2 0.8395 0.8395  0.8395 '0.8395 1.58143  1.5197  1.5170 8.1650  10.3524 10.4311
£3 0.8390 0.8390  0.8390  0.8390 1.5288  1.533¢  1.53N 8.2557  10.3688 10.4400
54 0.8395 0.8395 .0.8395  0.8395 1.5118  1.5161 1.5140 8.1324  10.3321 : 10.3907
85 0.8397 0.8397  0.8397  0.8397 1.5377  1.5410  1.5394 8.2833  10.3411 10.4247
56 0.8397 0.8397  0.8397  0.8397 1.5037  1.5095  1.5066 8.1006  10.3290 .10.4101
87 0.8392 0.8392  0.8392  0.8392 1.5055  1.5083  1.5069 8.1253  10.3792 10.4019
58 . 0.8387 0.8387  0.8387  0.8387 1.5321 1.5352  1.5337 8

.2602 10.3708 . . 10.3906

[a] Pe]]ets‘are'numbered from bottom .of fuel stack.




_TABLE B-XII
FUEL ROD CLADDING DIMENSIONS FOR ROD IE-014

Tube Inside Diameter Measurements Tube Qutside Diameter Measurements

Location[a] Inside Diameter Location[a:l Outside Diameter
(cm) ~ (em) . (cm) (cm)
0° 90° 0° 90°
2.54 - 0.8750 0.8755 2.54 - 0.9938 0.9944
5.08 0.8752 0.8748 30.48 0.9930 0.9931
7.62 0.0757 0.087408 50.42 0.9919 0.9950
10.16 . 0.8759 0.8750 86.36 0.9957 0.9944
12.70 0.8755 0.8752 '
~15.24 0.8753 0.8754
17.78 0.8752 0.8755
20.32 0.8752  0.8754
22.86 0.8754 0.8752
25.40 0.8757 0.8752
27 .91 0.8754 0.8750
30.48 0.8752 .0.8750
33.02 0.8754 0.8751
35.56 0.8750 0.8751
38.10 0.8753 0.8745
40.64 0.8755 0.8749"
43.18 0.8750 0.8752
45.72 0.8748 0.8749
48.26 0.8750 0.8745
50.80 0.8753 0,8741 -
53.34 0.8753 0.8745
55.88 0.8750 0.8747
58.42 0.8745 0.8747
60.96 0.8744 0.8747
63.50 0.8743 0.8744
66.04 0.8744 0.8744
68.58 0.8743 0.8745
71.12 0.8743 0.8740
73.66 - 0.8743 0.8741
76.20 0.8743 0.8743
78.74 0.8738 0.8745
81.28 0.8736 0.8745
83.82 0.8742 0.8741
86.36 0.8742 0.8742
0.8743 0.8739

88.90

[a] Distance from bottom of fuel rod.
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~ " APPENDIX C

DATA REDUCTION AND EVALUATION

A1l data for Test IE-2 were recorded on the PBF Surveillance

System

[a]

in an analog format and then were digitized by the PBF PDP;15

data reduction f&bj]ity. The resulting digital data were processed on
an iBM 360, using the MAC/RAN Time Series Analysis Program[c'z], and
permanently stored on seven-track magnetic tapes in the MAC/RAN SIDU
(Standard Input Data Unit) format.

During the processing on the IBM 360, several data reduction steps
were completed:

(1)

- tes

Data were converted from data system volts to engineering
units (SI) using the calibration equations presented in
Appendix A. ‘ ‘ '

Any wild points were removed.

Zero power offsets due to data system drift were removed from
coolant AT and SPND data channels.

SPND data channels were converted from detector nanoamps to

neutron flux, using the resuits from a special calibration
[C-3]
t .

Ultrasonic thermometer data were numerically filtered to
remove excessive wild points.

Rod internal pressure data were corrected for large drifts in
zero due to instrument decalibration.

[a]l The Surveillance Syétem'is an FM multiplexed data recording system
that records channels of analog data plus a standard time code

(IRIG-A) on magnetic tape

[c-17.
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Reduced Data Format
Three separate sets of the data are stored oh tape. These sets are
(1) A complete set with the data in the form of data system volts ~

(2) A complete set with the data. in engineering units (SI) ob- .
tained by applying calibration equations tabulated in Appendix A

(3) A set decimated from (2) with calculated parameters such as
rod power added for additional calculations and plotting.

Each data channel on the two.complete sets contains approximately 28,000
data values with variable digitizing intervals ranging from 10 seconds
down to 0. 25[3:I seconds. Table C-I shows the digitizing intervals used.

