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ABSTRACT

An in-pile experiment to characterize the
behavior of boiling-water-reactor-type fuel rods
under normal and abnormal operating conditions
was performed in the Power Burst Facility. The
test, designated PR-I, was performed in
February 1979 as part of the Thermal Fuels
Behavior Program at EG&G Idaho, Inc.

Results from the experiment were obtained in
three primary areas of interest: (a) fuel rod ther-

mal response (gap conductance, fuel stored
energy, and fuel effective conductivity) under
steady state conditions, (b) thermal-hydraulic
conditions at the onset of boiling transition and
rod quench during severe power-cooling imbal-
ance operation at pressurized water reactor condi-
tions, and (c) fuel thermal performance during
progressively severe power excursions at boiling
water reactor hot startup conditions.
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SUMMARY

A combination power-cooling-mismatch (PCM)
and reactivity initiated accident (RIA) test was
performed as part of the Thermal Fuels Behavior
Program conducted by EG&G Idaho, Inc., for the
U.S. Nuclear Regulatory Commission. The test,
designated PR-1, was designed to characterize
light-water-reactor-type fuel rods operated under
both normal and abnormal environmental condi-
tions. The specific objectives of the experiment
were to provide fuel rod thermal response infor-
mation under steady state and power oscillation
conditions, to investigate the conditions at the
onset of boiling transition and return to nucleate
boiling, and to provide fuel thermal performance
data during RIA power excursions.

Test PR-I was conducted with four unir-
radiated, boiling water reactor (BWR) type fuel
rods, each 0.914 m in length. The rods were con-
tained within individual coolant flow shrouds
(hydraulically coupled through common upper
and lower plenums) and backfilled to a cold inter-
nal pressure of 2.58 MPa with either helium
(three rods) or argon (one rod) gas. Fuel densities
in the helium filled rods were 92, 95, or 97076 of
theoretical density to provide a direct evaluation
of fuel density on fuel rod thermal response. The
nominal pellet-cladding diametral gap (cold) of
each test rod was 0.22 mm.

Test PR-I included three primary test phases; a
steady state and power oscillation phase to
evaluate fuel rod thermal response, a PCM tran-
sient testing phase to evaluate conditions at the
onset of boiling transition and return to nucleate
boiling, and an RIA power excursion phase to
investigate fuel thermal performance and provide
information for computer model development
during RIA power excursions.

The thermal response data obtained during
Test PR-I complement similar data from the
previous Gap Conductance (GC) Test Series
experiments. Since the Test PR-I hardware was
originally designed for a GC series experiment,
instrumentation on the fuel rods was optimally
positioned for thermal response measurements.
The effect of fuel density variations in the helium
filled test rods was expected to .be small on the
basis of previous test results. Minor variations
were detected in fuel centerline and off-center
temperatures between the helium filled rods, but

were likely associated with uncertainties in the
measurements rather than effects due to fuel den-
sity variations. The effect of fill gas composition,
however, was pronounced. As expected, fuel
temperatures in the argon filled rod were notably
higher than the helium filled rods due to the lower
thermal conductivity of argon.

Computer code predictions and measurements
of fuel temperatures during steady state operation
were in fairly good agreement for both the argon
and helium filled test rods. The cracked pellet
effective fuel conductivity correlation developed
from the Gap Conductance Test Series data was in
good agreement with measured Test PR-I data.
The correlation provides a method for estimating
fuel rod stored energy by adjusting the solid-pellet
conductivity model to account for pellet cracking
and gas gap redistribution.

A total of 25 power-cooling-mismatch tran-
sients were conducted at system pressures
between 7 and 15.5 MPa, with test rod peak
powers between 36.4 and 56.4 kW/m. Seven flow
reduction transients (each at constant test rod
power) were conducted at low system pressures,
between 7 and 8 MPa, at a coolant inlet tempera-
ture of about 544 K. No discernible indications of
boiling transition were observed. Either natural
circulation was sufficient to preclude boiling tran-
sition, or the low temperature excursion associ-
ated with a high quality dryout transition was not
detectable with the Test PR-i instrumentation.

Eighteen PCM-type transients were conducted
at system pressures between 12.7 and 15.7 MPa.
The coolant inlet temperature at each pressure was
adjusted to provide an inlet subcooling between
8.4 and 43.3 K. Thirteen of the transients resulted
in detectable boiling transition on the rods. Rewet
was induced by three methods; (a) increasing flow
and decreasing power simultaneously, (b) increas-
ing flow rate at constant power, or (c) decreasing
power at constant flow rate. No discernible differ-
ence in the conditions at the onset of boiling tran-
sition and the conditions at the onset of return to
nucleate boiling (quench) was detected. One rod
(Rod 524-1) failed, and another (Rod 524-3) very
likely failed during the boiling transition cycles.
The rods probably failed due to cladding embrit-
tlement following extended high temperature
operation.
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During the final test phase, progressively severe
RIA power excursions were performed at radial
average fuel enthalpies (at the peak power eleva-
tion) of 107, 144, and 212 cal/g U0 2 . Reactor
periods to attain these energies were about 42.7,
8.7 and 6.2 ms, respectively. During the two
higher energy bursts, measured fuel and cladding
temperatures did not increase as rapidly as predic-
ted by pretest calculations. Such behavior is prob-
ably associated with the thermocouple response
time rather than an inherent delay in temperature
increase. Best-estimate corrections were applied to
the fuel centerline and cladding temperature
measurements to account for the measurement
delay time. Film boiling was noted following each
power burst. The pressure transducer data from
Rod 524-2 indicated rod failure during the final

(highest energy) power burst. The cladding
displacement measurements on Rods 524-I
and 524-3 indicated separation of these rods dur-
ing the second (144 cal/g) power burst. The argon
filled test rod, Rod 524-4, did not fail during the
experiment.

Predictions of fuel thermal response during the
RIA testing were generally adequate for fuel
temperature magnitude, but cladding tempera-
tures, cladding elongation, and time in high
temperature film boiling were overpredicted. The
thermal-hydraulic model used for these predic-
tions does not adequately calculate the time of
quench for a power excursion, which results in
longer times at high temperature and over-
estimation of fuel rod damage.

PIN
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NUCLEAR FUEL. ROD BEHAVIOR DURING
NORMAL AND ABNORMAL OPERATING
CONDITIONS--RESULTS OF TEST PR-1

INTRODUCTION

To predict the behavior of light water reactor
fuel rods during postulated accident events
requires a knowledge of the fuel rod boundary
conditions prior to the accident, and an ability to
model the phenomena that dominate fuel rod
response during the accident scenario. Test PR-i
was an experiment conducted by the Thermal
Fuels Behavior Program at EG&G Idaho, Inc., to
evaluate both the steady state thermal perfor-
mance and the transient response of nuclear fuel
rods. Data from the experiment provide a basis
for evaluation and development of fuel rod com-
puter models under steady state and extreme
operating conditions.

The fuel rods used in Test PR-i were originally
designed and instrumented to provide fuel rod
thermal response data under steady state and
power oscillation conditions for the Gap Conduc-
tance Test Series.1 The primary objectives of the
Gap Conductance Test Series were to evaluate fuel
rod thermal performance (gap conductance,
stored energy, effective fuel conductivity, etc.)
under steady state operating conditions, and to
evaluate the thermal oscillator technique1 for
determining gap conductance in irradiated fuel
rods. The objectives of Test PR-I were subse-
quently expanded to include boiling transition and
return to nucleate boiling information under
power-cooling-mismatch (PCM) conditions, and
fuel thermal performance during reactivity
initiated accident (RIA) power excursions.

Test PR-I was performed with four 0.914-m
long, boiling water reactor (BWR) type fuel rods
(each within a separate coolant flow shroud)
symmetrically positioned within the Power Burst
Facility in-pile tube (IPT). The test rods were
backfilled with either helium (three rods) or argon
(one rod) to a cold pressure of 2.58 MPa. The fuel
density of the helium filled rods was 92, 95,

or 97076 of theoretical. With these design varia-
tions, the effects of fuel density and fill gas com-
position on fuel rod thermal response were
examined.

The conduct of Test PR-I consisted of three
phases. The first phase included 13.5 h of steady
state operation and 12.5 h of power oscillations to
obtain fuel rod thermal response data. The second
phase consisted of 23 flow reduction and 2 power
increase PCM transients. The transients provided
boiling transition and return to nucleate boiling
information at high pressure conditions (12.7 to
15.7 MPa system pressures). The third phase con-
sisted of three RIA power excursions initiated
from BWR hot startup conditions to evaluate fuel
thermal performance during RIA power excur-
sions. The power excursions were progressively
more severe, with radial average fuel enthalpies of
107, 144 and 212 cal/g U0 2 at the axial peak
elevation.

The fuel rod thermal response during Test PR-I
is described, and interpretation of the PCM and
boiling transition results are discussed. Results
from the RIA power excursions are presented, as
is an overview of the posttest condition of the
Test PR-I fuel rods. Finally, results and observa-
tions from Test PR-i are summarized. Detailed
descriptions of the test design and conduct; fuel
rod characterization and postirradiation examina-
tion data; experiment data plots and uncertainties;
test rod power determination and uncertainties;
measurement correction methods for fuel and
cladding thermocouples during RIA power bursts;
FRAPCON, FRAP-T5, and RELAP5 models and
input; and Test PR-i documentation and records
traceability are contained in the appendices to this
report, which are provided on microfiche attached
to the inside of the back cover.
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FUEL ROD THERMAL RESPONSE DURING TEST PR-A

Thermal response data were obtained from
Test PR-I to complement similar data from
previous Gap Conductance (GC) Test Series1

experiments. The experimental data from the GC
series were used as a basis for evaluating the
effects of variations in light water reactor (LWR)
fuel rod design parameters on (a) fuel rod thermal
response (that is, temperature response), (b) effec-
tive fuel thermal conductivity, and (c) pellet-to-
cladding gap conductance as a function of rod
power density. The data were also used to evaluate
existing fuel rod response computer codes. The
fuel rod design parameters varied were fuel-to-
cladding gap width (0.1, 0.22, and 0.35 mm
diametral), fill gas composition (helium, xenon, or
argon), and fuel density (92, 95, or 97% of
theoretical). In all test rods, the fuel centerline
temperatures increased much more than did the
off-center (pellet surface) temperatures when the
initial gap width was increased. This indicates that
when the pellets crack, part of the thermal
resistance normally associated with the pellet-to-
cladding gap is redistributed within the fuel pellet,
especially in moderate and large gap rods. This
result further illustrates that pellet cracks and the
movement of pellet fragments degrade the fuel
thermal conductivity while improving the gap con-
ductance. The lower the fill gas conductivity, the
higher the fuel temperatures at a given power
level. The effect of fuel density on the observed
thermal response was small for fuel centerline
temperatures,' and indistinguishable from normal
scatter in the data for fuel off-center
temperatures.

Under actual operating conditions, pellet crack-
ing, relocation, and fill gas inclusion significantly
alter the thermal conductivity of U0 2 fuel pellets.
An analytical procedure was developed for
evaluating the "effective fuel thermal conductiv-
ity" that takes these effects into account. To be of
use in predicting fuel rod effective thermal
conductivities, an empirical correlation (Keff) was
developed, on the basis of effective thermal con-
ductivities, from Tests GC 2-1, GC 2-2,
and GC 2-3. The correlation was obtained for all
helium filled test rods in terms of (a) a nominal
"hot gap width," (b) the initial cold gap width,
and (c) the fuel density. Although fuel density has
small effect as an individual parameter, it does
serve as a multiplier to fine-tune the relationship
for the various helium test rods.

Pellet-to-cladding gap conductance was
evaluated as a function of test rod power density
by the steady state (jkdT) and power oscillation
experimental methods. The steady state values
were very consistent between similar rods in the
three GC tests. The effect of initial gap width was
significant for the helium filled rods between the
wide gap and narrow gap rods. Only medium and
narrow gap xenon and argon rods were tested, and
the effect of gap width was small between the dif-
ferent gap rods for both xenon and argon. The
low thermal conductivities of the xenon and argon
fill gases significantly decreased the gap conduc-
tance of these rods with respect to the relatively
high conductivity of helium filled rods. A correla-
tion was developed that provides a simple method
for estimating the gap conductance of a particular
LWR design fuel rod under a specific set of rod
conditions. The correlation accounts for effects of
pellet cracking and/or fragmentation and reloca-
tion. Since the Test PR-i hardware was originally
designed for a Gap Conductance Test Series
experiment (Test GC 2-4), instrumentation were
optimally positioned for these measurements.
Figure 1 illustrates the positioning of the four rods
in the PBF in-pile tube and the rod thermometry
locations.

Data were obtained during the power calibra-
tion, preconditioning, and power oscillation test
segments, from which the fuel rod thermal
behavior could be deduced. This section presents
the Test PR-I steady state and power oscillation
response data. A comparison with applicable data
from previous experiments is also presented. Gap
conductance data obtained during the repeated
boiling transition transients were complicated by
fuel rod dimensional changes, fuel restructuring,
and cladding oxidation and, therefore, are not
presented.

Fuel Rod Thermal Response
During Steady State Operation

The thermal response data from Test PR-I of
primary interest include fuel centerline
temperatures, fuel off-center temperatures, and
cladding surface temperatures relative to fuel rod
local power. The design parameters of interest for
Test PR-1 include fuel density (Rods 524-1, 524-2,
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Figure 1. Four-rod orientation and relative fuel rod thermocouple locations for Test PR-I.

and 524-3 were identical, except that the fuel den-
sities were 95, 92, and 97°7o of theoretical density,
respectively) and fill gas composition (Rods 524-3
and 524-4 were identical, except that the fill gas
compositions were helium and argon,
respectively). Nominal design parameters for the
Test PR-1 fuel rods are listed in Table 1.

Test rod local powers were determined from a
calorimetric heat balance of each test rod, and an
axial power distribution from flux wire activation.
The heat balance was accomplished using
measured coolant conditions (pressure and inlet

temperature), shroud volumetric flow rate, and
coolant temperature rise from inlet to outlet
through each shroud. Subcooled inlet and outlet
conditions were maintained at all power levels to
ensure accurate coolant enthalpy determination.
The first segment of the power calibration was
conducted at a high coolant flow rate to ensure
subcooled forced convection heat transfer over the
entire test rod. During the second segment of the
power calibration, the coolant flow rate was
adjusted to preclude saturation at the shroud
outlet, but to allow high cladding surface heat
transfer at the primary measurement (peak power)
axial location.
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Table 1. Nominal design parameters of BWR-type fuel rods for Test PR-1

Rod Parameter Value

Cladding outside diameter (mm)
Cladding inside diameter (mm)
Wall thickness (mm)
Cladding material
Fuel material
Fuel density (076 theoretical density)

Pellet diameter (mm)
Initial diametral gap (mm)
Fill gas composition

Cold internal pressure (MPa)
Pellet enrichment (wt070 2 3 5 U)
Pellet shape

Pellet length (mm)
Rod overall length (mm)
Fuel stack length (mm)
Plenum length (mm)
Ratio of plenum volume to fuel volume
Plenum spring
Shroud inside diameter (mm)

a. Corresponds to 2.201o of initial fuel pellet diameter.

12.50
10.79
0.86
Zircaloy-2
U0 2
95 (Rod 524-1), 92 (Rod 524-2),
97 (Rod 524-3), 97 (Rod 524-4)
10.57
0.22a

Helium (Rods 524-1,-2, and -3),
Argon (Rod 524-4)
2.58
10.0
Flat ends
L/D = 1.0
10.57
990.6
914.4
55.12
0.08
Coiled carbon steel
19.3

The average linear heat generation of each test
rod, determined from the energy balance, was
adjusted to a local peak power generation by
applying a peaking factor of 1.35 (determined
from axial flux wires). Differences in measured
linear power between the four rods were attributed
to measurement uncertainties rather than inherent
differences in test rod power generation, and,
hence, were averaged to obtain the values used in
this analysis. A summary of the conditions
attained during the Test PR-1 steady state thermal
response testing is presented in Table 2, and
graphically shown in Figure 2.

Fuel centerline temperature as a function of test
rod peak power is shown in Figure 3 for the three
helium filled rods, with variations in fuel density.
As was observed in the Gap Conductance Test
Series, the effect of fuel density variations
between 92 and 97076 of theoretical is minimal.
The minor variations noted are well within
expected uncertaintiesa in the measured centerline
temperatures. Similar results were obtained by

comparing the measured off-center temperatures
for Rods 524-1, 524-2, and 524-3. Azimuthal
variations in measured off-center fuel tem-
peratures outweighed any observable difference in
temperatures due to fuel density variation.

The effect of fill gas composition on measured
temperatures during steady state operation is
illustrated in Figure 4. Shown is the measured fuel
centerline temperature (as a function of test rod
power) for a helium filled rod (524-3) and the
argon filled rod (524-4), with all other design
features being common to both rods. The low
thermal conductivity of the argon gas in
Rod 524-4, as compared with the conductivity of
helium in Rod 524-3, results in a higher fuel
centerline temperature at each power level con-
sidered. Fuel centerline temperatures in the argon

a. Uncertainties in fuel temperature measurements range
from 3% of reading below 700 K and 4% of reading at
1200 K, to as high as 22% of reading at 2000 K.
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Table 2. Summary of steady state thermal response conditions

Rod 524-1 Rod 524-2 Rod 524-3 Rod 524-4

LA

Reactor
Core Power

(MW)

Power Calibrationb
(Segment 1)

4.72
2.32
4.72
7.09
9.52

10.91
9.52
7.20
4.72
3.10

Power Calibrationc
(Segment 2)

3.11
4.72
6.22
7.91

10.01
6.22

Preconditioningc

3.08
6.19
3.04
6.19
3.00
6.30
3.00

Averaged Test
Rod Peak Powera

(kW/m)

Shroud
Coolant

Flow Rate
(L/s)

Coolant
Temperature

Rise
(K)

Shroud
Coolant

Flow Rate
(L/s)

Coolant
Temperature

Rise
(K)

Shroud
Coolant

Flow Rate
(L/s)

Coolant
Temperature

Rise
(K)

Shroud
Coolant

Flow Rate
(L/s)

21.29
11.34
21.59
31.98
42.44
48.06
42.62
31.98
21.70
14.66

0.748
0.737
0.735
0.733
0.726
0.731
0.728
0.746
0.744
0.740

5.11
2.75
5.37
7.86

10.70
12.05
10.91
7.86
5.28
3.45

0.758
0.755
0.746
0.749
0.742
0.741
0.743
0.758
0.754
0.749

3.64
1.68
3.64
5.56
7.31
8.31
7.39
5.56
3.64
2.24

0.781
0.774
0.764
0.769
0.760
0.761
0.762
0.780
0.775
0.768

4.52
2.43
4.74
7.01
9.28

10.50
9.37
6.88
4.70
3.13

0.756
0.749
0.747
0.744
0.738
0.743
0.740
0.757
0.757
0.749

4.71
2.31
4.67
7.07
9.21

10.30
9.34
7.03
4.63
3.01

Coolant
Temperature

Rise
(K)

14.37
21.65
28.40
36.44
45.12
28.45

0.266
0.310
0.340
0.414
0.532
0.355

0.167
0.347
0.167
0.401
0.168
0.384
0.170

9.56
12.44
15.02
15.85
15.37
14.19

14.93
14.67
14.49
12.62
14.49
13.18
14.23

0.264
0.310
0.340
0.420
0.536
0.361

0.164
0.354
0.165
0.407
0.166
0.386
0.166

6.78
8.92

10.45
11.15
10.71
9.66

10.45
10.10
10.19
8.92

10.15
9.05

10.01

0.270
0.316
0.348
0.43 I
0.549
0.368

0.167
0.360
0.168
0.416
0.169
0.394
0.168

8.54
11.03
13.17
13.65
12.86
12.12

12.38
12.60
12.56
11.07
12.12
11.16
12.12

0.271
0.315
0.347
0.422
0.541
0.361

0.170
0.353
0.171
0.409
0.172
0.391
0.173

8.25
10.96
13.10
13.93
13.18
12.22

12.75
12.57
12.62
10.91
12.48
11.22
12.27

13.88
28.82
13.58
28.02
13.65
27.70
13.47

a. Average of (four rods) test rod linear powers at axial peak elevation.

b. Nominal coolant inlet temperature of 538 K and system pressure of 6.5 MPa.

c. Nominal coolant inlet temperature of 540 K and system pressure of 7.2 MPa.
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Figure 4. Measured centerline fuel temperatures showing the effects of fill gas composition between helium and argon
filled test rods.
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filled rod were consistently 400 to 500 K higher
than the helium rod at test rod powers above
13 kW/m.

Comparisons between measured and calculated
fuel centerline and off-center temperatures are
shown in Figure 5. These calculations were made
using the FRAPCONa computer code 2 for the
Test PR-I helium filled rods. The Ross and Stoute
(modified) gap conductance model, in conjunc-
tion with the FRACAS-Il fuel model, was used.
The calculations agree fairly well with the trend
and magnitude of the fuel centerline and off-
centerb temperature data in the helium filled test
rods.

Similar comparisons between measured and
calculated temperatures in the argon filled test rod
(Rod 524-4) are shown in Figure 6. The fuel

a. FRAPCON-2, Idaho National Engineering Laboratory
Code Configuration Control Number H019882B.

b. Azimuthal variations in measured fuel off-center
temperatures were neglected in this comparison by averaging
the off-center temperature measurements.

model slightly underpredicts the argon rod fuel
centerline temperature. Only measured off-center
fuel temperature data from the first power
increase are shown for the argon filled test rod due
to subsequent deterioration of these measurement
devices. The off-center temperature predictions
are fairly consistent with the measured
temperatures.

Fuel Rod Thermal Response
During Power Oscillation
Operation

The power oscillation or thermal oscillator
method1 relates fuel rod response parameters
(cladding temperature, fuel temperature, etc.) to a
sinusoidal driving function (rod power) through
the phase relationship that is characteristic of the
fuel rod design. Inherent in the method is the
assumption that the fuel rod response is a linear
function of the driving function; i.e., that changes
in fuel conductivity, gap conductance, etc., are
sufficiently small during the oscillation that

2500
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Figure 5. Comparison of measured and calculated centerline and off-center fuel temperatures for Test PR-I helium
filled rods.
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Figure 6. Comparison of measured and calculated centerline and off-center fuel temperatures for the Test PR-I argon
filled test rod.

measured temperatures are proportional to the
driving function, with some measurable phase lag
between the signals. The primary usefulness of the
power oscillation technique (if proven reliable)
would be to infer the pellet-to-cladding gap heat
transfer coefficient (gap conductance) in
irradiated fuel rods from only the external clad-
ding surface temperature response to a driving
function. Data were obtained during Test PR-1 to
compare with data obtained during the Gap Con-
ductance Test Series and to help evaluate the
thermal oscillator method.

The measured phase lags between cladding sur-
face temperature and rod power were used to
evaluate gap conductance by the oscillation
method during Test PR-1. Data were obtained at
four power levels, with repeat data obtained at
each level. The nominal oscillation power levels,
measured phase angles between power and clad-
ding temperature, and evaluated gap conductance
values are shown in Table 3. The data shown in
the table are. from on-line measurements only.
Gap conductance values were deduced from the
measured phase angles using a series of curves

generated by the HEAT-Ia computer code. A
range of gap conductance values and the specific
oscillation conditions were input to the code and
the resulting phase angle relationships evaluated.
Highly subcooled conditions were maintained at
the measurement elevation (0.452 m) during the
power oscillations to minimize the perturbation
effects on measured cladding temperature due to
nucleate boiling. The coolant conditions
were: inlet temperature of 478 K, system pressure
of 7.17 MPa, and nominal coolant flow rate
through each shroud of 0.52 L/s (2700 kg/s.m 2

mass flux).

Also shown in Table 3 are steady state gap con-
ductance values obtained (by the JkdT method)
prior to each power oscillation condition. These
steady state gap conductance values were
calculated using both the MATPRO 3 fuel thermal
conductivity correlation and the effective fuel
thermal conductivity correlation (Keff) deter-
mined from previous GC Test Series data. Com-
parison of gap conductance values obtained by the

a. HEAT-I, Idaho National Engineering Laboratory Code
Configuration Control Number H012582B.
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Table 3. On-line power oscillation test results and comparison with steady state gap conductances values

Test Roda

Peak
Power

(kW/m)

11.84
11.84
25.02
25.02
37.44
37.44
50.52
50.52
11.85

11.85
24.94
24.94
37.11
37.11
51.77
51.77

Test
Rod

(orientation)

524-1 (3000)
524-3 (3000)
524-1 (60o)
524-4 (1400)
524-1 (600)
524-3 (3000)
524-1 (600)
524-4 (1400)
524-I (600)
524-4 (140')
524-1 (600)
524-3 (3000)
524-1 (600)
524-4 (1400)
524-1 (60o)
524-3 (3000)

Measured
Phase Angle

(degrees)

48.68
52.59
45.36
48.98
44.04
44.64
40.57
35.63
47.10
66.56
46.65
47.36
43.05
37.74
41.09
37.85

95%s
Uncertainty
In Measured
Phase Angle
(+ degrees)

1.09
0.71
0.31
0.60
0.34
0.45
0.46
0.33
0.46
0.83
0.38
0.31
0.33
0.46
0.34
0.60

Gap Conductance
From Measured

Phase Angle
(kW/m

2 
K)

5.45
4.17
8.97
5.61

10.82
9.68

21.49
57.53
6.40
1.20
7.50
6.83

13.39
68.21
17.73
63.45

Gap Conductanceb

From jkdT Method
MATPRO Conductivity

1kW/m 2 *K)

2.20
2.34
2.91
1.26
3.97
4.07
5.58
3.06
2.45
0.76
3.15
4.79
4.28
1.70
6.50
9.86

Gap Conductanceb
From IkdT Method
Keff Conductivity

(kW/m 2 K)

3.34
3.70
4.38

C

5.33
5.88

20.75

3.34
C

4.36
4.78
5.29

c

40.62
79.62

Gap Conductanceb

From jkdT Method
Keff Lower

Conductivity
Uncertainy Limit

(kW/m .K)

5.03
5.79
7.13
C

8.75

10.05
>100

C

5.03
C

7.12
8.09
8.65
C

>100.
>100.

C5

a. All power oscillations were conducted at 4-120% of nominal power level and a period of 20 s/cycle. Coolant conditions were; inlet temperature of 478 K and system pressure of

7.17 MPa.

b. Steady state (JkdT) gap conductance calculated using appropriate centerline and cladding temperature measurements.

c. Keff conductivity corrlation is not applicable to argon filled test rod.

e.



power oscillation method with those obtained by
the generally accepted jkdT method using the
MATPRO fuel conductivity correlation show
large discrepancies between the two methods. Gap
conductance values calculated using the Keff con-
ductivity correlation are in better agreement with
the oscillation method, but are still significantly
smaller in most cases. This comparison is
presented graphically in Figure 7.

Large differences between gap conductance
values obtained by the power oscillation method
and the JkdT method were also observed during

the Gap Conductance Test Series experiments.
The exact reasons for the discrepancies have not
been determined. Waveform analysis of previous
power oscillation data suggest that nonlinearities
in the response measurement (cladding tempera-
ture) are more pronounced in BWR-design fuel
rods than PWR-design rods.1 The speculated
cause of the difference between fuel rod types is
enhanced pellet and cladding contact during
power oscillations due to the flat-end pellet design
in BWR pellets as opposed to the dished-end pellet
design in PWR fuel pellets. On the basis of the
large amount of thermal oscillator data from the

.JJI

25 1-

201-

c\J
E

CO

Cz
0

* From phase angle
,. From fkdT (MATPRO)

£ From IkdT(Keff)

t0
15-

10-

5 _

0O
0

III I I

10 20 30

Power (kW/m)

40 50 60
INEL-A-18 079

Figure 7. Gap conductance values calculated using power oscillation and I kdT methods (Test PR-I helium rods).
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Gap Conductance Test Series and, Test PR-i,
nonlinearities in fuel parameters (fuel conductiv-
ity, pellet-to-cladding gap width, etc.) contribute
large uncertainties in gap conductance by the
oscillation technique except under specific condi-
tions. The technique is therefore unreliable for
determining gap conductance over the range of
LWR conditions of interest.

Comparison of Test PR-i and
Gap Conductance Test Series
Thermal Response Data

The Test PR-I steady state thermal response
data can be directly compared with data obtained
from the Gap Conductance Test Series since the
Test PR-I fuel rods were of similar design and had
design parameter variations supporting the GC
Test Series matrix. All fuel rods in Test PR-I had
nominal diametral gaps of 0.22 mm (2.2% of
initial fuel pellet diameter) to provide direct com-
parative data. The effect of fill gas composition
on measured fuel centerline temperatures is shown
in Figure 8. A similar comparison with fuel off-
center temperatures is seen in Figure 9. The data

from Test PR-1 are in good agreement with steady
state resultsa from other testing on common gap
width fuel rods.

Each of the helium filled rods in Test PR-I con-
tained different density fuel pellets. Rod 524-1,
with a density of 95016 theoretical density, was the
same design as Rod GC 503 of the Gap Conduc-
tance Test Series, Test GC 2-1. The fuel centerline
temperature and fuel off-center temperature
measurements for both rods (524-1 and GC 503)
are compared in Figures 10 and 11, respectively,
and are shown to be in excellent agreement. Some
differences do exist, but these are well within the
uncertainties in the temperature measurements.

The effect of initial gap width on fuel centerline
temperatures for helium and argon filled test rods
is shown in Figures 12 and 13. The data from Test
PR-I (2.2% gap) are generally consistent with
previous data.a

a. The solid lines in Figures 8, 9, 12, and 13 represent the
trends of GC Test Series data, and are not mathematical fits or
analytical estimates.
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Figure 8. Comparison of Test PR- I centerline temperature measurements with previous GC experimental data showing
the effect of fill gas composition.
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Figure 9. Comparison of Test PR-I off-center fuel temperature measurements with previous GC experimental data
showing the effect of fill gas composition.
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Figure 10. Comparison of fuel rod centerline temperature measurements from Tests PR-I and GC 2-1.
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Figure 11. Comparison of fuel rod off-center temperature measurements from Tests PR-I and GC 2-1.
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Figure 12. Test PR- I fuel centerline temperature measurements compared with previous GC experiment results showing
the effect of initial gap width in helium filled test rods.
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Figure 13. Test PR-I fuel centerline temperature measurements compared with previous GC experiment results showing
the effect of initial gap width in argon filled test rods.

Fuel Thermal Conductivity. As a fuel rod is
operated at power, thermal stresses cause the fuel
pellets to crack and pieces of the fuel to relocate in
such a manner that some of the initial gap area is
redistributed toward the center of the pellet.
Consequently, pellet cracking and relocation alter
both the fuel thermal conductivity and the pellet-
to-cladding gap. A change in either the fuel ther-
mal conductance or the pellet-to-cladding gap
conductance will alter the radial temperature
distribution and, consequently, will affect the
amount of stored energy in the fuel rod at any
given time. Therefore, evaluation of both the
"effective" fuel thermal conductivity and the
pellet-to-cladding gap conductance is essential. It
is expected that the size and pattern of the fuel
cracking will be affected by the initial gap size and
the theoretical density of the fuel. This will affect
the resulting effective fuel conductivity and fuel-
to-cladding gap conductance.

Figure 14 shows the measured fuel off-center
temperatures (three azimuthal orientations) in
Rod 524-2 as a function of test rod power.
Analyses previously made during the GC Test
Series indicate that the scatter in the individual
off-center temperature measurements, as shown in

Figure 14, can be attributed to fuel pellet skewing
within the cladding cylinder. If the temperatures
were averaged, the resulting value would define a
relatively smooth curve (shown in Figure 15), and
would be essentially the same temperature that
would have resulted had the fuel pellet been
located symmetrically within the cladding. In
addition, the presence of a thermocouple in the
fuel perturbs the local fuel temperature and the
measurement must be corrected for this perturba-
tion effect. Figure 16 shows these same averaged
off-center temperature measurements after correc-
tions for thermocouple temperature perturbation
effects have been made. The methods developed
for correcting the fuel off-center temperatures are
described in Reference 1.

To evaluate effective fuel thermal conduc-
tivities, radial temperature profiles were
calculated for the test fuel rods at specific power
levels. The U0 2 thermal conductivity relationship
used in the calculations was then adjusted and the
radial temperature profiles recalculated until the
profiles coincided with the measured fuel
centerline and off-center temperature (corrected
and averaged) measurements. These calculations

15
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Figure 14. Off-center fuel temperature measurements
from Test PR-I, Rod 524-2.

were performed using an JkdT computer code
called FUELCON,a which was developed for this
purpose.

The MATPRO fuel thermal conductivity rela-
tionship was used in the FUELCON calculations.

a. FUELCON, Idaho National Engineering Laboratory Code
Configuration Control Number H003!5!B.

Figure 16. Averaged and corrected off-center fuel
temperature measurements from Test PR-I,
Rod 524-2.

The MATPRO relationship was developed using
experimental data obtained from solid pellets
under controlled conditions, during which the
pellets generally did not crack. The FUELCON-
calculated effective fuel thermal conductivity
(Keff) is simply the MATPRO conductivity
modified to account for fuel cracking effects,
based on experimental data. Figure 17 shows a
representative comparison between a radial
temperature profile calculated with the MATPRO
thermal conductivity relationship and an adjusted
thermal conductivity, Keff, as determined by
FUELCON. This procedure is described in detail
in Reference 1.

The Keff fuel thermal conductivity correlation
determined from the Gap Conductance Test Series
data is presented below.
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Figure 17. Representative comparison between fuel pellet radial temperature profiles calculated using the MATPRO
thermal conductivity correlation and the FUELCON effective thermal conductivity.

Keff = KMATPRO- (0.0002189 -0.050867X

+ 5.678X 2) a K eff

oKeff

(1)

= 0.488169 x 10-3 + 0.134487
x 10-4 (POWER) -0.821495
x 10-6 (POWER)2 + 0.104021
x 10-7 (POWER)3 and is the
total uncertainty in Keff as a
function of the power in
kW/m.where

KMATPRO

X

HG

CG

TD

= the temperature-dependent
fuel thermal conductivity of a
solid pellet

= (HG - 0.014- 0.14 CG) (0.0545/
CG)(TD)8

= a hot pellet-to-cladding radial
gap in millimeters (calculated
assuming only radial cracking,
thermal expansion, and elastic
deflection of an idealized solid
pellet and cylindrical cladding)

= the initial cold, radial pellet-
to-cladding gap in mm

= the theoretical density of the
fuel in decimal form

Effective fuel thermal conductivities were cal-
culated for each of the helium filled rods in
Test PR-1. Typical examples of the calculated
effective fuel thermal conductivity are shown in
Figures 18 and 19 for Rods 524-1 and 524-3,
respectively, at several test rod power levels. Also
shown in the figures are the MATPRO fuel con-
ductivity and the Keff fuel conductivity
correlation curves. All effective fuel thermal con-
ductivities calculated from the Test PR-I data lie
well within the error bounds of the Keff
correlation.

The comparisons in Figures 18 and 19 show
that the effects of pellet cracking and pellet frag-
ment relocation on the fuel thermal conductivity
are greatest at low powers and diminish, as would
be expected, at high powers and high tempera-
tures, under which conditions pellet thermal
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Figure 18. Comparison of MATPRO, Keff, and
calculated fuel thermal conductivities as a
function of temperature at several power
levels. Calculated conductivity is from
Test PR-I, Rod 524-1 measurements.

Figure 19. Comparison of MATPRO, Keff, and
calculated fuel thermal conductivities as a
function of temperature at several power
levels. Calculated conductivity is from
Test PR-I, Rod 524-3 measurements.
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expansion closes the cracks between fragments
and the pellet-to-cladding gap. At high power
levels, the calculated Keff and MATPRO thermal
conductivities are identical.

As expected, the Keff correlation indicates that
the initial gap width, hot gap width, and theoreti-
cal density have an effect on the in-pile effective
fuel thermal conductivity. The density correction
in the Keff correlation is significant only at lower
fuel pellet temperatures. With the amount of scat-
ter and uncertainty in in-pile temperature mea-
surements it is questionable whether the density
correction has any real significance. Fuel thermal
conductivities with uncertainty error bounds as a
function of temperature were calculated for sev-
eral U0 2 theoretical densities using the Keff cor-
relation. The effective fuel thermal conductivities
determined from temperature measurements for
all helium filled test rods were then compared with
the Keff correlation fuel conductivities. An exam-
ple, Figure 20, shows that the effective conduc-
tivities of the 92 and 95% theoretical density (TD)
fuel rods do not fall within the Keff correlation
conductivity error bounds for the 97076 TD fuel.
Table 4 summarizes the results of these compar-
isons and indicates which of the fuel rods with
theoretical densities of 92, 95 and 97% fall within
the error bounds of the Keff calculated fuel ther-
mal conductivities. These results indicate that the.
density correction in the Keff correlation is prob-
ably necessary, but could be improved if a larger
data base was available.

The calculated stored energy in each of the
helium filled fuel rods, at several steady state
power levels, is listed in Table 5. Energies were
calculated using the MATPRO fuel conductivity
correlation and the fuel conductivity correlation
(Keff) developed from the GC Test Series
experiments. Because Keff predicts a lower fuel
thermal conductivity than MAT-PRO, the fuel rod
stored energy calculated using the Keff correlation
is smaller than the energy calculated using the
MATPRO correlation.