TABLE C-I

DIGITIZING INTERVALS USED FOR DATA REDUCTION IN TEST IE-2

E | Timela] Test Digitizing
Period (sec) - Phase , Interval (sec)
e~ . 214,700 - 170,577 - Preconditioning 10.0
170,940 - 172,440 Power Ramp - . 0.2
172,440 - 175,980 Steady-State Uperation 10.0
at 68 kW/m -

175,980 - 176,880 - Flow Reduction 0.2
- 178,020 After Shutdown 0.0

176,880

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

[al] As the data were digitized, they were filtered with a low pass
filter whose cutoff frequency corresponds to the Nyquist frequency
(1/2aT).
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The th1rd set of data conta1ns data that were numerically filtered
and decimated by a_factor of 14 -to give approx1mate1y 2000 po1nts per
channel. Several ca]culated parameters were added to the or1g1na] data
channels including '

(1) Results from SPND data: (a) axial local power, (b) average
" neutron flux, (c) peak elevation, and (d) peak to average (see
Appendix D). ‘

(2) Average rod power for each rod, ca]cu]ated thermal-hydrau-
~lically (Append1v D) '

(3) Coolant mass flux for each rod, ea]cu1ated using ASTEM[C_4:I
water properties and inlet temperature.

In the SIDU format, each .data channel has a unique number and name
of eight characters. A1l of the data channels available are listed in

Table C-II. The data channels are also shown in Figures C-1 through C-11.

Data Reduction

Corrections were applied to some of the channels to eliminate
obvious errors in the data. Some of the corrections were straight-
forward, such as removal of wild points, while others were not. - Each of
the corrections are discussed below.

The first correction to be applied to the data was wild point re-
moval. During the digitizing process, particularly at the end or '
beginning of an analog tape which contains four hours of data, wild
points were sometimes introduced into the data. Most of these points
were removed using the MAC/RAN .processor following conversion to en-
gineering units. ‘

The second step was elimination of zero power offsets in coolant aT
and SPND data. -These transducers have a very small output. Therefore,
~the signals must be recorded through high gain amplifiers. For this
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TABLE C-II

DATA CHANNEL FORMAT F0§ TEST IE-2

Transducer Rod. Elevatioﬁ Serial Azimuthal Data System Reduced Channel
Commants Name Number (m) Number (degrees) Channel Number - Tape No. 1D Units
Corracted -- Fuel Rod PxD IE-0N - 301 -- 8-1 32 RODPRS11 MPa
for zero ’ : .
shift Centerline TC 1E-011 .75 435 9-1 20 FULTMP11 K
Cladding TC IE-ON .61 - 180 10-1 36 CLDTMPT K
(spring)
Cladding TC IE-011 .61 -- 0 10-2 37 CLDTMP12 K
(spring) ‘
Correéted -- Coolant aT 1E-011 -- DTC-7 -- 6-3 26 DELTMP11 K
for zero . 3
shift Flowmeter IE-01] -- 10094 -- 5-3 18 FLORATI1 - cm™/s
LvVDT IE-01 -- 039 -- 14-1 .49 CLDDSPIN mm
Corrected -- Fuel Rod PxD 1E-012 - -- 222 -- 8-2 33 RODPRS21 MPa
for zero . .
shift Centerline TC IE-012 .74 434 -- 9-2 21 FULTMP21 K
Cladding TC IE-012 .61 - 180 10-3 38 CLDTMP21 K-
(spring) ,
Clédding TC IE-012 .61 - 0 10-4 40" CLDTMP22 K
(spring) -
Corrected -- Coolant AT 1E-012 -- DTC-8 -- 7-1 28 DELTMP21 K
for zero i o 3
shift Flowmeter IE-012 -- 10092 -- 6-1 24 FLORAT21 cm”/s
LVDT IE-012 - -- 433 -- 14-3 19 CLDDSP21 mm
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TABLE C-II (continued)

DATA CHANWEL FORMAT FOR IE-2

Comments

Corrected --
for zero
shift

Failed at --
onset of

film boiling
(UT has
decalibrated)

Corrected --
for zero
shift

Failed at --
beginning
of test

Transducer

Name

Fuel Rod PxD

Centerline UT

C]adding TC
(Type S)

Cladding TC
(Type S)

Cladding TC
(Type S)

Cladding TC
(Type S)

Coolant AT
Flowmeter

LVOT

" Rod Elevation Seria’ Azimuthal Data System Beduced
Numbe (m) Number - (degrees) Channel Number  “ape No.
1E-013 -- 257 - " B-3 34
1E-013 .60 443 - 9-3 22
1E-013 .51 -- 30 1N-2 42
1E-013 .61 -- 0 11-1 4.
1E-013 61 180 180 N-3 43 .
1E-013 71 -- 270 11-4 44
1E-013 -- pTC-"0 - 5-4 27
1E-013 -- 10095 - 5-4 39
1E-013 -- -- - -- --

Channel

1D

RODPRS31
FULTMP31
CLDTMP31
CLDTMP32
CLDTMP33
CLDTMP34

DELTMP31

FLORAT31

Units

MPa

cm3/s

mm
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TABLE C-II (continued)