Gap Conductance. Steady state pellet-to-
cladding gap conductance (hgap) values are
obtained from the relationship

ImImI Calculated conductivity from Test
PR-1 temperature measurements

-Keff conductivity correlation
Upperand2o bounds

5

4 _

C,
0
0

I I I
Rod 524-1
TD = 95%

a 10.11 kW/m

"Mn
*%. U.l

3 _

21-

1

5

| | i

I I I

Rod 524-2
TD = 92%
13.37 kW/m

4

E

C
0
0~

%:<

'eil

3

ft*. ft*. ft*.
2F-

1i
600 700 800 900

Temperature (K)

1000

INEL-A-18 063

h =gap A(TS - Tc) (2)

Figure20. Comparison of calculated conductivities
for 92 and 95% theoretical density fuel rods,
with Keff conductivity for a fuel theoretical
density of 97%.
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Table 4. Comparison of Keff conductivities for several theoretical densities with the
calculated effective conductivities of the Test PR-1 helium filled rods

Theoretical
Density

Used in Keff
Calculation

97%
95%
92%
88%
84%
80%

Calculated Effective Conductivity of Helium Filled
Rods Inside or Outside of Keff Correlation Bounds

92%
Rod 524-2

Outside
Outside
Inside
Inside
Inside

Outside

95%
Rod 524-1

Outside
Inside
Inside
Inside
Inside

Outside

97%
Rod 524-3

Inside
Inside
Inside
Inside

Outside
Outside

Table 5. Calculated stored energy in test rod: jkdT method using both the MATPRO
conductivity and the GC Test Series conductivity correlation (Keff)

Averaged
Test Rod

Peak Power
(kW/m)

10.11
13.37
20.76
27.12
30.2
35.16
40.01
42.82
45.66

Keff Conductivity
(J)

MATPRO Conductivity
(J)

Rod 524-1 Rod 524-2 Rod 524-3 Rod 524-1 Rod 524-2 Rod 524-3

1196
1348
1683
1968
2103
2311
2493
2580
2645

1120
1267
1583
1840
1960
2143
2303
2381
2444

1174
1322
1660
1955
2098
2319
2509
2597
2659

1245
1410
1757
2029
2153
2347
2533
2642
2753

1146
1299
1623
1877
1994
2175
2350
2451
2556

1248
1415
1766
2041
2166
2360
2544
2650
2759
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where

Q = local test rod power (kW)

Gap conductance calculated from
Test PR-1 measurements

*oee* Gap conductance calculated from
GC series Keff correlation

Upper and lower 20 bounds
A = heat transfer area for a solid pellet

(m2)

TS = pellet surface temperature (K)

TC = cladding inside surface
temperature (K).

In applying this relationship, test rod power dens-
ities were evaluated from thermal-hydraulic
measurements. The surface area was calculated on
the basis of fuel pellet temperature measurements
in conjuction with MATPRO fuel expansion
estimates at the axial measurement location. The
fuel pellet surface temperatures and the cladding
inside surface temperatures were calculated from
the internal fuel and cladding surface temperature
measurements. The pellet surface temperature
calculations were made using the Keff fuel thermal
conductivity correlation and jkdT techniques.

The solid curves in Figure 21 represent the
calculated gap conductance values for Test PR-A
[with upper and lower 2-sigma (a] error bounds) as
a function of power. Also shown in Figure 21 are
the values calculated from the derived GC Test
Series correlation. For each of the three Test PR-I
helium filled rods, the gap conductance values
determined from the derived correlation lie well
within the error bounds of the calculated (steady
state) gap conductance values.

The calculated gap conductance values for the
three helium filled rods are consistent. The small
differences can be attributed to scatter in the data.
The correlation derived from the Gap Conduc-
tance Test Series data provides a simple method
for estimating the gap conductance of a particular
LWR design fuel rod under a specific set of rod
conditions.
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Figure 21. Comparisons of Test PR-I gap conduc-
tances with calculated results from the
GC series Keff correlation; Rods 524-1,
524-2, and 524-3.
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PCM AND BOILING TRANSITION TEST RESULTS

The specific objectives of Test PR-I included
providing information on boiling transition and
return to nucleate boiling during severe power and
coolant imbalance conditions. A series of 23 flow
reductions (at constant power) and 2 power
increase transients (at constant flow) were con-
ducted to attain these objectives. Boiling transi-
tion was detected during 13 of the transients, all at
the higher system pressures considered (12.7 to
15.7 MPa). Within this section, a comparison
between high and low pressure boiling transition,
natural circulation considerations as related to
Test PR-I, and the fuel rod behavior during the
PCM testing are presented. Observations regard-
ing return to nucleate boiling and the relationship
to boiling transition are also presented.

General Phenomena Associated
With Boiling Transition

The consequences of boiling transition in a light
water reactor environment can range from slight
to severe, depending on the dominant heat 'trans-
fer processes and the mitigating actions taken.
Test PR-I was conducted, in part, to provide
information on boiling transition and return to
nucleate boiling under a variety of coolant condi-
tions representative of the heat transfer modes
that might be expected in an LWR under postu-
lated accident conditions. Within this section, an
interpretation of the boiling transition phenome-
non for the Test PR-l operating conditions is
presented.

Comparison of Boiling Transition Under PWR
and BWR Conditions. The phenomenon and
consequences of boiling transition in a PWR
environment may be significantly different from
those experienced in a BWR environment. Such
differences can readily be seen by comparing the
respective forced convection "boiling curves." A
simplified illustration of the forced convection
boiling curves considered representative for high
(PWR) and low (BWR) pressure conditions is
shown in Figure 22. For the high pressure condi-
tion (Figure 22, Curve A), more indicative of a
PWR-type environment, different heat transfer
regimes are progressively encountered as the heat
flux increases. As the surface heat flux increases to

4)

0
_J

High pressure (A)
Low pressure (B)

- -

pressure
JAT high

Sl [pressure

Log (wall superheat)
INEL-A-18 069

Figure 22. Representative forced convection boiling
curves for high and low pressure conditions.

boiling transition,a the primary heat transfer
mechanism progresses from subcooled forced con-
vection to a partial boiling and subcooled nucleate
boiling regime. For a heat flux controlled system,
boiling transition results in a large decrease in the
heat transfer coefficient (due to establishment of
an insulating vapor film) and a corresponding
large increase in wall temperature. This transition
is commonly referred to as departure from
nucleate boiling (DNB) and it results in high
temperature, film boiling operation. Most tran-
sients in the Power-Cooling-Mismatch (PCM)
Test Series and the higher pressure transients of
Test PR-1 were conducted under PWR-type con-
ditions, and are generally described by such a
boiling transition scenario.

The low pressure (BWR pressures) transients of
Test PR-I are generally described by a forced con-
vection boiling curve, as illustrated in Figure 22,
Curve B. At lower heat fluxes, the primary heat
transfer regimes include two-phase forced convec-
tion and saturated nucleate boiling. Just prior to
boiling transition (as the surface heat flux

a. The literature refers to boiling transition by several descrip-
tive terminologies, depending on the reference environment.
Some of these include (a) critical heat flux (CHF), (b) depar-
ture from nucleate boiling (DNB), (c) boiling crises,
(d) dryout,(e) burnout heat flux, and (f) boiling transition.
The terminology used within this report is "boiling
transition," since the interchange of names becomes confusing
over the range of Test PR-1 operating conditions.
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increases), an additional mechanism of heat
transfer may be encountered. for high quality
annular flows, such as may occur in BWR
technology. In this mode, the vapor velocity and
interfacial turbulence level can become so high,
and the liquid film so thin, that nucleation is sup-
pressed on the heated surface. This regime, known
as forced convective vaporization, results in high
heat transfer coefficients; thus, as the heat flux is
increased, the wall temperature may decrease. At
the boiling transition, the heat transfer decreases
and the wall temperature increases. The magni-
tude of the wall temperature increase is a function
of the quality at which boiling transition occurs
and, in general, is less than for a subcooled DNB
excursion.

The effect of quality on the wall temperature
excursion, based on the work of Plummer et al., 4

is illustrated in Figure 23 for two different coolant
mass fluxes. As the equilibrium quality at boiling
transition (< Xe > c on Figure 23) decreases, the
boiling transition heat flux and the corresponding
wall thermal excursion increases. For the high
quality condition (<Xe>c = 0.8), the unstable,
negative slope transition boiling region is not evi-
dent. This suggests that operation in this region
may be accomplished with a minimal wall tem-
perature excursion. The low pressure (-7 MPa)
flow reductions of Test PR-I did not result in
readily detectable boiling transitions. Either the
rods did not attain boiling transition, or the boil-
ing transition resulted in very low wall tempera-
ture excursions, not detectable by the test
instrumentation. Using MacBeth's low flow
critical heat flux correlation, 5 the expected quality
at the onset of boiling transition was near 0.8 at
the Test PR-I low pressure condition, suggesting
that the latter explanation for not detecting
boiling transition is plausible.

Natural Circulation Considerations During
Test PR-1. Several attempts were made during
Test PR-I to reduce flow sufficiently to induce
boiling transition under the low pressure (-7
MPa) conditions. Various combinations of inpile
tube (IPT) bypass and flow control valve settings
(Figure 24) were tried in order to influence the
flow reduction capability. With all combinations,
the minimum measured flow rate through the
individual coolant shrouds was limited (at power)
to values between 0.07 and 0.08 L/s. With no test
rod power generation, the coolant flow rate could
be reduced to nearly 0.03 L/s. Therefore, natural
circulation apparently limited the flow reduction.

The low flow limitation was observed at all
pressure levels and test rod powers between 40 and
53 kW/m. An explanation of the low flow limita-
tion for the Test PR-I geometry follows.

The coolant within the in-pile bypass region was
subcooled during the entire Test PR-I operation.
In contrast, saturated or boiling conditions existed
within the individual coolant flow shrouds during
power operation. Therefore, during power opera-
tion, the coolant density within the in-pile bypass

(PBP) was greater than the average flow shroud
coolant density (PFS).

The total volumetric coolant flow rate within an
individual coolant flow shroud can be estimated
using the following simplifying assumptions:

1. The vapor bubbles formed as a result of
boiling within the flow shroud rise with a
velocity (V) given by

V = Vc + VB (3)

where Vc is the bulk coolant velocity
without vapor production, and VB is the
bubble rise velocity resulting from buoy-
ancy effects. Such an assumption is most
valid when Vc is small.

2. The liquid-vapor two-phase mixture within
the coolant shroud flows at a constant (and
equal) velocity (i.e., no interfacial slip).

The average bulk coolant velocity without
vapor production is given by the well-known
principle

Vc = Qc/A (4)

where A is the cross-sectional area for flow
(A = 1.698 cm 2 for Test PR-I) and Qc is the
volumetric coolant flow rate at zero power
(Qc =_ 0.03 L/s = 30 cm 3 /s). Then, from
Equation (4), Vc 17.7 cm/s.

The bubble rise velocity resulting from buoy-
ancy effects (VB) may be estimated by the
expression

6

ag (Pl - Pv) 1/4
VB = 1.18 2

PB
(5)
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Figure 24. Schematic of PBF test loop and in-pile tube.

where a is the surface tension of the liquid and Pl
and Pv are the liquid and vapor densities, respec-
tively. Equation (5) is based on experimental
observations of bubbles rising in 16 different
liquids, and has also been derived analytically. 7

For the Test PR-I conditions,a Equation (5)
yields VB = 20.3 cm/s. From Equation (3) and
the calculated results of Equations (4) and (5), the
total vapor velocity becomes approximately
38 cm/s. Therefore, from the general form of
Equation (4), a total volumetric flow rate of
0.064 L/s is calculated. The calculated volumetric'
flow rate (0.064 L/s) compares favorably with the
minimum measured volumetric flow rate
(0.07 to 0.08 L/s).

Onset of Boiling Transition and
Return to Nucleate Boiling

The conditions prior to initiating each PCM
transient and the method of initiating each cycle
are summarized in Table 6. The 13 transients that
resulted in detectable boiling transition are
evaluated in this section.

Conditions at Onset of Boiling Transition. The
primary measurement for detection of boiling
transition during Test PR-1 was the cladding
displacement sensor [linear variable differential

a. Pressure = 15 MPa, Tsat = 616 K, p= 0.597 g/cm3, Pv
= 0.0986 g/cm3 , and a =_64 dyne/cm.

transformer (LVDT)] on each rod. Following boil-
ing transition at high pressures, the temperature
excursion on the rods resulted in a change in clad-
ding length due to thermal expansion. During a
flow reduction PCM transient, this length change
is readily observable. During a power increase
transient, the cladding elongation response to
boiling transition is somewhat confounded by the
general rod elongation during the power increase.
The boiling transition can usually be interpreted as
a change in slope of the elongation response dur-
ing a power increase transient, but is not as
obvious as the response during a flow decrease. A
representative LVDT response (Rod 524-3) during
a boiling transition cycle is shown in Figure 25.
The rapid increase in cladding displacement at
about 210 s corresponds to the onset of boiling
transition, and the decrease between 250 and 300 s
corresponds to the return to nucleate boiling
(quench and rewet) process. The shroud coolant
flow rate and test rod peak power are shown for
reference in Figure 25. The transient corresponds
to PCM Cycle 20 of Tables 6 and 7. Table 7 lists
the conditions under which boiling transition was
detected during the Test PR-I PCM transients,
based on the cladding displacement responses.

The four Test PR-I fuel rods were subjected to
very similar thermal-hydraulic conditions during
the PCM testing, but attained widely varying
degrees of fuel rod damage. As seen from Table 7,
only PCM Cycle 25 resulted in boiling transition
on all four test rods, although the power and
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Table 6. Power-cooling-mismatch transient conditions

PBF Core
PCM Power
Cycle (MW)

1 10.1

2 11.4

3 12.5

4 12.5

5 12.5

6 12.5

7 12.7

8 11.8

9 11.8

10 11.1

II 11.1

12 12.2

13 12.5

14 12.5

15 12.5

16 11.8

17 11.8

18 12.5

19 12.5

20 12.5

21 11.8

22 12.6

23 12.6

24 6 to 12.7

Averageda
Test Rod

Peak Power
(kW/m)

40.39

43.19

47.21

49.18

49.59

47.42

43.71

42.12

42.12

42.12

40.95

45.67

48.86

46.92

44.83

41.63

40.87

45.50

45.50

45.50

42.41

46.53

42.24

25.00 to 44.94

Coolant Inlet
Temperature

(K)

545

543

548

545

547

550

594

607

610

595

594

595

553

593

593

603

604

593

593

593

606

575

605

590

Nominal
System

Pressure
(MPa)

7.2

7.3

7.3

7.2

7.3

7.2

12.7

15.5

15.5

13.4

13.0

13.2

7.3

13.0

13.1

15.5

15.6

12.9

12.9

12.9

15.4

15.0

15.2

15.6

Method of
Transient Initiation/Conclusion

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power: no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; no boiling transition
observed.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Flow reduction at constant test rod power; transient concluded by
increasing flow.

Power increase at constant flow rate; transient concluded by
power decrease.

25 6.5 to 15.3 22.44 to 53.70 590 15.5 Power increase at constant flow rate; transient concluded by
power decrease.

t.Rod linear beat generation at peak power elevation; average of four Test PR-I rods.
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Figure 25. Representative response of LVDT to boiling transition and quench. PCM Cycle 20 (inlet
temperature = 593 K, pressure = 12.9 MPa).

coolant flow for each rod were similar during each
PCM cycle. Several qualitative explanations for
this phenomenon can be postulated. One explana-
tion is simply the stochastic nature of the boiling
transition processes. As evidenced by the number
and variability of critical heat flux correlations,
this explanation appears plausible.

The surface condition of the test rods or rod
bowing effects may also explain the observed
disparity between rods. As the information in
Table 7 suggests, Rods 524-1 and 524-3 consis-
tently attained high temperature boiling transition
and, thus, cumulative oxidation of the cladding
would be more extensive than for Rods 524-2
and 524-4. This observation is in conflict with the
results of Berenson 8 ,9 on pool boiling, in which
higher heat fluxes and surface temperatures were
required to attain boiling transition on an oxidized
surface compared to an unoxidized surface. In
forced convection pool boiling, surface conditions
are generally regarded as secondary effects. The
surface condition of the rods is, therefore, not
likely a dominant factor in the thermal-hydraulic
conditions at the onset of boiling transition. Rod
bowing, however, cannot be dismissed as a
potential contributor to the observed differences.

A third postulated explanation can be visualized
by modeling the Test PR-i four-rod geometry
with an electrical analogy. The four test rod
coolant anulii represent parallel and nearly equal
resistances to the coolant flow. The in-pile bypass
region represents a fifth parallel resistance. Since
all resistances are coupled through common upper
and lower plenums, the potential difference
(pressure drop) across each must be equal. If, at
the onset of boiling transition on one rod, the two-
phase pressure drop within the flow shroud
changes, the coolant flow will be redistributed to
the five parallel flow paths. Quantitative assess-
ment of the flow distribution is extremely difficult
without grossly simplified assumptions or
precision local parameter measurements (quality,
pressure drop, mass flux, heat flux, etc.). Qualita-
tively, the dominant cause of some rods attaining
boiling transition at conditions others do not is a
combination of the inherent hydraulic coupling of
the rods in the Test PR-i geometry, possible rod
bowing, and the stochastic nature of the boiling
transition process.

During many of the cycles that resulted in boil-
ing transition, instrumentation in the peak power
region (0.452 m) of the rod(s) responded to the
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Table 7. Boiling transition data summary for Test PR-i

PCM Test
Cyclea Rod

7 524-1
524-3

8 524-1
524-3
524-4

9 524-3

14 524-1
524-3

15 524-1

16 524-1
524-3

17 524-1
524-3
524-4

20 524-I
524-3

21 524-1
524-3

22 524-1

23 254-1
254-3

24 524-1

25 524-1
524-2
524-3
524-4

Coolant
Inlet

Temperatureb
(K)

593
592

608
608
609

609

593
594

594

603
603

603
603
604

593
593

606
606

572

604
605

587

588
587
587
590

System
Pressureb

(MPa)

12.8
12.7

15.4
15.4
15.4

15.4

12.8
12.8

12.9

15.3
15.3

15.5
15.4
15.4

13.1
12.9

15.0
15.0

15.1

15.6
15.5

15.7

15.4
15.4
15.4
15.4

Inlet
Subcoolingb

(K)

9.8
10.2

9.4
9.4
8.4

8.4

9.8
8.8

9.2

13.9
13.9

14.7
14.2
13.2

11.6
10.4

9.3
9.3

Rod Peak
Power at

Onset of BTc

(kW/m)

49.8
49.9

44.5
44.5
44.5

43.7

37.7
37.7

36.4

42.3
42.3

42.6
42.7
43.1

38.4
38.4

45.4d
45.9

Coolant Mass
Flux at Onset

of BT
(kg/s.m2)

587
689

Approximate
Time in BT

(s)

95
103

487
560
378

586

556
434

543

960
880

898
819
839

489
458

1020
763

1303

51
50
21

34

55
25

78

60
27

57
50
21

337
95

232
232

43.8

14.4
12.9

31.6

29.4
30.4
30.4
27.4

809
721

882

562
486
468
521

* 150

178
153

* 163

56.4d
50.0
50.4e
56.4

126
80

183
123

a. PCM cycles that are excluded did not result in detectable boiling transition on any test rod.

b. At the first indication of boiling transition (1T) from cladding elongation response.

c. Averaged linear power of four test rods at axial peak power elevation.

d. Data from failed rod.

e. Failure of Rod 524-3 upon quench from PCM Cycle 21 is likely.

high temperature operation. Boiling transition in
vertical, forced convection experiments with
cosine axial power generation is generally limited
to the upper rod regions, except for very high heat
flux and low flow rate combinations. Thermal
excursions in the peak power region would,
therefore, not be anticipated during most of the
Test PR-I transients. Thermocouple shunting in
the high temperature region, and possibly large

temperature gradients across thermocouple wire
inhomogeneities, 10 may have precipitated the
observed response. Calculations using the FRAP-
T5 computer code and the Babcock & Wilcox-2
CHF correlation indicate that boiling transition at
the 0.452-m elevation would occur at a flow 30%
of that required for the onset of boiling transition.
This condition occurred only once during
Test PR-1, during PCM Cycle 23.
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Rod 524-4 was instrumented with thermocou-
ples placed in small grooves on the inside cladding
surface as well as external cladding surface
thermocouples. Both the internal and external
thermocouples at the 0.70-m elevation (from the
bottom of the fuel stack) responded to the high
temperature boiling transition during Cycle 25,
providing a comparison of internal and external
cladding temperature responses. During this tran-
sient, the test rod power was increased to
56.4 kW/m at a constant coolant flow rate
(-0.1 L/s). The flow rate was subsequently
reduced to about 0.075 L/s. The measured
response from the two devices is shown in
Figure 26. The internal cladding thermocouple at
the 0.70-m elevation consistently indicated higher
steady state temperatures (at power) than the
external thermocouples, and the magnitude of the
difference was consistently greater than the expec-
ted temperature drop (-67 K at 52 kW/m) across
the cladding thickness. This observation suggests
that fuel may have relocated to the proximity of
the thermocouple junction, resulting in the higher
temperature reading, or the thermocouple may
not have been in solid contact with the cladding
and was measuring a combination of cladding, fill
gas, and fuel temperatures. Although the internal
cladding temperature may be biased, the relative

temperature increase and the duration of high
temperature operation can be compared between
the two measurements.