DATA CHANNEL FORMAT FOR TEST IE-2

Transcucer
Comments Name
Correctad -- Fuel Fod PxD
for zero
shif:
Failed --  Centerline UT
during
power .
ramp Cladding TC
(UT has (Type S)
decalibrated)
Cladding TC.
_(Type S)
Cladding TC
(Type S)
Cladding TC
(Type K)
Corrected -- Coolant aT
for zero
shif: Flowmeter
LVOT has --  LVDT

decalibrated

Rod Elevation Serial  Azimuthal Data System Reduced

Number (m) Number (degrees) Channel Number Tape No.
1E-014 -- 306 -- 8-4 35
IE-014 .60 442 -- 9-4 - 23
IE-014 .51 -- 90 . 13-2 46
IE-014 .61 - 0 : 13-1 .45
IE-014 .61 -- 180 13-3 ’ 47

1E-014 1 -- 270 13-4 ' 48
IE-014 -- DTC-9 - ) 7-2 29
1E-014 -- 10093 -- 6-2 25
1IE-014 - 210 -- 14-4 50

Channel

VID Units
RODPRS41 MPa
FULTMP41 K
CLDTMP41 K
CLDTMP42 K
CLDTMP43 K
CLDTMPA4 K
DELTMP41 K
FLORAT41 amd/s

mm

" CLDDSP4)
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TABLE C-1I (continued)

DATA CHANNEL FORMAT FOR TEST IE-2

Transducer Rod Elevation Serial Azimuthal Data System Reduced Channel -
Comments Name Number (m) Number (degrees) Channel Mumber  Tape No. 10 Units
Unreliable -- 35PND 2 -~ 0.319 - 53977 225 3-3 10 NTFLUX0Z2 . n/cmz-s
(A11 were SPND 3 -- 0.475 53973 225 3-4 1 : NTFLUX03 .  n/cm,-s
corrected 3PND 4 -- 0.627 53971 225 4-1 12 NTFLUX04 n/cmz-s.
for zero 5PND 5 -- 0.79 53980 225 4-2 13 NTFLUXOS n/emses
shift)[a] SPND 6 - 0.627 53975 315 4-3 14 NTFLUX06 - n/cmz-s
5PND 7 -- 0.627 53967 45 4-4 15 NTFLUXO07 n/cmz-s
SPND 8 -- 0.627 53976 135 5-1 16 NTFLUXO08 n/cm3-s
ioop Flowmeter : -- -- -- - 5-2 17 LOPFLOO1 cm™/s
Range Changes--3LP-1 -- -- -- -- 1-4 3 RECPOWO1 MW
not removed “ission Break Monitor -- -- -- -- 2-2 5 FISRELO1 Log]O(R/hr]
for reactor .
power less 2PS #1 - -- .- -- -- 1-3 2 RECPOWO2 MW .
than 1 MW 5 PPS #2 -- -- -- -- 2-1 4 RECPOWO3 MW -
0-1.78 x 10 ‘Time) -- -- - -- 12-1 thru 12-¢4 1 TIME sec’
Decalibrated toolant Pressire (10K) -- - - -- 2-4 7 SYSPRSO1 . MpPa
Decalibrated Coolant Prescure (10K) -- -- - -- 1 3-2 9 . SYSPRSO2 MPa
[nlet TC' -- -- -- -- 2-3 6 INTEMPO1 - K
Inlet TC -- -- .- -- .3-1 8 INTEMPO2 K
Qutlet TC o -- -- -- - 7-3 30 OUTEMPO1 K
7-4 31 QUTEMPO2 K

Qutlet TC -- - -- --

[a] Polarity reversed during power calibration and gaz canductance. Working during rest of test.
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TABLE C-II {continued)

DATA CHANNEL FORMAT FOR TEST IE-2

Transducer
Commeznts Name
{Local Peaking
Factor)
(Loca’ Peaking
Factor)
(Calculated (Local Peaking
data, Factor)
available »
on (Local Peaking
decinated Factor)
set :
only) (Local Peaking

Factor)

(Local Peaking
Factor)

{Local Peaking
Factor)

{Local Peaking
Factor)

(Local Peaking
Factor)

(Local Peaking
Factor)

{Average Neutron
Flux)

(Elevation or
Peak)

(Peak to Average)

Serial

Rod Elevation Azimuthal Data System Reduced
Number (m) Number (degrees) Channel Number Tape No.
- 0.013 -- -- -- 51
-- 0.159 .- -- -- 52
- 0.306 -- -- -- 53
-- 0.452 -- - .- 54
-- 0.521 -- -- -- 55
-- 0.599 - -- -- 56
-- 0.662 -- -- -- 57
-- 0.724 . - -- 58
-- 0.745 - - -- 59
-- 0.892 -- -- -- 60
- - -- - -- 61. -
-- - -- —- -- 62
-- -- -- -= -- 63

Channel
1D

AXFLUXO1

AXFLUX02

“AXFLUXO3

AXFLUX04

AXFLUX05

AXFLUXOG'
| AXFLUXO7
AxFLuxdé .
AXFLUX09'l.

AXFLUX10

FLUXAVER

FLXMXELV

FLUXMAX

n/cm2-s
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" TABLE C-II (continued)

DATA CHANNEL FORMAT FJR TEST IE-2

Comments

Transducer
Name

Peak =
1.307 x

" Average

(Average of
all four rods)

(Average Rod Fowe-)
)

(Average Rod Fowe-) -

(Average Rod Fower)
(Average Rod Power)

(Average Rod Power)

(3tandard dev:ation
of rod power)

(Mass flux)
(Yass flux)
(Mass flux)
(Mass Tiux)

Reducad

Rod Elevation Serial Azimuthal Data Systam
Number (m) Number (degrees) Channel Nurber Tade Yo.
011 - - - - 64
012 - - - - 65
013 -- - - - 65
014 -- -- -- -- 67
-- -- -- -- -- 68
- - - - -- 89
on - - - - 70
012 - -- -- - 71
013 -- -- -- -- 72
014 - -- -- -- 73

Channél A
1D © Units
RODPWRO1 kW/m
RODPWRO2 kW/m
RODPWRO3 kW/m
RODPWRO4 kW/m
RODPWRAV KW/m
RODPWRSD kW/m
MASFLXO1 kg/m2.s -
MASFLX02 kg/mz-s
MASFLX03 kg/mz-s
kg/m~.s -

MASFLXO04
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Fig. C-1 Cladding elongation for Test IE-2.
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Fig. C-9 Fuel rod peak power for Test IE-2.



251

6000

Mass Flux (icg/s-m) /N—» . --‘C

6000

5000

0 ]
5000

Rod IE-014

3 B

Mass Flux (kg/ s;mzi

*. Rod IE-013

- Mass Flux {(kg/s—m¥% . : — &_\\
Rod [E-012 ’ '

i

Mass Flux (kg/s—m®) } /,_\ | b, . ~

Rod IE-011

SALLLLAAS LARAALLAAN LARALAARLY LAR L LLAL AR LULARE! Lo RLLACR LI ELALALLAN ) ARMLLLALS LELLLLL) A LALLLLLAL SLRMELRL) LALLM L) LEARALARL ARRLAL AL | AAdALIAL (AAREL AL LUAAL AR LARALIARLY LLALLALRL) LURLLLLA L) TIITYYY

W A bkt | 14 | khhbiibdd hebAAbiAh) MALAALELS LU
0 2 4 6 8 (0 12 14 16 18 =20 24 28 28 30 32 34 3@ S8 40 42 44 48 48 &C
: Time (hours)

Fig. C-10 Mass flux for Test IE-2.



€ql

25 _WWMMWWWWuuMQMMMWMWMmWMMMWMmMuuM_
Peak To Average : o : -

1 R W N S

(not calculated at zero power) )
0 -mmmmmmmmmmmmmmmmm
{1 wdwisaelrasiduoe el suoseaooduseod gy s by e sdu s alosode et o odyeaenbiiss alewn shoslsosdu oo el elceu oy seubuand

_Peak Flux Locaticn (m) ' :

{not calculzted at zero power) ' , . ( L

*0"

Average Neutron Flux (n/cm?-s)

0 2 4 6 8 10 12 14 18 18 20 22 24 28 28 aoaamaeaem4a444s4a'5n‘
Time (hours) -

Fig. C-11 Peak to averaqe peak flux location and average neutron flux
for Test IE-2.



reason, these transducers are more subject to small electronic zero
drifts than are the other transducers which use low to moderate gains.
This zero shift was corrected by_adding an offset to the data so that the
temperature rise and SPND current was zero at zero‘réactor power. The
constants that were applied are shown in Table C-III.

TABLE C-III

ZERO POWER OFFSET CORRECTIONS APPLIED TO
DIFFERENTIAL THERMOCOUPLE AND SPND CHANNELS

IN TEST IE-2

Instrument " _Rod Qgpygg;jggEi!
DTC-7 o IE-011 0.3123 «

DTC-8 | IE-012 : 0.4065 K
DTC-10 IE-013 - © 0.3648 K

DTC-9 IE-014 -0.1042 K

SPND 2 ' - 0.0150 nanoamps
SPND 3 -- | 0.0231 nanoamps
SPND 4 | - DTDOBS nanoamps
SPND 5 -- . 0.0156 nanoamps
SPND 6 ) -- 0.0622 nanoamps
SPND 7 - 0.0241 nanoamps
SPND 8 -- ; 0.0150 nanoamps

[a] This correction was added to the data so that the average 1nstrument
signal at zero power was zero. ' :

The SPND data were then converted from detector nanoamps to neutron
flux. The conversion factors were determined from the results of a
special in-pile SPND calibration test .using the PBF_reactor[C-3]. In
this test the SPNDs and a cobalt wire were mounted in the IE-2 hardware
minus the fuel rods and shrouds. The reactor was operated in a square

N
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wave fashion with rapid increases to and decreases from a constant
power. The reactor power was. held constant at 13 MW ( 50% of the
maximum reactor power fn Test IE-2)‘for one . hour. 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.