As shown in Figure 26, the internal and external
cladding temperatures of Rod 524-4 increased at
nearly the same time, but at different rates. The
external cladding temperature increased by about
250 K within 6 s. The cladding internal tempera-
ture indicated a 210-K increase and peaked
between 18 and 25 s after indication of boiling
transition. The cladding external temperature
measurement also exhibited different quench
behavior than the internal thermocouple, appar-
ently quenching within about 12 s of boiling tran-
sition, compared to about 50 s for the internal
measurement. The different behavior of internal
and external cladding temperature responses dur-
ing quench and rewet has been observed in both
in-pile and out-of-pile tests under LOCA
blowdown/reflood conditions. In general, exter-
nal cladding thermocouples have been accredited
with inducing earlier quenches at lower
temperatures."l The difference in quench
behavior may be attributed to "fin cooling
effects" on the protruding external measurement
devices.
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Figure 26. Internal and external cladding temperature response during PCM Cycle 25, Rod 524-4.
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Conditions at Return to Nucleate
Boiling. Return to nucleate boiling was inferred
from the cladding displacement response for each
test rod. The coolant conditions, coolant mass
flux, and test rod power that resulted in the
apparent quench of the rods are listed in Table 8.
The data given in Table 8 are internally consistent,
with somewhat more spread in the conditions at
quench than were observed for the conditions at
the onset of boiling transition (Table 7). No
significant difference was apparent in the quench
behavior of the argon filled rod (524-4) and the
helium filled rods.

Comparison of Test PR-i Data
with Previous PCM Test Results

The conditions at the onset of boiling transition
are compared in Figure 27 with previously
obtained PCM Test Series data on PWR-type test
fuel rods. Both the 13- and 15.5-MPa (nominal)
pressure data from Test PR-I are consistent with
the trend of the previous data. The data points
from Rod 524-1, which lie outside the trend lines
of the previous PCM test data, were obtained fol-
lowing rod failure. The data point from the argon
filled test rod (Rod 524-4), which lies outside the
trend lines, was obtained during PCM Cycle 25.
With the exception of this singular data point,
inherent differences in the conditions at the onset
of boiling transition between the helium filled test
rods and the argon filled rod were not observed.

The thermal-hydraulic conditions at the onset
of boiling transition (departure from nucleate
boiling) during the PBF PCM tests have been
empirically correlated. The independent variables
selected for the correlation were those readily
measured and controlled during testing, including
the rod peak power (Pp), inlet coolant mass flux
(G), and inlet subcooling (ATsc). The purpose of
such a correlation is twofold:

1. To provide a "rule of thumb" for quick
and simple predictions of the thermal-
hydraulic conditions that promote the
onset of film boiling during PBF PCM
testing

2. To provide a comparison of the conditions
at DNB with the conditions at quench.

Using a nonlinear, multivariant, least squares
regression analysis of the PBF PCM data, the
following correlation was obtained:

Pp = 8.24 G0 .2 5 ATsc0 -0 5 7

(onset of boiling transition) (6)

where Pp is the rod linear peak power (kW/m),
G is the inlet coolant mass flux (kg/som 2 ), and
ATsc is the inlet subcooling (K). As illustrated in
Figure 28 Equation (6) accurately predicts
(L20%) the inlet coolant and power conditions at
the onset of boiling transition.

Interestingly, Equation (6) also predicts
(+20%) the quench behavior equally well.
Figure 29 illustrates the experimentally deter-
mined rod peak powers at the onset of boiling
transition_(open symbols) and quenching (shaded
symbols) versus the predicted rod peak powers
[Equation (6)] for the PCM Test Series and
Test PR-l. As illustrated, the thermal-hydraulic
conditions (Pp, G, and ATsc) at the onset of film
boiling are virtually indistinguishable from those
at quenching. The data from Test PR-I on BWR
design test rods are very consistent with data from
the PCM Test Series on PWR design test rods for
similar pressure conditions.

The onset of boiling transition and quenching
behavior described above may also be illustrated
on a forced convection boiling curve as shown in
Figure 30. At the critical heat flux (Point A),
where departure from nucleate boiling occurs, a
jump discontinuity in wall temperature (to
Point B) occurs. Upon cooldown, however, the
system follows the same jump discontinuity and
returns to nucleate boiling by way of the critical
heat flux. On the basis of the coinciding data
trends previously illustrated in Figure 29, little or
no hysteresis is expected while traversing Path A-B
(Figure 30).

Return to nucleate boiling via the same path as
onset of boiling transition has been reported by
other investigators. McEwan et al.1 2 observed
this trend, and no signs of hysteresis, in tests with
a heated annulus section using water at 10.3 MPa.
Stevens et al. 1 3 reported similar results using
Freon-12 in a uniformly heated tube with upward
vertical flow. Sterman et al.14,1 5 found, in tests
using a 0.25-cm-diameter, 1.39-cm-long, heated
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Table 8. Quench data sum'mary for Test PR-i

PCM
Cyclea

7

8

9

14

15

16

17

Test
Rod

524-1
524-3

524-1
524-3
524-4

524-3

524-1
524-3

524-1

524-1
524-3

524-1
524-3
524-4

524-1
524-3

524-1
524-3

524-1

524-1
524-3

524-1

Coolant
Inlet

Temperatureb.
(K)

596
596

610
610
610

609

593
593

595

604
603

604
604
604

594
593

606
606

-572

605
605

-589

System
Pressureb

(MPa)

12.7
12.7

15.3
15.3
15.3

Rod Peak
Power at
Quenchb
(kW/m)

39.2c
39.2c

40.8c
41.0c
41.0c

15.3

12.8
12.8

13.1

15.3
15.4

15.4
15.4
15.4

13.1
13.1

15.2
15.2

15.0

33.8

42.1
42.1

43.1
43.1
43.1

38.4
38.4

Coolant Mass
Flux at Quenchb

(kg/s.m 2 )

363c
376c

363c
369c
389c

465c

392c
411Ic

369

458
555

404
489
477

20

21

22

23

24

352
338

357
363

44.6d
44.6

-_e

44.0d

44.0
15.3
15.3

-15.8

362
372

e

25 524-1 593 15.4 5 3 .6 d 372
524-2 588 15.4 52.3 458
524-3 588 15.4 53.0 452
524-4 593 15.5 54.3 381

a.' PCM cycles that are excluded did not result in detectable boiling transition on any rod.

b. At time of quench as indicated by rapid decrease in cladding elongation (from LVDT).

c. Can only be approximated due to rapidly changing power and mass flux during quench.

d. Data from failed rod.

e. Indeterminate.
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Figure 30. Classical boiling curve illustrating film boiling and quenching paths for high pressure (low critical quality)
boiling transition scenario.

tube with water at low pressures (0.20 to
0.71 MPa), that "prolonged film boiling below
the burnout flux could not be maintained."
MacBeth summarizes this behavior (see Figure 30)
by the statement: "Thus, it seems that in a
forced-convection system, a region corresponding
to BC for pool boiling may or may not be
attainable, depending on the system
parameters." 16

Summary of Test PR-1 Fuel Rod
Behavior During PCM Testing

As mentioned previously, the four Test PR-I
fuel rods attained widely varying degrees of
damage during the PCM test phase. Although
cladding thermocouple positioning on the rods
was not optimum for temperature measurements
in the high temperature film boiling region, the

steady state peak temperatures can be estimated
by analytical methods. The stabilized cladding
peak temperatures at the 0.533-m elevation are
shown in a histogram in Figure 31 for those rods
that attained boiling transition during the iden-
tified PCM cycles. The temperature estimates
were calculated assuming steady state film boiling
conditions using the Groeneveld 5.9 heat transfer
correlation, 17 and the calculated local (0.533-m
elevation) power and coolant conditions at the
onset of boiling transition. The histogram pro-
vides a relative indication of the time-temperature
exposure of each test rod, even though the
magnitude of the exposure is obviously
overestimated.

Noted in Figure 31 is the detected time of
failure for Rod 524-1. This rod had attained boil-
ing transition for at least 8 min on eight occasions
prior to failure. Figure 32 illustrates the cladding
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Figure 32. Rod 524-1 cladding elongation and rod internal pressure showing fuel rod failure indication followingquench.

elongation response and the rod internal pressure
for Rod 524-1 at approximately the time of rod
failure. The internal rod pressure increase to
system pressurea at about 285 s in Figure 32 sug-
gests that the rod failed during the intermittent (or
partial) rod quench, due to thermal shock on the
highly embrittled cladding. Calculations using the
Cathcart oxidation kinetics3 and the liscensing
criterion for embrittlement failure of 17%o
equivalent cladding reacted (ECR) yields an effec-
tive isothermal temperature of 1730 K during the
8.1 min of high temperature film boiling (prior to
failure) on Rod 524-1. Following failure,
Rod 524-1 was operated under high temperature
conditions for at least 18 min.

Using similar criterion as for Rod 524-1, and
the relative temperature history (Figure 31) for
Rod 524-3, this rod (524-3) would be expected to

a. The system pressure at the detected failure time was about
13 MPa. The rod internal pressure response shown in Figure 32
is offset by about 5.3 MPa.

fail due to extensive oxygen embrittlement upon
quenching during PCM Cycle 21 (10.3 min at high
temperatures). Since the rod internal pressure
instrument for Rod 524-3 was not functioning,
failure cannot be verified. It is, however, very
likely that Rod 524-3 failed prior to PCM
Cycle 25 and the RIA testing. Following PCM
Cycle 21, Rod 524-3 was operated in high
temperature film boiling for an additional 5.6 min
prior to. the RIA testing.

As shown inFigure 31, Rods 524-2 and 524-4
experienced very limited times at high
temperatures during the PCM testing. Rod 524-2
attained boiling transition only once, during PCM
Cycle 25, prior to the RIA testing. The 80 s of
high temperature operation for Rod 524-2 likely
resulted in some cladding collapse onto the fuel
stack, but extensive embrittlement would not be
expected. The 165 s of high temperature operation
for Rod 524-4 would also suggest cladding col-
lapse onto the fuel stack, but modest cladding
oxidation and embrittlement.
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RESULTS OF TEST PR-i POWER BURST OPERATION

Three progressively severe RIA power excur-
sions were conducted to conclude Test PR-1.
Prior to the bursts, all four test rods had attained
various degrees of damage during the PCM
testing. Rod 524-1 had extensively oxidized and
embrittled cladding, and was waterlogged prior to
the first burst. Rod 524-3 was also extensively
damaged due to cladding oxidation and embrittle-
ment, and was very likely waterlogged prior to the
first power burst. Rods 524-2 and 524-4 were
intact prior to the bursts, but likely had oxidized
and collapsed (onto the fuel stack) cladding in the
high temperature film boiling zones. All four test
rods were, therefore, atypical relative to normally
operated BWR-6 type fuel rods, and would be
expected to require less energy insertion to failure.

An objective of Test PR-1 was to evaluate the
thermal response of the test rods during pro-
gressively severe power excursions and compare
the results with existing fuel rod behavior models.
The primary measurements for evaluating thermal
response were the fuel thermometry (centerline
and off-center thermocouples), cladding surface
thermocouples, and the cladding elongation
response. All fuel and cladding thermocouples
were located at the peak power elevation
(0.452 m) except for two cladding surface ther-
mocouples and the internal cladding ther-
mocouples for Rod 524-4. Due to the previous
high temperature PCM operation, some of the
fuel and cladding thermometry were failed or
deemed unreliable. The reactor and test rod
energy data for each power burst are summarized
in Table 9. The maximum measured values for
cladding and fuel temperatures, cladding elonga-
tion, and internal rod pressure are listed in
Table 10 for each power burst. Specific results for
each burst are presented subsequently.

Power Burst 1

Prior to Power Burst 1, operable fuel rod
thermometry included the fuel centerline thermo-
couple, two off-center fuel thermocouples, and
two cladding surface thermocouples on each of
Rods 524-1 and 524-2; one off-center fuel thermo-
couple and three cladding surface thermocouples
on Rod 524-3; and three cladding surface ther-
mocouplesa on Rod 524-4. All four LVDTs for
measuring cladding elongation were operable.

A radial average fuel enthalpy at the axial peak
elevation of 107 cal/g U0 2 (123 cal/g U0 2 peak
local fuel enthalpy) was achieved during the first
power burst. The maximum cladding surface tem-
perature measured on the four rods was 850 K on
Rod 524-2. Film boiling was detected for about
4 s on each test rod. Maximum fuel temperatures
of 2140 and 1625 K were measured by the fuel
centerline and off-center thermocouples,
respectively, on Rod 524-2.

During the power burst, the internal pressure
transducer on Rod 524-1 indicated a pressure
pulse of 1.2 MPa. due to steam formation in this
waterlogged fuel rod. A pressure increase of
0.4 MPa was indicated by the system pressure
transducers. No indications of additional rod
failures were observed. Following the power
burst, a steady state heat balance of the assembly
was conducted to evaluate fuel loss during the
burst. No change in test rod power generation was
detected, suggesting minimal fuel loss from the
assembly.

a. Only one cladding surface thermocouple on Rod 524-4 was
located at the 0.452-m elevation.

Table 9. Test PR-1 power burst energy data

Reactor Reactor Energy Radial Average,
Reactor Peak Release to Test Fuel Rod Peak Fuel Peak

Power Period Power Time of Scram Total Energy Enthalpy Fuel Enthalpy
Burst (ms) (MW) (M J) (cal/g UO2 ) (cal/g UO,) (cal/g UO2 )

1 42.7 130 110 172 107 123
2 8.7 2650 112 210 144 165
3 6.2 5700 158 294 212 244
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Table 10. Maximum measured fuel rod parameters during Test PR-i power excursions

Maximum
Cladding

Temperature
Test Rod (K)

Maximum
Fuel

Centerline
Temperature

(K)

Maximum
Fuel

Off-Center
Temperature

(K)

Maximum
Cladding

Elongation
Change

(mm)

Maximum
Internal

Rod Pressure
(MPa)

Power
Burst

524-1
524-2
524-3
524-4

2 524-1
524-2
524-3
524-4

795
850
760
695

1165
1180
1345
1180

U.)
'.0

1120
2140
(X)a
(X)

1065
2220
(X)
(X)

(X)
2750
(X)
(X)

1425
1625
1575
(X)

1250
(X)
(X)
(X)

1825
(X)
(X)
(X)

Rod separated
5.8

Rod separated
4.5

Rod separated
8.7

Rod separated
7.8

2.6
2.5
2.0
2.1

1.2 pulse
2.6

(X)
1.3

5.5 pulse
2.7

(X)
1.3

6.7 pulse
3.35
(X)
1.55

Comment

Rod previously failed during PCM testing.

Rod probably failed during PCM testing.

Rod separation indicated by cladding elongation.

Rod separation indicated by cladding elongation.

3 524-1 (X)
524-2 1615
524-3 (X)
524-4 1290

a. (X) indicates failed instrument(s).

Additional rod breakup likely.
Rod failed 2.5 s after burst peak power.

Additional rod breakup likely.
No failure observed.



Measured thermal response parameters were
compared to the FRAP-T5a fuel rod behavior
code16 to assist in modeling efforts for the code,
and to provide an estimate of the inherent
measurement time delay associated with the
various thermometry. A comparison between
measured and FRAP-T5 predicted fuel centerline
temperatures for Rod 524-2 during Power Burst 1
is shown in Figure 33. The centerline and off-
center temperature calculations for Burst l were
made using coolant conditions calculated by the

RELAP5b thermal-hydraulics code. 17 The
measured fuel centerline temperature initially
increased slighty slower than the predicted
temperature. Calculations indicate that the
response of the thermocouple system is fast
enough to follow the fuel temperature changes
during Burst 1. The measured centerline peak
temperature was about 90 K higher than
predicted. A comparison between the measured
and predicted off-center fuel temperatures for
Rod 524-2 is shown in Figure 34. This tem-
perature response is typical of the responses of all
the operable off-center thermocouples. The
measured and predicted off-center temperature
rise times are nearly identical. The measured and
predicted off-center peak temperatures are almost
equal. FRAP-T5 underpredicts the fuel centerline
peak temperature, but predicts the off-center
temperature quite accurately. This implies that the
fuel thermal conductivity calculated by the FRAP
model is too high.
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25 30

INEL-A-18 089
Time (s)

Figure 34. Calculated and measured fuel off-center
temperature, Rod 524-2 (180-degree orienta-
tion), Burst 1.

There is a small difference between the
measured and predicted fuel temperature response
as the rod is cooled. The FRAP-T5/RELAP5
models overpredict the temperature by a small
amount for a short time just after the peak
temperature occurs. This is attributed to the heat
transfer coefficients calculated by RELAP5. Both
fuel temperature measurements and predictions
indicate nearly pretransient temperatures in the
time frame shown in Figure 34 (30 s).

Figure 35 presents a comparison of the meas-
ured (correctedc and uncorrected) and predicted
cladding surface temperature responses for Rod

ý I
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measurement
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Figure 33. Calculated and measured fuel centerline
temperature, Rod 524-2, Burst 1.

a. FRAP-T5, Idaho National Engineering Laboratory Code
Configuration Control Number H017582B.

b. RELAP5/MODI/001, Idaho National Engineering
Laboratory, Configuration Control Number F00021.

Figure 35. Calculated and measured cladding surface
temperature, including corrected
temperature measurement, Rod 524-2
(180-degree orientation), Burst 1.

c. The methodology for correcting the measured cladding
temperatures for response time is presented in Appendix E of
this report.
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524-2 during the power burst. The FRAP-T5 code
was used for this comparison. The thermal -
hydraulic conditions calculated by RELAP5 were
not used for the Burst 1 cladding temperature esti-
mates, since the time at the onset of film boiling
was overestimated. Cladding elongation estimates
were made using FRAP-T5 in conjunction with
the RELAP5 calculated thermal-hydraulics.