TABLE C-IV

TEST IE-2 CONVERSION FACTORS RELATING SPND CURRENT AND NEUTRON FLUX

Instrument Conversion Factor[a] (102O n/cmz-s per ampere)
SPND 2 S 3.1726
-~ SPND 3 ' ~3.2457
SPND 4 3.3117
SPND 5 : 3.3055
SPND 6 3.2033
SPND 7 _ | | 3.2924

"SPND 8 : 3.1435

[a] The SPND data were md]tipled by this constant to produce neutron
flux. : : '

The ultrasonic thermometer data was also further reduced. These
data were extremely noisy with an excessive number of wild points. To
eliminate these points, a numerical low pass filter (six-pole tangent
Butterworth with half power point at the Nyquist frequency) was applied

[C-Z]. The ultrasonic thermo-

to these data using the MAC/RAN processor
meter on Rod IE-014 also showed a possible zero shift. The cause for
the shift could not be determined. The shift was erratic and could have

invoived a changec in the sensitivity of the device, Therefore, attempts
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to remove the shift wére_uhsatisfactory[a]. The data presented in this—--

" report have .not been pokrected'for_this‘prob]em.

Rod interna1 pressure data were also corrected for zero shifts due
to decalibration of the pressureltfansducers. The correction was deter-
‘mined using the results of a multiple regression analysis of the data.
The model chosen for the regression was determined as follows.

The pressure'of the fill gas should be described fairly well dsing
the ideal gas equatian,

P = pRT ‘ (C-1)

where
P = gas pressure
p = gas density
R = gas constant '
T = Temperature (absolute scale).

The measured pressure (Pm) was assumed to be

P+ bt + b]tz +-C (MPa) . (C-2a)

-U -
n

or

1t2 +C (C-2b)

—a
n

oRT + bt + b

where

b and b] = quadratic time drift coefficients
t = time from start of test (seconds)
C = zero shift from the time of pressurization of the

the rod to the start of the test.

[a] A multiple regression analysis-to determine a trend gave results
that were meaningless. It is felt that the worsening of the one-
sided noise in the signal (Figure C-3) as the test progressed
biased the results. '
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Since the average temperature of the gas cénnpt be meésured, it is
approximated as quadratic function ofldverage fuel rod power as

] 2 ‘
T = Tin +do + d]¢ ' | (C-3)
where
) = average fuel rod power (kW/m)

d and d1 quadratic power coefficients

T1'n

inlet temperature (K).

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

2

B o2
P, =a, *aje+ a¢ + a3T1.n tagt +oagt (C-.4)4
where
a0 =C
¢
a, = de] :
ag = pR
a, = b
ag = by

The first coefficient, a,» Was determined by using the cold (300 K)
fill pressure adjusted to hot (606 K) conditions at the start of the-

test,

- - 606 -
% " P =P T Pn - Peorar 300 (C-5)

A multiple regression analysis was then useﬁ to‘determiﬁe the
remainder of the coefficients. The analysis was made using data from
the first power ramp and the last two cycles of the preconditioning
phase. This was done to avoid highly transient data such as the gap
conductancevsegment and the power ramp. .The results of this analysis
are given in Tab1e C-v.- '
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TRBLE C-V

TEST IE-2 MULTIPLE REGRESSION ANALYSIS RESU

LTS FOR FUEL ROD INTERNBL PRESSURE

Regression Equation
ao a] a2
-3.29 0.324 x 107" -0.244 x 1073
-0.23 0.127 ~0.143 x 1072
~0.97 0.510 x 1071 -0.384 x 1073
0.141 -0.166 x 1072

-0.22

[a] The regression analysis model was Pm =a; 2+,

where a. was determined using cold fill pressure.

o tag T, a4

Coefficients o

a3 34 a5
0.838 x 1072 -0.333 x 10™° 0.276 x 10°1°
0.847 x 1072 -0.161 x 10°% 0.553 x 10710
0.915 x 1072 0.372 x 10~° -0.251 x 10710
0.904 x 1072 0.394 x 10~ -0.279 x 10
2 t 2

in a5 t

11 -



The corrected pressure (P) was then calculated for_fhe entire test
using '
2

P = Pm _.ao -t - agth. o _ (C-6)

The corrected pressure is presented in the text.

Cladding elongation was also corrected to account for slight dif-
ferences in mounting the LVDTs in the test hardware. When these devices
are calibrated, displacement is defined ‘as zero when the core is centered
in the device. When the LVDTs are mounted in the hardware the core is
not necessar11y centered. Therefore, to define cladding elongation in
terms of the actual length of the c]addiné, the elongation must be set
to zero at this point. This could have been handled in the equation to
convert data system volts to engineering'units.by'a sﬁitab1e transforma-
tion. However, it was more convenient to apply the zero correction as a
separate step. fhe elongation zero shifts applied to the data are given
in Table C-VI. .

o

TABLE C-VI
CORRECTIONS APPLIED TO CLADDING ELONGATION DATA
- . IN TEST 1E-2
_Rod | correctiont®] (mm)
IE-011 | 0.00
IE-012 | © o -1.83
IE-014 | : 1.02

[a] This correction was added to the data so that the elongation would
be zero at cold (300 K) conditions.