Figure 36 compares the measured and predicted
cladding axial displacement. The calculated time
at the onset of film boiling was adjusted to the
measured time for these comparisons. The
measured cladding displacement indicates film
boiling occurred for approximately 4 s. The film
boiling time indicated by the cladding surface
temperature measurement (Figure 35) is only
about 2 s. This is probably due to "fin cooling"
of the surface mounted thermocouple. The
predicted cladding axial displacement is not in
agreement with the measured displacement. Since
both time in film boiling and cladding temperature
attained are overpredicted, the cladding displace-
ment would be expected to also be overpredicted.
However, the calculated permanent rod elonga-
tion would not be expected.

cladding surface temperature was 1345 K on
Rod 524-3. The maximum time in film boiling was
about 7 s on Rod 524-3. The internal pressure
transducer on Rod 524-1 indicated a 5.5-MPa
pressure pulse due to steam formation in this rod
during the burst. A loop pressure increase of
about 0.6 MPa was measured by the system
coolant pressure transducers.

The LVDT for Rod 524-3 indicated that this
rod fractured and separated during the second
power burst. The internal pressure transducer for
this rod had been inoperable since the beginning
of the test; therefore, the rod failure time could
not be determined. The LVDT for Rod 524-1 also
indicated that this rod separated during the burst.
No significant fuel loss was detected for any of the
four fuel rods during the posttransient steady state
operation.

The measured and FRAP-T5 predicted fuel
centerline temperatures during the second power
burst are shown in Figure 37 for Rod 524-2. All
FRAP-T5 calculations for Burst 2 were made
using coolant conditions calculated by the
RELAP5a thermal-hydraulics code. 17 As seen in
Figure 37, the predicted temperature increase is
faster than the measured increase due to the inher-
ent delay time in the centerline thermocouple
response. The measured peak temperature of
about 2210 K agrees fairly well with the predicted
maximum of 2140 K. As was observed during
Burst 1, the measured centerline cooling rate was
slightly faster than predicted over the time range
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The centerline and one off-center thermocouple

on Rod 524-1, and the centerline thermocouple on
Rod 524-2 were operable during Power Burst 2.
At least one cladding surface thermocouple was
operable on each rod prior to the transient. A
radial average fuel enthalpy at the axial peak of
144 cal/g U0 2 (165 cal/g U0 2 peak local fuel
enthalpy near the pellet surface) was reached in
the second power burst. The maximum measured

Time (s) INEL-A-18 064

Figure37. Calculated and measured fuel centerline
temperature, including corrected
temperature measurement, Rod 524-2,
Burst 2.

a. RELAPS/MOD1/001, Idaho National Engineering
Laboratory, Configuration Control Number F00021.
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of the calculation (30 s). Also shown in F
is the fuel centerline temperature respo
rected for thermocouple response time.
rected peak temperature is only 10 K hig
measured, but the corrected fuel tempera
time is much faster. The methodology
make fuel (and cladding) thermocouple t
ture measurement corrections is prese
Appendix E.

The Rod 524-2 cladding displacement i.
that film boiling occurred for about 5 to
cladding surface temperature measu
indicate that film boiling occurred for a m
of 4 s (see Figure 38). This difference in f
ing time can again be attributed to the fin
effect of the cladding surface thermocou
predicted film boiling duration was not
agreement with the measured values. Als
in Figure 38 is the corrected cladding
temperature response. The maximum tem
is in better agreement with the calculate
erature, and the duration of film boiling is
agreement with that indicated by the
displacement.

igure 37
nse cor-'
The cor-
her than
ture rise
used to
empera-
nted in

ndicated
6 s. The
rements
aximum
iim boil-
cooling

ple. The
in good

pellet surface) was reached in the third power
burst. The maximum indicated cladding surface
temperatures on Rods 524-1 and 524-3 (both
failed rods) were above the thermocouple melting
point (- 1640 K). Maximum fuel temperatures of
2750 and 1825 K were measured by the fuel
centerline and off-center fuel thermocouples for
Rods 524-2 and 524-1, respectively.

The internal pressure transducer of Rod 524-1
indicated a 6.7-MPa pressure pulse due to steam
formation in this rod. A loop pressure increase of
about 0.9 MPa was measured by the system
coolant pressure transducers. The flowmeter for
Rod 524-1 indicated zero shroud flow after the
power burst, indicating blockage of the annular
flow area due to fuel swelling and/or relocation
within the shroud.
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in good the FRAP-T5 prediction in Figure 39. The FRAP-

cladding T5 calculations for Burst 3 were made using

coolant conditions calculated by the RELAP5
code. As seen in Figure 39, the predicted
centerline temperature increases faster than the
measured temperature during the initial
temperature rise. The centerline thermocouple

ment- materials melt at -2500 K. When melting occurs,
a junction can be formed above the original junc-
tion at an elevation where melting last occurs. This
effect is shown in Figure 39. The temperatures
measured between about 2 s and 14 s are at the

-- melting front of the thermocouple wires. The
measurements after about 14 s are at the axial

25 30 elevation where a new thermocouple junction was
formed when the wires were melted together. A
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Figure 38. Calculated and measured cladding surface
temperature, including corrected
temperature measurement, Rod 524-2
(180-degree orientation), Burst 2.

Power Burst 3

The fuel centerline thermocouple of Rod 524-2
and one off-center fuel thermocouple of
Rod 524-1 were operable prior to power Burst 3;
both failed during the transient. At least one clad-
ding surface thermocouple on each test rod was
operable prior to the transient. A radial average
fuel enthalpy at the axial peak of 212 cal/g U0 2
(244 cal/g U0 2 peak local fuel enthalpy near the

aD
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Figure 39. Calculated and measured fuel centerline
temperature, Rod 524-2, Burst 3.
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correction to the fuel centerline temperature
response could not be made due to failure of the
centerline thermocouple.

Failure of test Rod 524-2 was predicted by
FRAP-T for Power Burst 3, due to cladding strain
rate, at about 70 ms following peak power. As
noted previously, an indication of failure on
Rod 524-2 was observed at about 2.5 s after peak
power.

A comparison of the calculated and measured
cladding surface temperature for Rod 524-2 is
presented in Figure 40. FRAP-T5/RELAP5
calculations do not predict the rod to quench dur-
ing the time range of the calculation. Due to the
fin effects of the surface mounted thermocouple,
a direct comparison of the predicted and measured
cladding temperature response should not be
made. The corrected cladding surface temperature
measurement is also shown in Figure 40 and is in
relatively good agreement with the maximum
calculated cladding temperatures.

U0 2 . Rod 524-2 had experienced only a short
duration (-60 s) of high temperature operation
during the PCM test phase. Rod 524-4 was the
only rod backfilled with argon and it did not fail
during the power burst testing. During the lowest
energy burst, measured cladding temperatures on
Rod 524-4 were between 120 and 235 K higher
than the helium filled test rod temperatures. The
measured cladding peak temperature on the argon
filled test rod was about 1290 K during Power
Burst 3, whereas cladding temperatures above the
melting point of the thermoelements (- 1640 K)
were likely on the helium filled test rods during
Burst 3.

Rapid steam formation in previously failed
Rod 524-1 (and probably Rod 524-3) produced
very sharp pressure pulses during each power
burst. This is the first known power burst testing
of a waterlogged fuel rod at typical operating
temperatures and pressures. During Burst 3, the
source pressure pulse was attenuated to about
0.9 MPa at the location of the system coolant
pressure transducers (above the shroud outlets).
As evidenced by the power calibration checks
made after Bursts 1 and 2, no significant amount
of fuel was expelled from the Rods 524-1 or 524-3
flow shrouds. This indicates that the fuel pellets in
the waterlogged rod(s) did not fragment into small
particles during the first two power bursts.

The centerline temperature measurement for
Rod 524-2 during Burst 2 was corrected for ther-
mocouple response delay. The measured (uncor-
rected) peak temperature was only 10 K low, but
the response time during the initial fuel
temperature rise was much too slow. Corrections
were also made to the Rod 524-2 cladding ther-
mocouple temperature response during Bursts 2
and 3. These corrections, required because of fin
cooling effects, show that the FRAP-T5 calculated
maximum cladding temperatures are quite good;
however, the duration of film boiling was gener-
ally overpredicted. A comparison of the calculated
quench times and the quench times determined
from the cladding temperature measurements
(uncorrected) should not be made due to fin
effects of the cladding thermocouples.
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Figure 40. Calculated and measured cladding surface
temperature, including corrected

temperature measurement, Rod 524-2
(180-degree orientation), Burst 3.

Power Burst Summary

Rod 524-2 failed during the power burst testing
at a radial average peak fuel enthalpy of 212 cal/g
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POSTTEST FUEL ROD CONDITION

The Test PR-I fuel rods encountered conditions
ranging from normal operation to extreme power
and coolant imbalance. Although the power and
coolant conditions for each rod were very similar,
the individual rods exhibited different degrees of
fuel rod damage upon posttest examination. This
section summarizes the posttest condition of each
fuel rod and presents an interpretation of the
damage of each fuel rod during Test PR-I.

Rod 524-1

During the PCM cycles of Test PR-l,
Rod 524-1 was operated in high temperature film
boiling for at least 8 min prior to rod failure. Rod
failure at high temperature1 8 under PCM condi-
tions has been observed in previous PBF testing
when the cladding wall thickness was completely
converted to oxide and oxygen-stabilized alpha
zircaloy. Failure due to thermal stresses on highly
embrittled cladding (such as during rewet from
high temperature operation) have been observed
for lesser amounts of cladding oxidation. 19

Analytical temperature estimates using a modified
version of the BUILD5 computer code2 0 indicate
effective isothermal temperatures of about 1730 K
would result in embrittlement failure of Rod 524-1
at the observed failure time.

Following cladding rupture, Rod 524-1 was
operated in high temperature film boiling for at
least an additional 18 min, during which time both
internal and external cladding wall oxidation
occurred. The additional high temperature opera-
tion resulted in additional cladding oxidation and
embrittlement over a large axial extent of the fuel
rod.

An overall posttest view of Rod 524-1 is shown
in Figure 41. The fuel rod coolant flow shroud
was split during the posttest examination to
facilitate visual examination of the bottom por-
tion (0 to 54.5 cm from the bottom of the fuel rod
end cap) of the rod. The split shroud is also shown
in Figure 41. The rod exhibits extensive damage in
the central region in the form of fuel and cladding
loss, cladding oxidation, and fuel fragmentation.

The upper intact section of the fuel rod (above
58 cm) exhibits severe cladding oxidation, some
fuel loss, and a split in the cladding which extends

from 58 to about 71 cm. The primary oxidation in
this region was likely due to the extended time in
high temperature film boiling at this elevation.
The observed failure of Rod 524-1 during the high
temperature operation of PCM Cycle 20 likely
occurred in this region due to extensive cladding
oxidation. The cladding split up to the 71-cm
elevation was probably a result of steam pressure
buildup during the power burst operation on the
highly embrittled, waterlogged fuel rod.

The middle section of Rod 524-1 (from
about 29 to 58 cm) was the most severely damaged
region of the four rods tested. Extensive fuel and
cladding loss, fuel fragmentation, and cladding
oxidation occurred over most of the region.
Although cladding integrity was lost during PCM
Cycle 20, based on on-line cladding elongation
measurements, the rod geometry was maintained
through the first power burst. During the second
power burst (144 cal/g), the waterlogged rod
separated, probably in the middle section of the
rod, and some fuel was likely washed out due to
the steam pressure buildup in the rod. The major-
ity of the fuel fragmentation and rod breakup
probably occurred during quench from the final
power burst (212 cal/g). Blockage of the coolant
flow channel due to fuel swelling and/or fragment
relocation occurred during the third power burst.

Only limited damage in the form of cladding
oxidation was observed in the lower section of
Rod 524-1 (see Figure 41). Oxidation in this
region likely occurred during the second and third
power bursts due to high temperature film boiling
operation.

Rod 524-2

High temperature film boiling operation on
Rod 524-2 was detected only once prior to the
power bursts for a brief (80 s) period (PCM
Cycle 25). Extensive cladding damage due to oxi-
dation was, therefore, not anticipated. A posttest
overall view of Rod 524-2 is shown in Figure 42.
As expected, extensive oxidation in the upper por-
tion of the rod (60 to 75 cm) was not apparent.
The overall mottled appearance of the rod is
typical of the cladding oxidation previously
observed as a result of low energy deposition
power bursts. 2 1
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(212 cal/g U0 2 ) power burst, about 2.5 s
after peak power. Rod 524-4, the only
argon filled test rod, experienced maximum
cladding temperatures that were less than
the helium filled rods, and did not fail
during the Test PR-I operation.

9. Rod 524-1 was waterlogged during the
burst testing since it had failed during the
previous PCM transient test phase. The
internal pressure transducer for this rod
indicated pressure pulses of 1.2, 5.5, and
6.7 MPa during the three progressively
severe power excursions. The pressure
pulses were attenuated rapidly and resulted
in system pressure increases (measured near
the shroud outlets) of 0.4, 0.6, and
0.9 MPa, respectively. The contribution to
the system pressure increases from

Rod 524-3, which was very likely water-
logged, could not be determined.

10. Predictions of fuel centerline and off-
center temperatures were made using the
FRAP-T5 computer code in conjunction
with thermal-hydraulic estimates from
RELAPS. In general, fairly good agree-
ment between measured and predicted
temperatures was attained for the three
RIA power bursts. Corrections to the fuel
temperature measurements were required
for Bursts 2 and 3 due to the inherent ther-
mocouple response time lag. The duration
of high temperature film boiling was
overestimated by the RELAP5 calcula-
tions, resulting in overpredicted cladding
axial elongation and cladding damage.
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APPENDIX A

EXPERIMENT DESIGN AND CONDUCT

Test PR-i was conducted to provide fuel rod thermal response data under

steady state and transient conditions, to obtain information on conditions

at the onset of boiling transition and return to nucleate boiling, and to

evaluate fuel thermal performance and failure thresholds tinder reactivity

initiated accident (RIA) power burst conditions. A description of the

experiment design and an account of the experiment conduct are presented in

this appendix.

EXPERIMENT DESIGN

The Test PR-i hardware was originally designed for the Gap Con-

ductanceA-l Test Series (Test GC 2-4), with the objective of obtaining

steady state and transient fuel rod thermal response information. The

objectives of the test were subsequently expanded to include boiling transi-

tion and quench data during power-cooling-mismatch transients, and fuel

temperature distributions during a series of reactivity initiated accident

power excursions.

Fuel Rods and Flow Shrouds

Test PR-I was contucted with four boiling water reactor (BWR) type

test fuel rods idertified as Rods 524-1, 524-2, 524-3, and 524-4. The

active fuel length of each rod was 0.914 m, and the plenum volume was sized

in proportion to the active fuel volume to be similar to the plenum/fuel

vnlume ratio in full-size BWI fuel rods. Rods 524-1, E24-2, and 524-3 were

backfilled with helium, and Rod 524-4 was backfilled with argon to allow

comparisons of the effect of fill gas composition on fuel rod thermal

response. The fuel density of the four test rods was also varied to provide

ccmparative data for determining the effect of fuel density during each

phase of the test. The individual fuel rod design characteristics are

listed in Table A-1.
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TABLE A-I. NOMINAL DESIGN PARAMETERS OF BWR-TYPE FUEL RODS FOR TEST PR-i

Rod Parameter

Cladding outside diamneter (mm)
Cladding inside diameter (mm)
Wall thickness (mm)
Cladding material
Fuel material
Fuel density (% theoretical density)

Pellet diameter (nam)
Initial diametral gap (mm)
Fill gas composition

Cold internal pressure Pa)
Pellet enrichment (v.-t%
Pellet shape

Pellet length (mm)
Rod overall length (ram)
Fuel stack length (ura.)
Plenum length (nm)
Plenum volume/fuel volume ratio
Plenum spring
Shroud inside diameter (mm)

Value

12.50
10.79
0.86
Zircaloy-2
U02
95 (Rod 524-1), 92 (Rod 524-2),
97 (Rod 524-3), 97 (Rod 524-4)
10.570.22a

Helium (Rods 524-1,-2, and -3),
Argon (Rod 524-4)
2.58
10.0
Flat ends
L/D = 1.0
10.57
990.6
914.4
55.12
0.08
Coiled Carbon Steel
19.3

a. Corresponds to 2.2% of initiall fuel pellet diameter.

Each test rod was instrumented with thermocouples to measure cladding

sur'ace (external) temperatures, fuel pellet centerline temperature, and

off-center fuel temperatures. Since the fuel rods were initially designed

and instrumented to be used for gap cunductance testing, the axial position

of all fuel and all but four cladding thermocouples had been optimized for

obtaiiiing gap conductance information. Consequently, the thermocouple

positions were not optimal for obtaining poiter-cooling-mismatch information

(departure from nucleate boiling and return to nucleate boiling). Rod 524-4

was also instrumented with cladding internal thermocouples to provide

information on rewetting from film boiling conditions. The internal pres-

sure in thp upper plenum of each rod was measured by a pressure transducer.

Orientation of tite test rods in the four-rod hardware, and the relative

azimuthal and axi,%1 locations of the fuel rod thermocouples are shown in

Figure A-).
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of ech rd Inmm.INEL-A-14 288

Figure A-1. Four-rod orientation and relative fuel rod thermocouple
locations for Test PR-i.

The rods were positioned synnetrically within tOe Power Burst Facility

(PBF) in-pile tube, and were within individual coolant flow shrouds to

thermally isolate the rods .within the test train. Each shroud was con-

structed of zircaloy with a 19.3-nm inside diameter. The instrumentation

associated with each fuel rod flow shroud consisted of an inlet turbine

flowmeter located in each lower shroud extension to measure the coolant

volumetric flow rate, differential thermocouples mounted at each shroud
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inlet and outlet to measure the coolant temperature increase through the

flow shroud, thermocouples located at the inlet and outlet of each flow

shroud to measure coolant inlet and outlet temperature, and a differential

pressure transducer attached to the top and bottom of the flow shrouds on

Rcds 524-3 and 524-4 to measure pressure drop across the red heated length.

The recorded data from these instruments were used to calculate fuel rod

power and to monitor coolant environmental parameters. A linear variable

differential transformer (LVOT) to measure fuel rod cladding elongation was

attached to the lower end of each flow shroud. Flux wires to measure the

relative axial and azimuthal power profiles were attached to each flow

shroud.

Test Train

The test train supported the four fuel rods symmetrically about the

central axis of the in-pile tube (IPT). The center hanger rod and 'ower

support plate provided the principal structural support for the assembly.

The coolant entered the IPT at the inlet and was directed through the

downcomer to the lower plenum. The flow was subsequently directed upward

through the catch basket, through the test rod flow shrouds, and into the

upper plenum. Some lower plenum flow bypassed the lower support and entered

the bypass region outside the individual Flow shrouds. The coolant exited

the IPT at the outlet. Details of the test train geometry are contained in

Reference A-1.

The instrumentation associated with the test train consisted of pres-

sure transducers mounted near the shroud outlets to measure coolant pres-

sure, and self-powered neutron detectors mounted on supports outside the

flow shrouds to measure relative thermal neutron flux.

Plant System

The PBF primary loop, shown in Figure A-2, consists of a pressurizer,

coolant pump, coolant heater, heat exchanger, bypass line, and in-pile tube.

The loop coolant system provides the capability to monitor and control

eavironmental coolant conditions and flow rate during test conduct.
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Figure A-2. Schematic of PBF test loop and in-pile tube.

Plant instrumentation to monitor coolant p±rometers during the test

consisted of a differential pressure transducer to measure pressure changes

across the in-pile tube, an Ashcroft (Heise) loop pressure gauge, six pres-

sure transducers located at various positions within the loop, and a Venturi

loop flowmeter to measure the total loop flow rate. Nine ionization-type

flux chambers located in the PBF core region were used to measure reactor

power. Flux wires were installed in both the reflector and fuel regions of

the reactor core to determine the axial power profile.