Coordinate Transformation

~Coordinate transformations were uSed in some of the plots for
cladding elongation and rdd internal pressure. These were not really
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data corrections because n0<changes were made to the data. They were
made, particularly in the case of cohparisons with FRAP-T3[C'5:| results,
to minimize the'effects of small uncertaiﬁties in transducer output‘or
to e]iminaté the effect of heating the fuel rods up to test conditions
prior to the test.. ’

For the pressure transducer, the transformations were made to
minimize the uncertainties in correcting for transducer zero shift prior
to the test [a0 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 operating temperatures, prior to an increase in
fuel rod power (at time = 0) the corrected pressure is

(C-7)'

= * o
Po = PoRTy * 35 - 3,
whére
'ag = actual difference between measured and hot pressdre
T0 = rod temperature at the start of the test (605 K)
Po = corrected pressure at start of the test .
a; -a, = should be zero if the hot pressure is determined exactly

in Equation C-5.

T

. If pressure data is presented in terms of pressure differences, i.e.
P w P0 = pRT = poRTo (C-8)

the offset prior to the test (ag - ao) is eliminated. Therefore, the
difference in corrected pressure is equal to the difference in actual
pressure. Of course, if there were no uncertainties involved in cal-
culating in Equation (C-5), this would be unnecessary since Pm
[Equation (C-6)] would equal the actual pressure. However with this

transformation all the pressure differences are equal,

Pm - Po(measured) = P (actual) - Po(actual) =P - PQ (C-9)
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The second t?ansformation.minimizés the effects of slight differ-
ences in the initial fill gas pressure of the rods. If Equation (C-8)
is divided by P,» the following is obtained when ay - a  is zero

= 5T - 1 | . (C-]Oa)

If written in terms of void volume (Vo) and change in void volume (AVO)
it is |

"~ (C-10b)

Therefore, if the void volume or initial fill gas- pressure is é]ight]y
different for each rod (Po.and Vo for each rod) that difference is
minimized. Using the coordinate transformation of Equation (C-10b),
only the changes in gas temperature and void volume are important. The
P,'s for each rod are given in Table III in Section 4.1.

A transformation was also applied to the cladding elongation data.:
‘Cladding thermal strain, referenced to the cold rod temperatures, can be

written
€ = a (TjTin) + “o'(Tin'Tcold) (C-11).
where

€ = strain = cladding elongation divided by initial cladding

‘ length \ .

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

ay = expansion coefficient of the cladding during heat up and

' . changes in inlet temperature. ' A

T. = temperature of the cladding

in © inlet temperature o
Tco]d= cold temperature (300 K)
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Defining an initial strain at the start of the test,
(C-12)
the differeéence is

AT, - T.) (C-13)

€- € " @ (T - Tin) ta in " ‘o

0 0

In this form, effects of growth during heatup have been eliminated and

the effects of changes in inlet temperature [ao (T, - TO)] have been

isolated. For actual cladding growth, a, is the e;:ansion 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
temperature increases. The hardware is mostly zircaloy so that the
measured grdwth is approximately zero. Thus, for the measured values of
strain, a, is approximately zero. If it is not exactly zero, expressing
cladding strain in terms of Equation (C-13) minimizes the effect of

hardware growth, since (T, - TO) is small (<40 K), except for the gap

in
conductance testing. . Expressing strain in this manner is particularly

important in the case of compérisons with FRAP-T3 since o_ is not zero

0
in the calculations. The test assembly is not modeled in FRAP so the o,

used in the calculations is the actual expansion coefficient.
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APPENDIX D
POWER CALIBRATION RESULTS

Fuel rodlpower,'expressed in terms of linear heat rating, is cal-
culated using a combination of several techniques. Fuel rod average -
power is determined by a thermal balance. Fuel rod local powers, based
on axial peaking factors, are determined from the neutron fluence mea-
sured by cobalt flux wireé mdunted parallel to the rods and/or a sine
function fit‘to the output of axially distributed SPNDs. Individual
fuel rod peak power (average power times a constant peaking factor of
1.307), as presented in the body of this report, was found using the
decimated data for flow rate, inlet temperature, etc. (Appendix C). For
the flow reduction phase of the test, where saturated conditions existed
at the shrouds' outlets, power was determined by uSing a linear re-
gression between SPND 4 and individual rod powers (Table D-I).