EXPERIMENT CONDUCT

Test PR-l was conducted to assess fuel rod response during various

steady state and transient operating conditions. These conditions included

(a) operation under steady state and power oscillation conditions to evalu-

ate fuel rod thermal response, (b) power and cooling mismatch transients to

evaluate boiling transition (BT) and return to rncleate boiling (RNB), and

(c) RIA power excursions to measu-e fuel thernal performance, and to provide

data for development and evaluation of fu'1 rod computer models. The fuel

rod thermal response operation consistcd of a twa-part fuel rod power cali-

bration, a preconditioning period, -nd a series of power oscillations. The

boiling transition and RNB phases consisted of 23 coolant flow reductions
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and 2 power-increase PCM transients. The RIA test phase included three.

power bursts at increasingly severe energy depositions. Details of each

phase of nuclear operation are described below.

Steady State and Power Oscillation Operation

The first segment of reactor power operation consisted of a series of

rod power calibration steps to provide data to intercalibrate the test rod

power with reactor power and thermal neutron flux. A heat balance of the

system using the measured coolant flow rates, coolant temperature rise

through the individuel flow shrouds, coolant inlet temperature, and system

pressure, was used to calculate total rod powers. Locel rod powers were

determined using the total rod powers and the axial power profile derived

from flux wires. The relationship between test rod power and neutron flux

provided a method for determining test rod power when two-phase exit condi-

tions, such as existed during the PCM transients, made an energy balance

impractical. Data were also obtained to relate control rod position with

test rod power to assist in determining control rod positioning for the RIA

power excursions.

A rod power calibration was performed at each steady state power level

attained. An averaged test rod peak power of 48 kW/m was reached. The

power calibration was performed in two segments; the first segment at

coolant conditions corresponding to the conditions to be used during t!

RIA power burst portion of the test, and the second segment at coolant con-

ditions corresponding to the conditions used in the Gap Conductance Test

SeriesA- to provide a common basis for data comparison. Nominal coolant

conditions during the first segment of the power calibration were' 6.45 MPa

system pressure, 538 K inlet temperature, and 0.76 L/s volumetric flow rate

through each flow shroud. Nominal coolant conditions during the second

segment of the power calibration were 7.20 MPa system pressure, 540 K inlet

temperature, and a shroud coolait flow rate adjusted between 0.20 and

0.60 L/s. Steady state fuel and cladding temperature measurement data were

used to evaluate fuel rod thermal response and fuel pellet-tc,-cladding gap

conductance (heat transfer coefficient across the gap.) as a function of

test rod power level.
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A fuel rod preconditioning phase followed the second segment of power

calibration. The purpose of the preconditioning period was to allow fuel

pellet cracking and restructuring similar to that which would occur in an

operating power reactor. Steady state fuel rod thermal response data were

obtained during the preconditioninn nhase to evaluate the effects of pellet

cracking and fuel relocation on the fuel rod thermal response and pellet-to-

cladding gap conductance.

Nominal coolant conditions during the preconditioning were 540 K cool-

ant inlet temperature, 7.17 MPa system pressure, and shroud coolant flow

rates of about 0.20 and 0.40 L/s at averaged test rod peak powers of 13

and 28 kW/m, respectively. The axial peak power (averaged), volumetric

flow rate through each flow shroud, and coolant temperature rise at each

power level of the power calibration and preconditioning phases are provided

in Table A-2. Figure A-3 illustrates the power and coolant history during

the power calibration and preconditioning phases.

Following the preconditioning period, a series of power oscillations

was performed to evaluate the fuel-to-cladding gap conductance by the power

oscillation method. Thermal respjnse information was obtained by sinusoid-

ally oscillating core power +20% at eight nominal power levels, and record-

ing the relative phase lag between power and measured cladding surface

temperature. At each power level, che reactor was operated at steady state

to assure equilibrium conditions prior to the oscillations, and to obtain

steady state thermal response data. At each oscillation condition, the

power was oscillated for approximately 40 cycles to obtain sufficient data

to reduce statistical uncertainties. Coolant conditions during the power

oscillation portion of the test were 478 K inlet temperature, 7.17 MPa

system pressure, and about 0.52 L/s coolant volumetric flow rate through

each shroud. Table A-3 lists the specific conditions at which power

oscillations were performed.

PCM and Boiling Transition Transients

Twenty-three flow reduction and two power-increase PCM transients were

completed as part of the boiling transition ard return to nucleate boiling
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TAHo - A-?. S"PPYTA8 A-. UW4~'..YOF STEADY STATE THRMAL RESPONSE CONDITIONS

RA 524-1 Rod 524-2 Rod 524-3 Roo bZ4-4

keactor
Core Power

(MW)

Power Calibrationb
(Segment 1)

4.72
2.32
4.•2
7.09
M•,2

10.91
9.52
7.20
4.77
3.10

Power Ca I ibrat onC
(Segment 2)

311
4.72
6.22
7.91
10.01
6.22

Preco.Ji t iconngc

3.08
6.19
3.04
6.19
3.00
6.30
3.00

AveragI lTest
Ro,' Pvak Powera

JjtWLM)-

Shroud
Coolant

Flow Rate
(L/s)

Coolant
I mperature

Rise_ (K)

Shroud
Coolant

Flow Rate__(AL_/s _

Coolant
Tenperature

Rise-(K)L

Shroud
Cool ant

Flow Rate
(L/s)

Coolant
Temperature

Rise
___iu

Shroud
Cuolant

Flow Rate
MIs)

0

Z129
11.34
21.59
3.1.98
42.44
46.06
42.62
31.98
21.10
14.66

14.37
21.65
28.4C
36.44
45.12
28.45

13.88
28.82
13.58

28.02
13.65
27.70
13.47

0.748
0.737
0.735
0.733
0.726
0.731
0.728
0.146
0.744
0.740

0.266
0.310
0.340
0.414
0.532
0.355

0.167
0.347
0.167
0.401
0.168
0.384
0.170

6.11
2.75
5.37
7.86

10.70
12.05
10.91
7.86
5.28
3.45

.9.56
12.44
15.02
15.851S.37
14.19

14.93
14.67
14.49
12.6?
14.49
13.13
14.23

0.758
0.755
0.746
0.749
0.742
0.741
0.743
0.758
0.754
0.749

0.264
0.310
0.340
0.420
0.536
0.361

0.164
0.354
0.165
0.407
0.166
0. 38b
0. 166

3.64
1.68
3.64
5.56
7.31
8.31
7.39
5.b6
3.64
2.24

b.78
8.92

10.45
11.15
10.71
9.66

10.45
10.10
10.19
8.92

10.15
9.05

10.01

0.781
0.774
0.764
0.769
0.760
0.761
0.762
0.780
0.775
0.768

0.270
0.316
0.348
0.431
0.549
0.368

0.167
0.360
0.168
0.416
0.169
0.394
0.168

4.52
2.43
4.74
7.01
9.28

10.50
9.37
6.88
4.70
3.13

8.54
11.03
13.17
13.65
12.86
12.12

12.38
12.60
12.56
11.07
12. t2
11.16
12.12

U.756
0.749
0.747
0.744
0.738
0.743
0.740
0.7b7
0.757
0.749

0.271
0.315
C.347
0.422
0.541
0.361

0.170
0.353
0.171
0.409
0.172
U .39
0.173

Coolant
Temperature

Rise
(K)

4.71
2.31
4.67
7.07
9.21

10.30
9.34
7.03
4.63
3.01

8.25
IU.96
13.10
13.93
13.18
1;.22

12.75
12.57
12.62
1u.91
12.48
11.22
12.27

a. Average of (four rods) test rod linear powers at axial peak elevation.

b. Nominal coolant inlet temperature of 538 K and system pressure of 6.5 MPa.

c. Nominal coolant inlet temperature of 540 K and system pressure of 7.2 MPa.
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Figure A-3. Test rod power, PBF core power, and coolant conditions
during Test PR-I power calibration and preconditioning
periods.
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TABLE A-3. SUMMARY OF POWER OSCILLATION CONDITIONS DURING TEST PR-i

Averaged
Test Rod Peak Oscillatinn Oscillation Rod Number to

Power Amplitude Period FRAa Input
(kW/m) () (s)) (Orientation)

11.84 20 20 524-1 (3000)
20 20 524-3 (3000)

25.02 20 20 524-1 (60')
20 20 524-4 (1400)

37.44 20 20 524-1 (600)
20 20 524-3 (3000)

50.52 20 20 524-1 (600)
20 20 524-4 (1400)

Repeats:

11.84 20 20 524-1 (600)
20 20 524-4 (1400)

24.94 20 20 524-1 (60*!
20 20 524-3 (300°)

37.11 20 20 524-1 (600)
20 20 524-4 (140-)

51.77 20 20 524-1 (600)
20 20 524-3 (300')

a. The FRA is a frequency response analyzer that computes the phase lag
between the driving signal (power) and response signal (cladding surface
temperature measurement). The rod number and orientation refer to a
cladding thermocouple orientation on the specified test rod (all at the
0.452-m elevation).

test phase. The objectives of performing these PCM transients were to

evaluate the thermal-hyrraulic conditions at the onset of boiling transi-

tion, and to evaluate the conditions at which return to nucleate boiling

occurs.

Prior to the first PCM transient, a period of fuel rod aging was per-

for-med. Aging was accomplished by reducing the coolant Flow rate at con-

stant power until the upper half of the test rod attained nucleate boiling

A- 12



conditions. The rod was maintained in nucleate boiling for about I h.

This procedure was used to remove trapped gases from the surface of the

fuel rods and thereby prevent premature boiling transitic... The power-

cooling-mismatch transients were initiated at nominal system pressures of

7, 13, and 15.5 IPa. The coolant inlet temperature and flow rate were

adjusted to provide inlet subcoolings between 8.4 and 43.8 K.

Seven flow reduction transients were conducted at pressures between 7

and 8 MPa. The coolant inlet temperature was approximately 544 K for each

transient. Eighteen PCM-type transients were conducted at systeml pressures

between 12.7 and 15.7 MPa. Sixteen of the eighteen higher pressure tran-

sients were initiated by flow reduction at constant power, and two were

initiated by increasing power at a constant coolant flow rate.

To evaluate the conditions at which re ,rn to nucleAte boiling

occurred, various methods of inducing rewet were used. These methods

included (a) increasing flow and decreasing power simultaneously,

(b) increasi. flow rate at constant power, and (c) decreasing power dt a

constant flcw rate. For each traoisient, the PBF core power, test rod peak

power, coolant inlet temperature, system pressure, and method of transient

initiation are listed in Table A-4.

Power Burst Test Conduct

The power burst phase of Test PR-i consisted of three power excursions.

A brief steady state power calibration preceded each pcwer burst to ensure

that the figure-of-merit (ratio of test rod power to reactor power) had rit

significantly changed as a result of the previous testing. New, l00% coba.,

flux wires were installed in the reactor prior to each power burst. The

coolant conditions for each power ourst were nominally 538 K inlet tempera-

ture, 6.45 MPa system pressure, and 0.109 L/s coolant volumetric flow rate,

which are representative of BWR hot-startup conditions. The procedure to

initiate each burst was:

1. The control rods were withdrawn from their scram positions until

a reactor transient pericd of about 10 s was achieved. The reac-

tor power was then increased until two reactor console panel

A-13



TABLE A-4. POWER-COOLING-MISMATCH TRANSIENT CONDITIONS

Coolant Inlet

PBF Core Power
(PCM Cycle)

Averageda
Test Rod

Peak Power
(kW/m)

Coolant Inlet
Temperature

(K)

545

Nominal
System

Pressure
(MPa)

(1.) 10.1

(2.) 11.4

(3.) 12.5

(4.) 12.5

(5.) 12.5

;ID!

40.39

43.19

47.21

49.18

49.59

47.42

43.71

42.12

42.12

543

548

545

547

550

594

607

610

7.2

7.3

7.3

7.2

7.3

7.2

12.7

15.5

Flow reduction at constant test
no boiling transition observed.

Flow reduction at constant test
no boiling transition observed.

Flow reduction at constant test
no boiling transition observed.

Flow reduction at constant test
no boiling transition observed.

rod power;

rod pover;

rod power;

rod power;

Method of
Transient Initiation

Flow reduction at constant test rod power;
no boiling transition observed.

Flow reduction at constant test rod power;
no boiling transition observed.

(6.) 12.5

(7.) 12.7

(8.) l1.8

Flow reduction at constant test rod power;
transient concluded by simultaneous flow
increase and power reduction.

Flow reduction at constant test rod power;
transient concluded by simultaneous flow
increase and power reouction.

Flow reduction at constant test rod power;
transient concluded by simultaneous flow
increase and power reduction.

(9.) 11.8



TABLE A-4. (continued)

PBF Core Power
(PCM Cycle)

Averaged a
Test Rod

Peak Power
(kW/m)

42.12

Coolant Inlet
Temperature.. . (K ) ...

Nom i na l
System

Pressure
(MPa)

U,

(10.) 11.1

(11.) 11.1

(12.) 12.2

(13.) 12.5

(14.) 12.5

(15.) 12.5

(16.) 11.8

(17.) 11.8

(18.) 12.5

(19.) 12.5

40.95

45.67

48.86

46.92

44.83

41.63

40.87

45.50

45.50

595

594

595

553

593

13.4

13.0

13.2

7.3

13.0

13.1

15.5

15.6

12.9

12.9

Flow reduction at constant test
no boiling transition observed.

rod power;

Method of
Transient Initiation

Flow reduction at constant test rod power;
no boiling transition observed.

Flow reduction at constant test rod power;
no boiling transition observed.

593

603

604

593

593

Flow reduction at constant test rod power;
no boiling transition observed.

Flow reduction at constant test rod power;
transient concluded by simultaneous flow
increase and power reduction.

Flow reduction at constant test rod power;
transient concluded by increasing flow.

Flow reduction at constant test rod power;
transient concluded by increasing flow.

Flow reduction at constant test rod power;
transient concluded by increasing flow.

Flow reduction at constant test rod power;
no boiling transition observed.

Flow reduction at constant test rod power;
no boiling transition observed.



TABLE A-4. -(continued) Z - • .•. . • . . .. : . = 4

I

PBF Cbre Power
: PCM Cycle)

(20.) 12.5 ,

Y
'(21. A 11ý.8

(22.) ":2.6

A.23.) •12.6

.(,24.)6 1te2.7

(25'.) 6.5 to 15.3'v

a.. Rod linear heat

Averageda.
;Test' Rodl:

Peak Power
(kW/h.)

45.50 . .

42.41

46.53

42.244'4

25.0 ,to 44.94

22.44 to 53.70

Coolant Inlet,
'Temperature

03. 5

606

575

6.05ý

590o

590

!Nominal!
System

..Pressure( MPa) "..

12.9

15.4

15.0

15.2

15.6'

15,.5

Method of
Transient :Initiation...

F low reductilon 'al-dbnstant tesft rod power;
transienft concluded by increasing. flaw.

Flow reduction at constant test rod power;
transient concluded. by increasing flow.

Flow reduction at constant test, rod power;
transient concl uded by increasing flow.

Flow reduction at constant test rod •power;
transient concluded by increasing flow.

Power increase at constant flow rate r;
.transienrt concluded by power decrease.

•4... .4.. ] . . . . . ... . . . • :

Power increase at constant ,flow ,rate;
transient concluded by power decreaseý.ý

generation at peak power elevation; average offour Test PR-1 rod~s.



lights indicated the plant protection system was operating

correctly. Inmediately following verification that the plant

protection system was operating, the control rods were inserted

until the reactor was subcritical.

2. The control rods were then slowly withdrawn until criticality was

achieved at a power of about 100 W, and the low power critical

position of the control rods determined.

3. The transient rods were inserted into the core to a position (cal-

culated) worth a negative reactivity equivalent to the reactivity

insertion required for each power burst.

4. The control rods were then adjusted to the withdrawal position

corresponding to the calculated increment for the desired reac-

tivity insertion. The control rod withdrawal increini-It was

checked with the transient rod insertion increment to ensure that

a gross error in the control rod increment had not been made.

5. The transient rods were fully inserted into the core, leaving the

control rods in a position corresponding to i calculated reac-

tivity increment (above low-power critical) that was equivalent

to the reactivity insertion desired.

6. The power burst was initiated by ejecting the four transient rods

at a velocity of about 9.5 m/s. The burst was self-terminating

because of the inherent Doppler reactivity feedback in the PBF.

The feedback is capable of terminating power bursts without

primary dependence on mechanical systems.

7. All eight control rods were then completely inserted into the

driver core to provide mechanical shutdown of the reactor.
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APPENDIX 8

FUEL ROD CHARACTERIZATION AND

POSTIRRADIATION EXAMINATION DATA

PRETEST FUEL ROD CHARACTERIZATION

Physical charicterization of the Test PR-i fuel rods was conducted for

use in evaluating and verifying fuel rod performance models. Pretest char-

acterization provides the as-built referential information for input to

analytical models and for comparison with posttest measurements. Nominal

characterization data for. the BWR-type rods used in Test PR-1 are presented

in Table B-1. Specific physical characteristics for the individual fuel

rods are presented in Tables B-2 through B-5, for Rods 524-1 through 524-4,

respectively. Selected parameters from Tables B-2 through B-5 are presented

graphically in Figures B-1 through B-4. The accuracy of the fuel diameter

and length measurements is 5 wn. The cladding measurements are accurate

to 3 Pm.

FLUX WIRE ACTIVATION ANALYSIS

Rods 524-1 and 524-4 each had one flux wire (0.51% cobalt, 99.49%

aluminum) for measuring axial variation in test rod power. The wires were

mounted on the outer surface of the flow shrouds and located at azimuthal

orientations of 90 (Rod 524-1) and 270 degrees (Rod 524-4). Following the

test, the flux wires were removed and the gamma intensity measured in 7.6-imm

increments (at 60-s time intervals) along the length of the wire beginning

at the bottom.

The flow shrouds for Rods 524-2 and 524-3 had flux wires aittached cir-

cumferentially around the outer surface for measuring azimuthal variation

in test rod power. Each circumferential flux wires (0.51% cobalt) were

axivlly positioned at 10-cm intervals over the active fuel region on each

shroud. Each circumferential monitor was bent 360 degrees around the

shroud, as shown in Figure B-5(d). The monitor cap end of the flux wire

B-3



TABLE B-1. NOMINAL DESIGN PARAMETERS OF BWR-TYPE FUEL RODS FOR TEST PR-i

Value__________ __

Rod Parameter

0'

Cladding material
Cladding tube length (mm)
Cladding outside diameter (mm)
Cladding inside diameter (mm)
Wall thickness (mm)

Fuel material
Fuel density (%TD)
Pellet diameter (mm)
Pellet length (mm)
Number of pellets
Pellet enrichment (wt% 2 3 5 U)
Pellet shape (flat ends)
Nominal cold diametral gap (mm)
Fuel stack lengtha (mm)
Rod overall length (mm)

Shroud inside diameter (mm)
Plenum length (cm)
Plenum volume/fuel volume ratio
Plenum spring

Plenum spring free length (mm)
Void volume cm3

Fill gas composition
Internal pressure (MPa)

524-1

Zircaloy-2
987.63
12.50
10.79
0.86

U02
95
10.64
10.58
86
10
L/D = 1.0
0.22
910.21
1070.1

19.3
55.12
0.08
Coiled carbon
steel
60.32
13.2593
Helium
2.58

524-2

Zircaloy-2
987.45
12.50
10.79
0.86

U02
92
10.57
10.65
86
lU
L/D = 1.0
0.22
916.25
1069.7

19.3
55.12
0.08
Coiled carbon
steel
60.32
14.1475
Helium
2.58

524-3

Zircaloy-2
987.45
12.50
10.79
0.86

U02
97
10.58
10.53
87
10
L/D = 1.0
0.22
912.98
1070.2

19.3
55.12
0.08
Coiled carbon
steel
60.32
14.1669
Helium
2.58

524-4

Zircaloy-2
987.45
12.50
10.79
0.86

UO2
97
10.58
10.45
87
10
L/D = 1.0
0.22
915.01
1070.4

19.3
55.12
0.08
Coiled carboA
steel
60.32
14.2688
Argon
2.58

a. Fuel stack is 35.2 mm From bottom of rod end cap.