Fuel Rod Average Power

The thermal balance calculations are dependent upon thermal equi-
1ibrium conditions between the fuel rod and the coolant, i.e., the
energy generated in the rods is equal to the enerqy transferred to the
coolant. For all phases of the test, except during the flow reduction
phase, equilbrium exists. Rod power can then be feund, by calculating
the change in energy of the coolant between the outlet and inlet of an
individual flow shroud. This calculation is made with a computer code
which uses experimentally measured coolant flow rate, temperature rise,
inlet temperature, and pressure. The code incorporates the equations
presented in Reference D-1 with water propert1es determined from the
ASTEM subr'outmes[D 2]

A thermal balance was calculated for each of the four rods since
they were -contained in individual flow shrouds. Each rod had a dif-

-ferential thermocouple pair to measure the temperature rise of the
coolant within its shroud and a flowmeter to measure the flow rates.
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TABLE D-I ,
LINEAR REGRESSION EQUATIONS RELATING
NEUTRON FLUX MEASURED BY SPND 4 AND FUEL ROD AVERAGE POWER

959

Rod Test[a] : Regr‘ession[b:I Confidence Intervals
Number Phase Equation (kW/m)
IE-01 Preconditioning y =9.836 - x + 0.04 + 0.86
Period ,
Power Ramp, Steady- y =9.370 - x + 0.29 + 0.38
State Operation ]
and Flow Reduction
IE-012 Preconditioning "y =9.794 . x + 0.06 + 0.80
" Period ' :
" Power Ramp, Steady- y = 9.451 - x + 0.08 + 0.38
State Operation '
and Flow Reduction
IE-013 Preconditioning . y =9.678 « x + 0.02 + 0.78
‘Period . .
Power Ramp, Steady- "y =9.239 - x + 0.18 + 0.71
State Operation : .
and Fiow Reduction
IE-014 Preconditioning - . y =10.368 « x + 0.17 + 1.27
Period
Power Ramp, Steady- y =9.798 - x + 0.61 + 0.36
State Operation .
and Flow Reduction
Average Preconditioning y = 9.505 - x - 0.09 + 0.71
of all "Period .
four Power Ramp, Steady- y = 8.997 - x + 0.28 + 0.59

State Operation
and Flow Reduction

fa] The gap conductance data was not included in the "Preconditioning Phase"
regression.

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

X .= Neutron flux (n/cm2§s), measured by SPND 4 divided by 1014.
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Both Cop]ant inlet temperature and préssuré weEe also measured. All of
these instkuments were avai]ab]e'thrbughout the test except for the
system pressure transducers. No usable pressure data were recordéd.
For these calculations, a constant pressure of 14.8 MPa was assumed
based upon PBF plant instrumentation data.

Since individuéi fuel rod poWer was available throughout the test,
a comparison of the power in each rod was made. This was done to check
for any unexpected variations in power due to instrument drift or
asymmetry in thé neutron flux due to control rod changes. No asymmetry
or_drift were found. The slight variations in power between rods due to
rod design or assembly remained consistent durin§ the test.i

The ratios of individual fue]irod power to fuel rod average power,
shown in Table D-II, remained constant within the listed uncertainties.

TABLE D-1I y
TEST 1E-2 RATIOS OF INDIVIDUAL FUEL ROD POWER TO FUEL ROD AVERAGE POWER

95% Confidence

Power Ratios Mean Interval
Rod IE-011/Average 0.997 +0.015
Rod IE-012/Average _ 0.981 +0.019
Rod IE-013/Average 1.060 - : +0.027

Rod IE-014/Average ~0.958 ’ +0.019

The uncertainties in rod power for Rod IE-011 through IE-014 were
calculated using both instrument calibration errors and data acquisition
errors. These results are shown in Table D-III.
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'TABLE_D-TII
TEST IE-2 UNCERTAINTIES IN FUEL ROD power 2]

Average : j 95% Confidence
Rod Power (kW/m) Level (kW/m)
0.0 | B +1.58
29.2 | "+ 1.65

60.7 , +1.79°

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

Local Power

_ A local power profile (power as a function of the.elevation above
the bottom of the rod) was obtained using the data from SPNDs and
cobalt flux wires. The SPND results were used to determine the instan-
taneous peaking factors. These factors were then multiplied by average
rod bower to obtain an instantaneous local power. The instantaneous
peaking factors were calculated by fitting a sine function to the output -
from SPND 3 - SPND S[a:| (elevations from the bottom of the rod; 0.48 m,'
0.63 m, and 0.79 m, respectively) and dividing By the integral ayerage
of the fit over the length of the fuel (see Reference D-1 for a dis-
cussion of the technique). The sine fit is forced to zero at 0.1 m
.above and below the fuel column. This gives the best agreement between
the fit and flux wire data taken froh this and previous tests with these
types of rods[p'2’0'3]. However, since the bottom SPND's were unusable
some caution must be applied when using instantaneous local power for
the bottom half of the rod because of the uncertainties of extrapolating

[a]l] SPND 1 (0.16-m e]evatfon) was failed prior to the beginning of
the test and SPND 2 (0.31-m elevation) was unreliable.
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a fit over a region where no data pbints exist. These effects are
expected to be. negligible based upon comparison with the f]ux wire data

and results from previous tests[D 1, D- 2]

Even through the instantaneous peaking factors could have small
systematic errors due to the extrapolation of the fit, any shift or
skewing in the peaking factors and local powers due to control rod
changes can be determined. When these results were analysed, it was
found that any appreciable skewing in local power due to changes in
control position‘was limited to a rod power less than 10 kW/m. Above
that level, any changes in local power were minor. In going from a rod
power of less than 30 kW/m up to 68 kW/m, the peak to average changed
from 1.31 to 1.29, a change of less than 2%. Even this sma11'change is
lTimited to the lower half of the rod; so the normalized Tocal power on
the upper half of the rod remained fixed.

During Test “IE-1, voiding in the flow shrouds during the flow
reduction caused a skewing of the local power profi]e[D'3]. In this
test no such effects were apparent. Peak to average, average flux, and
peak elevation showed no changes during film boiling.

Local power versus axial elevation determined from both the SPND's
and an average of the flux wires are shown in Figure D-1 and tabulated
in Table D-III. There is fairly close agreement between the results,
particularly for the upper half of the rods. There is an obvious dif-
ference in the locations of the peak, although the peak to averages
agree. This is due to two. points.

The Tirst concerns the 5PNUsS. The uncertainties in the "SPND
local power, as shown in the Table D-IV and Figure D-1, are due to
control rod changes, differences in SPND's sensitivities, and the
effect1ve 1ength[a:l that was chosen. Control rod changes will cause a

3
[a] The sine fit uses a functional form f (x) =3 b_ sin ==
the effective length (see Reference D-1) n

168



INEEE NN EE BN WIS NI I AT AT AT A S W A I i I S S I |
1= SPND Fit - Precon., Ramp, Hold
O = SPND Fit - Flow Reduction
‘A = Average Flux Wire Data

[y
& ™
e FU N W

%Y
&

3
“

A

[
)
opP

2

s laas sl aaa oyl

a>
oo -

06

A
o4 , '
£;
021 4 ; .
0 T —r—r —r—rT —

| SRR A A B S RN B BN A A L SN A LABE SN A SN A B | IRARARARAS BEAR

0 o1 oz 0a 04 08 08 07 " o8 08
Elevation (m) ,
Fig. D-1 Local power profile for preconditioning period, power ramp and
steady-state operation, flow reduction (based on SPND signals), and
entire test (based on average flux wire data).

Normalized Local Power Profile

>
e
Il-l]ll!'llllI'lell'llllllll!|tlll|lllllllll|||l-

[

169



0Ll

TABLE D-IV

TEST IE-2 LOCAL POWER PROFILE WITH UNCERTAINTIES

Ins=zantaneous Local Power From SPNDs

Preconditioning,[a] Power Ramp and [e]
Steady-Stete Operation at High Power

Normalized Locel

95%

Flow Reduction

[b]

Normalized

Local

95%

From an Average of Flux wires[c]

Integrated Profile

Normalized Local

“Estimate of’

Elevation Power
0.013. 0.583
0.159 1.175
0.306 1.305
0.452 1.178
0.521 1.100
0.599 1.010
0.662 0.925
0.724 0.813
0.745 0.768
0.892 0.317
fa] Excluding Gap Conductance segment
[b] Average Peak Elevation:
Average Peak to Average:
[c] Average of the two wires
Average Peak Elevation:
[d]
[e] Average Peak Elevation: -

Con<idence Intervals Power Confidence Intervals Power Standard Deviatiqn[d]
#0.055 0.584 +0.043 0.567. 0.056
+0. 062 1.169 +0.049 0.948 0.041
+0.016 1.288 +0.023 1.240 0.003
+0.027 1.163 40.02° 1.289 0.013
+0.033 1.094 +0.029 1.230 0.031
+0.043 0.017 +1.033 1.1075 0.001
+0.042 0.9406 +0.033 1.006 0.007
=0.033 0.836 40,024 0.900 0.016

. =0.032 0.791 +0.02e 0.838 0.0204
-0.026 0.331 +0.02¢ 0.465

£.251 + 0.008
1.2887+ 0.022

7.393 + 0.038 (estimate of standard deviation)

Average Peak to Average: 1.307 E 0.235 (estimate of stavdard deviation}

The estimate of the standard deviation is given only for reference

and is due to an unknown shift in the axial locations of the wires

Average Peak to Average: .

z.29% + 0.011
1.3)77+ 0.016




spread in the peaking factors, énd'the_différences in.the SPND sen-

sitivities and the choice of an.éffective length will cause consistent
systematic errors in the peaking factoré. Therefore, the uncertainties
shown in Table D-IV take into account both.errors.

The second point concerhé the flux wires. It was discovered that
the results from the two wires had nearly identical shapes, but were
shifted by approximately 0.05 m. Therefore, their exact reference
elevations are unknown. Based on previous flux data from tests of this
type[DiZ’ D'3], exact elevations should be within 0.05 m from the ele-
vations _given. Table D-IV shows the integrated flux profile calculated
from the average of the two wire's resu]ts.' The 95% confidence interval
is not given because only two sample points are available at each ele-
vation. The presentation of the confidence inferva]s would be mis-
leading because of the 1ow number of points. The profile from this
average, even with the uncertainty in axial location, is believed to be
the best indfcdtion of the actual local power profile in the fuel rods.
For this reason this average flux was used for the FRAP-T3[D'4:I cal-
culations discussed in Section 5.1.1. '
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