TABLE B-2. TEST PR-I FUEL ROD 524-1 CHArCACTERIZATION DATA

Claddlnq Dimensions

Distance from
Bottom

of Tubea

Inside
Diameter(mm)

Outside
Diameter

Wall
Thickness

(mm) (mm) Pel let
Diameter

00 900 00 900 (mm)

Radial
ap

Fue I
Dens i ty

NAM 3)

Pellet
Length

00 900
Pellet
Number

25.4
50.8

10.827 10.829 12.503 12.499 0.838 0.835
10.824 10.831 12.504 12.498 0.840 0.834

10.5873 0.1204 10.4251 10.5538 I

76.2
101.6
121.0
152.4

10.827
10.827
10.826
10.826

10.832
10.832
10.830
10.829

12.504
12.503
12.503
12.503

12.498
12.498
12.498
12..498

0.839
0.838
0.839
0.839

0.833
0.833
0.834
0.835

10.5810 0.1245 10.1386 10.2437 6

177.8
Cz 203.2
61 228.6

254.0

10.827
10.827
10.823
10.827

10.830
10.831
10.829
10.832

12.503
12.503
12.503
12.503

12.498
12.498
12.498
12.498

0.838
0.838
0.840
0.838

0.834
0.834
0.835
0.833

10.5747 0.1272 10.1657 10.7791 16

279.4
304.8
330.2
355.6
381.0

10.827
10.827
10.824
10.826
10.327

10.832
10.831
10.832
10.831
10.831

12.503
12.503
12.503
12.503
12.504

12.498
12.498
12.498
12.498
12.498

0.838
0.838
0.840
0.839
0.839

0.833
0.834
0.833
0.834
0.834

10.5896 0.1202 10.1716 1.0.6408 26

406.4
431.8
457.2
482.6

10.830
10.834
10.832
10.832

10.826
10.824
10.828
10.824

12.504
12.504
12.504
12.504

12.498
12.498
12.498
12.497

0.837
0.835
0.836
0.836

0.836
0.837
0.835
0.837

10.5833 0.1224 10.1788 10.6484 36

508.0
533.4
558.8
584.2

13.831
10.835
10.836
10.832

10.822
10.812
10.822
10.824

12.504
12.504
12.504
12.504

12.497
12.497
12.497
12.497

0.837
0.835
0.834
0.836

0.838
0.843
0.838
0.837

10.7036 0.0615 10.7399 10.6093 47



TABLE 8-2. (continued)

Claddinq Dimensions

Distance from
Bottom

of Tubea
_(mm)

609.6
635.0
660.4
685.8

711.2
736.6
762.0
7A7.4

c 812.8
838.20 863.6

889.0

Inside
Oiameter

9(mm)
00 900

Outside
Diameter

Wall
Thickness

(nun) (m) Pei let
Diameter

00 9L QO 900 (mm.)

Radial
ap

Fue l
Density
(g/cm3)

Pellet
Length(mm) Pellet

Number

10.832
10.831
10.833
10.833

10.832
10.836
10.835
10.836

10.837
10.837
10.936
10.833

10.834
10.834
10.832

10.822
10.825
10.825
10.824

10.823
10.824
10.820
10.818

10.818
10.820
10.821
10.821

10.823
10.824
10.826

12.503
12.504
12.503
12.503

12.503
12.503
12.503
12.503

12.503
12.504
12.503
12.502

12.497
12.497
12.497
12.497

12.497
12.497
12.497
12.497

12.497
12.496
12.496
12.496

0.836
0.837
0.835
0.835

0.836
0.834
0.834
0.834

0.833
0.834
0.834
0.835

0.838
0.836
0.836
0.837

0.837
0.837
0.839
0.840

0.840
0.838
0.838
0.838

10.7080 0.0595 10.7377 10.5729 56

10.6316 0.0980 W0.7129 10.5510 66

10.7068 0.0604 10.7260 10.4959 76

914.4
939.8
965.2

12.502 12.495 0.834 0.836
12.502 12.496 0.835 0.836

10.7053 0.0616 10.6896 10.6578 86

Average 10.6371 10.5753

a. The total tube length fo
bottom of the cladding tube.

r Rod 524-1 was 98.763 ± 0.005 cm. The bottom of the fuel stack was 35.2 mm, above the



TABLE B-3. TEST PR-I FUEL ROD 524-2 CHARACTERIZATION DATA

Cladding Dimensions

Distance from
Bottom

of Tubea,,m

Inside
Diameter

Outside
Olameter

Wall
Thickness

(mm) .... (mm) (w ) Pe I let
Diameter

O_9 900 00 900 00 900 (mm)

Radial
ap

Fuel
Density

(g/cm3 )

Pellet
Length(mm)

25.4
50.8

76.2
101.6
127.0
152.4

10.819 10.833 12.514 12.515 0.848 0.841
10.823 10.832 12.509 12.517 0.843 0.843

10.5683 0.1289 9.4805 10.6561

10.5602 0.1354 9.4585 10.7459

Pellet
Number

177.8
203.2
228.6
254.0

279.4
304.8
330.2
355.6
381.0

406.4
431.8
457.2
482.6

508.0
533.4
558.8
584.2

10.828
10.829
10.829
10.825

10.825
10.825
10.829
10.830

10.830
10.830
10.829
10.827
10.826

10.827
10.834
10.835
10.831

10.827
10.826
10.830
10.828

10.834
10.834
10.834
10.836

10.1R25
10.831
10.831
10.831

10.835
10.835
10.836
10.832
10.832

10.828
10.831
10.832
10.831

10.835
10.834
10.834
10.829

12,512
12.512
12.513
12.511

12.511
12.511
12.511
12.511

12.512
12.513
12.513
12-511
12,.511

12.510
12.512
12.512
12.512

12,511
12.512
12.511
12.509

12.515
12.513
12.513
12.512

12.513
12.512
12.514
12.514

12.511
12.511
12.511
12.512
12.513

12.511
12.512
12.512
12.512

12.510
12.510
12.510
12.512

0.842
0.842
0.842
0.843

0.843
0.843
0.841
0.841

0.841
0.842
0.842
0.842
0.843

0.842
0.839
0.839
0.841

0.842
0.843
0.841
0.841

0.841
0.840
0.840
0.838

0.839
0.841
0.842
0.842

0.838
0.838
0.838
0.840
0.841

0.842
0.841
0.840
0.841

0.838
0.838
0.838
0.842

10.5420 0.1440 9.5346 10.7225 16

10.5708 0.1311 9.5034 10.5344 26

10.5606 0.1337 9.5410 10.6643 36

I0.E878 0.1216 9.6618 10.6341 47



TABLE B-3. (continued)

Cladding Dimensions

Distance from
Bottom

of Tubea
(m.n)

609.6
635.0
660.4
685.8

Inside
Diameter

Outside
Diameter

Wall
Thickness

(mm) ,(m) (mm) Pellet
Diameter

0° 900 00 900 0° 900 (m)

Radial
gap

Fuel
Density
(g/cm3)

Pellet
I ength Pellet

Number

Co

711.2
736.6
762.0
787.4

812.8
838.2
863.6
889.6

914.4
939.8
965.2

10.831
10.830
10.834
10..832

10.832
10.828
10.828
10.828

10.834
10.833
10.834
10.831

10.834
10.830
10.831

10.829
10.830
10.832
10.833

10.834
10.834
10.834
10.833

10.830
10.831
10.834
10.833

10.832
10.834
10.834

12.510
12.510
12.512
12.511

12.511
12.509
12.509
12.509

12.510
12.510
12.510
12.510

12.510
12.509
12.509

12.512
12.511
12.509
12.509

12.509
12.510
12.509
12.509

12.510
12.510
12.509
12.508

12.508
12.509

0.840
0.840
0.839
0.840

0.840
0.841
0.841
0.841

0.838
0.839
0.838
0.840

0.838
0.840
0.839

0.842
0.841
0.839
0.838

0.838
0.838
0.838
0.838

0.840
0.840
0.838
0.838

0.838
0.838

10.5771 0.1280 9.6525 10.5583 66

10.5897 0.1202 9.7004 10.6488 56

10.5849 0.1236 9.5958 10.6683 76

10.5871

10.5729

0.1230 9.8608 10.6945 86

10.6527Average

a. The total tube length foi
bc:tom of the cladding tube.

r Rod 524-2 was 98.745 t 0.005 cm. The bottom of the fuel stack was 35.2 mm above the



TABLE B-4. TEST PR-1 FUEL ROD 524-3 CHARACTERIZATION DATA

Claddina Dimensions

Distance from
Bottom

Inside
Di ameter

Outside
Diameter

Wall
Thickness

of Tubea-(ram)
(ram) (ram) (nm n)- PelIlet

Diameter
00 908 00 900 00 90_ (mm)

Radial
ap
OnL

Fuel
Density
(g/cm3 )

Pellet
Length(ram) Pellet

Number

25.4
50. 8

10.830 10.821 12.514 12.515 0.842 0.847
10.829 10.830 12.511 12.514 0.841 0.842

10.5736 0.1260 10.5737 10.4972 I

76.2
101 6
127.0
152.4

10.833
10.834
10.834
10.830

10.830
10.828
10.828
10.829

12.512
12.512
12.513
12.514

12.516
12.516
12.516
12.514

0.840
0.839
0.840
0.842

0.843
0.844
0.844
0.843

10.5728 0.1296 10.4831 10.6985 7

177.8
203.2
228.6

' 254.0

10.829
10.829
10.829
10.829

10.832
10-033
10.833
10.834

12.515
12.515
12.514
12.513

12.514
12.514
12.517
12.517

0.843
0.843
0.843
0.842

0.841
0.841
0.842
0.842

10.5808 0.1251 10.5158 10.5410 17

279.4
304.8
330.2
355.6
381.0

10.831
10.834
10.833
10.832
10.827

10.828
10.828
10.832
10,832
1U.834

12.512
12.513
12.515
12.515
12.515

12.516
12.517
12.517
12.516
12.515

0.841
0.840
0.841
0.842
0.844

0.844
0.845
0.843
0.842
0.841

10.5788 0.1261 10.4610 10.5029 27

406.4
431.8
457.2
482.5

10.824
10.824
10.828
I10.830

10.833
10.835
10.833
10.829

12.513
12.513
1?.512
12.512

12.516
12.518
12.518
12.518

0.845
0.845
0.842
0.84,1

0.842
0.842
0.843
0.845

10.5746 0.1270 10.4598 10.5347 37

508.0
533.4
558.8
584.?

10.831
10.831
10.833
10.831

10.830
M.831
10.835
10.834

12.513
12.512
12.514
12.513

12.515
12.515
12.515
12.516

0.841
0.841
0.841
0.841

0.843
0.842
0.840
0.841

10.5761 0.1275 10.6102 10.4938 47



TABLE B-4. (continued)

Cladding Dimensions

Distance from
Bottom

of Tubea
(in)

609.6
635.0
660.4
685.8

Ins ie
Diameter

Outside
Diameter

Wall
Thickness

(mm) (mm) (ram) Pellet
Diameter

o 900 00 9o0 0_900 (mm)

Radial
gap

Fue l
Density

(g/cm3),

Pellet
Length

(mm)
Pellet
Number

I

711.2
736.6
762.0
787.4

812.8
838.2
863.6
889.0

914.4
939.8
965.2

Average

10.828
10.829
10.833
10.833

10.833
10.829
10.829
10.82.7

10.830
10.830
10.831
10.833

10.833
10.839

10.834
10.83i
10.828
10.831

10.827
10.829
10.829
10.833

10.833
10.831
10.826
10.825

10.828
10.831
10.829

12.514
12.511
12.512
12.512

12.514
12.514
12.514
12.512

12.512
12.512
12.512
12 .511

12.517
12.517
12.517
12.517

12.516
12.514
12.514
12.515

12.517
12.517
12.518
12.515

0.843
0.841
0.840
0.840

0.841
0.843
0,843
0.843

0.841
0.841
0.841
0.841

0.842
0.843
0.845
0.84.3

0.845
0.844
0.844
0.841

0.842
0.843
0.846
0.845

10.5887 0.1202 10.6118 1.0.4995 67

10.5821 0.1245 10.6119 10.4546 77

10.5767 0.1292 10.6073 10.5598 87

10.5769 0.1266 10.6067 10.5010 57

12.513 12.515 0.840 0.844
12.513 12.516 0.837 0.843

10.5283 10.5544

a. The total tube length fo
bottom of the cladding tube.

r Rod 524-3 was 98.745 1 0.005 cm. The bottom of the fiel stack was 35.2 mm above the



TABLE B-5. TEST PR-i FUEL ROD 524-4 CHARACTERIZATION DATA

Cladding Dimensions

Distance from
Bottom

of Tube a

Inside
Diameter

Outside
Diameter

WallI
Thickness

(flu)Diameter

00 900 00 900 00 900M

Radial
9ap

Fuel
Density

NAM 3)

Pellet
Length Pellet

Number

I

w
I-.

25.4
50.8R

76.2
101.6
127.0
152.4

177.8
203.2
228.6
254.0

279.4
304.8
330.2
335.6
381.0

406.4
431.8
457.2
482.6

508.0
533.4
5558. 8
584.*2

10.829 10.832 12.513 12.513 0.842 0.841
10.830 10.832 12.510 12.516 0.840 0.842

10.828
10.830
10.830
10.834

10.833
10.834
10.828
10.828

10.827
10.833
10.835
10.834
10.832

10 .832
10.831
10 .830
10.830

10.831
10.835
10,835
10 .832

10.833
10.833
10.831
10.831

10.831
10.828
10.828
10.828

10. 833
10.833
10.829
10.827
10.827

10 .830
10.830
10.831
10.831

10.832
10.83')
10.827
10.824

.12.*511
12.511
12.512
12.511

12. 512
12. 510
12.509
12.510

12.512
12.512
12.512
12.511
1.2.510

12.510
12.510
12.E 10
12. 510

12. 511
12.511
12.5 10
12.509

12.515
12.514
12.514
12.515

12. 516
12.515
12.515
12.513

12. 512
12.513
12.513
12.513
12.512

12.513
12.513
12. 512
12.511

12.510
12.510
12. 511
12.511

0.*841
0.841
0.841
0.839

0.839
0.838
0.*841
0.841

0.842
0.839
0.838
0.838
0.839

0.839
0.839
0.840
0.840

0.840
0,838
0.839
0.839

O0.841
0.840
0.842
0.842

0.843
.0.844
0.843
0.843

0.840
0.840
0.842
0.843
0.843

0.842
0.842
0.841
0.840

0.839
0.840
0.842
0.844

10.5828 0.1241 10.3612 10.4375

10.5763 0.1274 10.4216 10.2761

10.5747 0. 1282 10.4576 10.4619 17

10.5801 0.1265 10.5167 10.4991 27

10.5729 C;1291 10.5168 10.5444 37

10.5746 0.1287 10.6119 10.4201 47

7



F

TABLE B-5. (continued)

___________ Cladding ý-':ensions _____

Distance from
Bottom

of Tubea

609.6
635.0
660.4
685.8

Inside
Diameter

00 900

Outside
Diameter

Wall
Thickness

(mm) . .... (mm) Pellet
Diameter

o_._ 0 900 (

Radial
ap

Fue 1
Dens lty

(9cm 3)

Pellet
Length
(M

Pellet
Number

57

N)

711.2
736.6
762.0
787.4

812.8
838.2
863.6
889.0

914.4
939.8
5- 5.2

Average

i0.829
10.831
10.833
10.836

10.834
10.834
10.835
10.834

10.832
10.832
10.832
10.837

10.837
10.837

10.826
10.832
10.83U
10.829

10.825
10.825
10.823
10.825

10.827
10.825
10.829
10.829

10.823
10.823
10.823

12.508
12.508
12.508
12.508

12.508
12.509
12.509
12.509

12.507
12.507
12.507
12.507

12.507
12.505

12.511
12.511
.1.2.510
12.509

12.509
12.508
12.509
12.509

12.508
12.507
12.508
12.507

12.508
12.508
12.509

0.839
0.838
0.836
0.835

0.837
0.837
0.837
0.837

0.838
0.837
0.838
0.835

0.835
0.834

0.843
0.839
0.840
00840

0.842
0.842
0.843
0.842

0.841
0.841
0.839
0.839

0.842
0.842
0.843

10.5931 0.1195 10.6153 10.4191

10.5777 0.1259 10.6198 10.4785 67

10.5802 0.1242 10.6179 10.4299 77

10.5815 0.1243 10.6207 10.5090 87

10.5794 10.4476

a. The total tube length for Rod 524-4 was 98.746 ± 0.005 cm. The bottom of the
bottom of the cladding tube.

fuel stack was 35.2 mm above the
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was located at zero degrees on the shroud, such that the flattened end of

the wire was bent toward 90 degrees. Tables B-6 through B-8 list the flux

wire scan data. The data are graphically presented in Figure B-5. The

"Kn factor" given in Tables B-6 through B-8 is the ratio of thermal neu-

tron fluence (Nvt) to the measured counts per minute at common elevations.

Thermal neutron flux is proportional to the induced radioactivity of

the flux wires. Time-integrated neutron flux, which is neutron fluence, is

determined by measuring the Co-60 activity resulting from Co-59 neutron

absorption. The increase in Co-60 activity during irradiation is given by

N = N0 a g At=N oF (N-0)

where

N = rumber of Cu-O0 atoms per unit volume after irradiation

No number of original Co-59 atoms per unit volume

absorption cross section of Co-59 (37.3 x 102 4cm2)

* thermal neutron flux En/cm2 0 s)]

At = incremental time(s)

F thermal neutron fluence (n/cm2).

The thermal neutron fluence was determined for one data point of each flux

wire to establish a conversion factor Kn. The factor Kn is the ratio

of the thermal neutron fluence ýF) to the measured counts per minute (R) at

the same elevation, and is assumed constant over each flux wire. The Kn

factors for the two axial flux wires are given in Tables B-6 and B-7. The

Kn factor for each of the circumferential flux wires is given in

Table B-8. To obtain thermal neutron fluence (F) at any axial elevation,

multiply the Kn factor by R.
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TABLE B-6. AXIAL FLUX WIRE GAMMA SCAN DATA FROM ROD 524-1

Location from
Bottom of

Fuel Stack
(cm)

5.73
6.49
7.25
8.02
8.78
9.54

10.30
11.06
11.83
12.59
13.35
14.11
14.87
15.64
16.40
17.16
17.92
18.68
19.45
20.21
20.97
21.73
22.49
23.26
24.02
24.78
25.54
26.30
27.07
27.83
28.59
29.35
30.11
30.88
31.64
32.40
33.16
33.92
34.69

Counts
Per

Minute

(10O~

18040
18982
19376
20330
21102
21844
22783
23845
24584
25604
26552
27681
28404
29737
30656
31283
32485
32998
33846
34839
36016
37060
37924
38419
39709
40977
41929
42776
43866
44803
45639
46345
46957
47620
48589
48823
49275
50088
50191

LOCttion from
Bottom of

Fuel Stack
(cm)

35.45
36.21
36.97
37.73
38.50
39.26
40.02
40.78
41.54
42.31
43.07
43.83
44.59
45.35
46.12
46.88
47.64
48.40
49.16
49.93
50.69
51.45a
52.21
52.97
53.74
54.50
55.26
56.02
56.78
57.55
58.31
59.07
59.83
60.59
61.36
62.12
62.88
63.64
64.40

Counts
Per

Minute

51368
51297
52058
53112
52799
53638
54276
6o1652
55219
55214
5538.
5495'!
55805
55980
56095
56322
56173
56116
56580
56479
56554
56508
56550
56424
55807
55851
55894
55551
55142
55235
54665
54075
54022
52827
52788
52424
51658
51498
51191

Location from
bottom of

Fuel Stack
(cm)

65.17
65.93
66.69
67.45
68.21
68.98
69.74
70.50
71.26
72.02
72.79
73.55
74.31
75.07
75.83
76.60
77.36
78.12
78.88
79.64
80.41
81.17
81.93
82.69
83.45
84.22
87.26
85.74
86.50
87.26
88.03
88.25
89.55
90.31
91.07
91.84
92.60
93.36
94.12

Counts
Per

Minute

(104

50446
50525
49882
49574
49112
48544
47840
46881
47138
46026
45678
45172
44206
43409
42782
42507
41360
40518
39982
38785
28434
37116
36673
35555
34690
33668
32913
31966
31038
29912
29009
28057
27321
26190
25661
24396
23354
22014
20607

Kn = 7.193 E14 (Nvt)/counts per minute

a. Elevation where the thermal neutron fiuence was determined.
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TABLE B-7. AXIAL FLUX WIRE GAMMA SCAN DATA FROM ROD 524-4

Location from
Bottom of

Fuel Stack
(cm)

3.47
4.23
4.99
5.76
6.52
7.28
8.04
8.80
9.57

10.33
11.09
11.85
12.61
13.38
14.14
14.90
15.66
16.42
18.71
17.19
17.95
19.47
20.23
21.00
21.76
22.52
23.28
24.04
24.81
25.57
26.33
27.09
27.85
28.62
29.38
30.14
33.19
33.95
34.71

Counts
rer

Minute

18168
19198
20016
20379
21233
22065
22685
23255
24748
25322
26450
27022
28119
29303
29953
31153
31992
32859
33506
34426
35122
35898
36727
37661
39155
40162
40800
41815
42663
43493
43806
44981
45779
45793
46888
47156
49454
50127
50998

Location from
Bottom of

Fuel Stack
(cm)

35.47
36.24
37.0(O
37.76
38.52
39.28
40.05
40.81
41.57
42.33
43.09
43.86
44.62
45.38
46.14
46.90
47°67
49.95
48.43
49.19
50.71
51.48
52.24
53.00a

53.76
54.52
55.29
56.05
56.81
57.57
58.33
59.10
59.86
60.62
61.38
62.14
62.91
63.67
64.43

Counts
Per

Minute

(1O6)

50913
50993
52164
51761
52938
52643
53474
53516
54128
54315
54290
54335
54452
54746
55067
54958
54934
54638
54890
54878
55394
54748
54871
54825
54823
54871
54401
54087
54073
53236
53817
53237
52792
52161
51568
51492
50937
50412
50093

Location from
Bottom of

Fuel Stack

65.19
65.95
66.72
67.48
68.24
69.00
69.76
70.53
7i.29
72.05
72.81
73.57
74.34
75.10
75.86
76.62
77.38
78.15
80.43
78.91
79.67
81.19
81.96
82.72
83.48
84.24
85.00
85.77
86.53
87.29
88.05
88.81
89.58
90.34
91.10
91.86
92.62
93.39
94.15

Counts
Per

Minute

(10O4)

49520
49122
48843
48937
48088
47460
46521
46122
45844
45349
44768
44043
4-1393
42912
4?057
41142
40270
39150
37928
38801
37848
36309
35528
34902
33675
33529
32399
30958
30238
29637
28514
27392
26222
25274
24504
23538
22670
20928
19244

Kn = 7.383 E14 (Nvt)/counts per minute

a. Elevation where the thermal neutron fluence was determined.
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TABLE B-8. CIRCUMFERENTIAL FLUX WIRE GAMMA SCAN DATA FROM RODS 524-2 AND 524-3

Axial Elevation
From Bottom of Fuel Stack

Rod

524-2

Azimuthal

Orientationa
(degree.;

135
166
197
229
260
291
322
354

25
56
87

119
150

Location from
End of Wire

(cm)

0
0.762
1.524
2.286
3.048
3.810
4.572
5.334
6.096
6.8A8

7.620
8.382
9.144

13.57 cm
(counts per

minute x 104)

23959
27615
29125
30061
31120
31478
31706
31906
31533
30620
29583
29094
25477

54.22 cm
(counts per

minute x 104)

40826
48318
51449
53165
54657
55460
56326
56226
55113
52674
46412
144004
42277

84.70 cm
(counts per

minute x 104)

21989
25073
26252
27564
28536
28699
28836
28852
28267
27571
26969
25503
24253

w

524-3 315
346

17
49
80

111
142
174
205

Kn factors

0
0.762
1.524
2.286
3.048
3.810
4.572
5.334
6.096

7..8CE13

40486
46103
41935
51153
53339
54073
54122
52934
51569

7.871E13

42656
49157
51865
53555
54236
55553
55145
53788
52118

7.887E13

30736
34806
36938
38398
39413
39217
39627
38018
35575



TABLE B-B. (continued)

Axial Elevation
___________ From Bottom of Fuel Stack

Azinrutha I

Orientation
8

(degrees)

Location from
End of Wire

(cm)

13.57 wm
(counts per

minute x 104)

54.22 cm
(counts per

minute x 10 )

84.70 cm
(counts per

minute x 104)Rod

524-3
(continued)w

CO

rNj

236
267
299
330

6.858
7.620
8.382
9.144

49517
47063
44974
42707

49956
47177
42128
42966

32268

Kn factors 7.822E13,

a. Orientation is relative to center of the test train assembly.

7.915E13 8.045E)3



RADIOCHEMICAL BURNUP ANALYSIS

One fuel burnup sample was cut from each of the Tet PR-1 fuel rods

for radiochemical burnup analysis. The specific locations from which the

samples were removed are listed in Table B-9. Each rod was sectioned sep-

arately to avoid cross contamination of the samples. The fuel rods were

sectioned using a "cono" saw with a diamond impregnated blade, regulated by

a variac to control the cutting speed. The diamond impregnated blade was

lubricated during cutting with water. Sections of the fuel rods identified

for analytical burnup analysis esere transferred to the Idaho Chemical Proc-

essirg Plant, a facility operated by EXXON Nuclear Idaho Company, Inc. The

radiochemical burnup analysis results are presented in Table B-1O. The

fissions per gram of total uranium, based on the 9 5Zr isotope, are con-

verted in the table to burnup in megawatt days per metric ton of uranium

(MWd/t).

TABLE B-9. FUEL ROD BURNUP SECTIONING FOR TEST PR-l

Rod Sample Location

524-1 Cut section 21.88 to 23.38 cm from bottom of fuel stack.

524-2 Cut section 42.18 to 43.68 cm from bottom of fuel stack.

524-3 Cut section 24.38 to 25.88 cm from bottom of fuel stack.

524-4 Cut section 42.18 to 43.68 cm from bottom of fuel stack.

Two comments can be made concerning the sample taken from Rod 524-1.

First, the low burnup values measured via 13 7Cs and 14 0 Ba may be due to

the high solubility of cesium and barium in water. Since this rod failed

during the nuclear operation of Test PR-l, the burnup results from these

isotopes are probably unreliable. Second, the fuel and zircaloy cladding

of the sample had combined, and it was necessary to dissolve both components

together. Thus, a portion of the 9 5Zr atoms observed in the dissolver

solution may have been produced via neutron capture of the cladding rather

than produced from the neutron-linduced fission of 23 5U. Therefore, the

burnup value calculated from the 9 5 Zr concentration is likely biased.
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TABLE 8-10. TEST PR-I RADIOCHEMICAL ANALYSIS RESULTS

Fissions/g
T 4. : r i + i rin

T3

Sample Location 'Xupu' wt VH " Total U
from Bottom nx 1 17 Radiocl

of Fuel Stack 234 235 236 238 (xlO Bur
Rod (cm) U U u via 95Zr )a (MW

524-1 21.88 to 23.38 0.07 10.09 0.11 89.73 2.09 ± 0.09b 98

524-2 42.18 to 43.68 0.06 10.03 0.11 89.80 3.14 t 0.13 109

524-3 24.38 to 25.88 0.05 10.04 0.11 89.80 2.59 t 0.11 114

524-4 42.18 to 43.68 0.05 10.06 0.11 89.78 3.08 t 0.13 107

a. Calculated from the radionuclide concentration.

b. The Rod 524-1 sample was melted and exposed to water during the test; thus, the burnup values are
suspect.

hemical
nup
d,. t)

.32b

.51

.03

.41



VISUAL AND PHOTOGRAPHIC INSPECTION

OF THE TEST PR-i FUEL RODS

The separate shroud assemblies were visually examined through the hot

cell window for evidence of damage. After disassembly and removal of each

tested fuel rod from its shroud, the rods were visually inspected for gross

damage. Each rod was then mounted on a display board (if intact) and

oriented for additional visual examination and photographic documentation.

The fuel rods were oriented with respect to a reference scribe mark of

0 degrees located on the bottom end cap. Composite appearances of the four

fuel rods are shown in Figures B-6 through B-9. Posttest observations

regarding each fuel rod are discussed in this section.

Rod 524-1

Rod 524-1 was waterlogged during the power burst testing because it

had failed during the previous PCM transient test phase. This is the first

known power burst testing of a waterlogged fuel rod at typical operating

temperatures and pressures. When the rod was removed from the shroud, only

the upper 42 cm could be removed intact. The shroud had to be split from 0

to 54.5 cm and opened in a clamshell section to remove the remainder of the

rod. An overall posttest view of Rod 524-1 is shown in Figure B-6. The

lower portion of the fuel rod (0 to 54.5 cm) is shown within the split flow

shroud.

As shown in Figure B-6, the fuel rod exhibits extensive damage in the

central region in the form of fuel and cladding loss, cladding oxidation,

and fuel fragmentation.

The upper intact section of the rod (above 58 cm) exhibits severe clad-

ding oxidation, some fuel loss, and a split in the cladding that extends

from 58 to about 71 cm. The primary ox'.dition in this region was likely

due to the extended time in high temperature film boiling at this "levation.

The observed failure of :Rod 524-1 during the high temperature operation of

PCM Cycle 20 likely occurred in '.is region due to extensive cladding
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oxidation. The cladding split from 58 to 71 cm was probably a result of

the internal rod pressure increase during power burst operation on the

highly embrittled, waterlogged fuel rod.

The middle section of Rod 524-1 (from about 29 to 58 cm) was the most

severly damaged region of the four rods tested. Extensive fuel and clad-

ding loss, fuel fragmentation, and cladding oxidation occurred over most of

the region. Although cladding irtegrity was lost during PCM Cycle 20, based

on on-line cladding elongation measurements, the rod geometry was maintained

through the first power burst. During the secord power burst (144 cal!g)

thp waterlogged rod separated, probably in the middle section, and some

fuel was likely washed out due to the steam pressure buildup within the

rod. The majority of the fuel fragmentation and rod breakup probably

occurred during quench from the final power burst (212 cal/g). Blockage of

the coolant flow channel due to fuel swelling and/or relocation occurred

during the third power burst.

Only limited damage, in the form of cladding oxidation, was observed

in the lower section of Rod 524-1. Oxidation in this region occurred during

the second and third power bursts due to high temperature film boiling

operation.

During the PCM cycles of Test PR-1, Rod 524-1 was operated in high

temperature film boiling for about 8 min prior to rod failure. Rod failure

at high temperature under PLM conditions has been observed in previou- PBF

testing when the cladding wall thickness is completely converted to oxide

and oxygen-stabilized alpha zircaloy. Failure due to thermal stresses on

highly embrittled cladding (such as during rewet from high temperature

operation) have been observed for lesser amounts of cladding oxidation.

Following cladding rupture, Rod 524-1 was operated in high temperature

film boiling for at least 18 min, during which time both internal and exter-

nal cladding wall oxidation occurred. The additional high temperature (PCM)

operation likely resulted in additional cladding oxidation and embrittlement

over a large axial extent of the fuel rod.
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Rod 524-2

High temperature film boiling operation was detected on Rod 524-2 only

once prinr to the power bursts for a brief (80 s) period (PCM Cycle 25).

Extensive cladding damage due to oxidation was, therefore, not anticipated.

A posttest overall view (eycluding the upper and lower extremities) of

Rod 524-2 is shown in Figure B-7. As expected, extensive oxidation in the

upper portion of the rod (60 to 75 cm) was not apparent. The overall.

mottled appearance of the rod is typical of the cladding oxidation prev-

iously observed as a result of low energy deposition power bursts.

Rod 524-2 failed during the final (highest energy) power burst. The

failure location can be seen in Figure B-7 at the 50.5-cm elevation, which

corresponds to the peak oower elevation on the rod. The hole is 1 x 3 mm

in dimension and loci 1,'-. the O-degree azimuthal orientation on the rod.

The oval cladding breac. ,.s likely the result of high cladding local

stresses from relocated fuel, or possibly cladding melt-through by high

temperature (or molten) fuel. No other locations of cladding integrity

loss were apparent from the visual examinatio,.

Rod 524-3

The overall posttest appearance of Rod 524-3 is shown in Figure B-8.

From the figure, two regions of severe cladding damage are apparent. In

the upper region, from 66 to 77 cm, a split in the cladding and extensive

white oxide can be seen. Cladding oxidation in this region is predominately

due to high temperature film boiling operation for about 15 min during the

nine detected high temperature transients on the rod. Cladding breakup in

the upper damaged section is typical of cladding embrittlement failure due

to high stress or thermal shock. Cladding failure in this region probably

occurred during the PCM testing. No indication of Rod 524-3 failure prior

to the power bursts was observed, but from the estimated temperature

nistory, the rod likely failed during the PCM transients.

The most severely damaged segment of Rod 524-3, from about 31 to 44 cm

in Figure B-8, exhibits severe cladding oxidation and fracturing, fuel frag-

mentation, and complete separation of the fuel rod. The claddiihg elongation
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measurement on this rod indicated rod separation during Power Burst 2

(144 cal/g). The third power burst (212 cal/g) likely precipitated most of

tne damage seen in this region due to the high energy of the pulse and the

wdterlogged condition of the rod.

Rod 524-4

Rod 524-4 was the only Test PR-' ruel rod with argon fill gas. The

rod did not fail during the entire test operation. The posttest appearance

is shown in Figure B-9. The overall mottled appearance of the rod is very

similar to that observed on Rod 524-2, and is typical of high temperature

oxidation during low energy RIA povi.r bursts. The rod experienced brief,

high temperature film boiling operation during only three of the PCM cycles

(cumulative time of about 2.7 min) and, therefore, the cladding was not

extensively oxidized or embrittled prior to the power burst operation. The

short exoosure to high temperatures prior to the power bursts, and possibly

the low conductivity (relative to heliurm) of the argon fill gas, probably

contributed to the minimal damage (and nonfailure) of Rod 524-4 during

Test PR-l.

POSTTEST CLADDING DIAMETRAL MEASUREMENTS

Posttest diametral measurements of the test rod cladding were obtained

for comparison with pretest measurements. Measurements were taken remotely

in a hot cell using a micrometer. Diametral data obtained for the four

test rods at. various axial elevations are detailed in Table B-11, and plot-

ted in Figure 8-10. The measurement elevations are referenced to the bot-

tom of the fuel stack, which is 35.2 mm from the bottom of the fuel rod.

Comparison of the posttest cladding diameters (Table B-11) with the

respective pretest dimensions (Tables B-2, B-3, B-4, or B-5) indicates a

general increase in diameter following th" test. The slight (0.1 to 0.3 mm)

increase in diameter of the upper and lower rod extremities is generally

associated with the cladding oxygen uptake during the oxidation process.

The larger diameter increase (up to 3.6 mm on Rod 524-1 at the 59.98-cm

elevation) in the middle portion of each rod is likely a combination of
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TABL E B-11. TEST! PR-, ROD CLADDING-.OUTSIDE DIAMETER DATA

•Rod 524-1 _Rod.l524-42 %.• Rod 524,-3 Rod 524-4

1"LocAt ioc
FroIm Bottom

• of
Fuel Stack

I. 56,
6.64... 11.72.

14.,26

.16W.01
19.34

4•.44;

57,44
59.98
6U.52
6 66Ufi,ý

Location
Diameter" From BottomImm - o>L__ • .. •ot ,

Fuel Stack
00 .• o ,

Diametera

.O-: ,90°

12.50 12.50
12.47 12.50
12.52 12.52
12.62 .12.55

12.65
.12. 70
13.97
0?.93

13.11
13 . 11,
,1.3.)6.
13. 28

14.o6

13.99
13.A7

13.87'

13.87
13.36

12.70
12.70
13.97
12.95

13.05;
13.11•

13.16••1

14.,13
16.10
15.01
15.24

13.51
13.54:
12.95
12. BU

12.90f)
12.93
12.80
P1.93

1.56
6.64

11.72
16.80;

p696

?9.50Ž
32.04

34.58:
37. I?:
.39.66
42.20

44.74;
47.28
49.82•

54.90
57.44
5q.9262.52

(,.)

67.60
If). 14
7?. 68
• -. 22.

171.0
1.430

•As.4

12.62
12,.75
12.10
12.78

12 i80
12v70
12.80
12V.70

12.62
12.90
13.08
12.98

13.06
13.26
13.41
13.16

12 .93
13.08
12..90
13.16

12.65
12.67
12.70
12.12

12.7?
12.78
12.75
12.75

1. ,,,"O

13.79

1.3.87

13.92

13.97

Locat ion
From Bottom

of
Fuel Stack•:(cm)

1.56

6.64
11.72

,14.26.

16.80
19.34
21.88
24.42

26.96
34.56
37.12
39.66

42.20
47.28
49.82
52.36

54.90
57.44 '

59.98
62.52

of,

'2.62
12.70
12.15,

13;00
1"3.21

13.33:

13.16
13.36
12.62
13.31

13.18
13M21
1.3.23
13.66

13.66

:13.16,
13.1813.69

13.51
13.61
15.42
13.69

12.6?
12.t0
12.86
1 .'.*88

13.00
1 3 .u
13: TI,
13.319

13.36
13.97
11.81
13.21

13.21
13.11
13.•3I
12.91

13.03
12.95

13.08
14.66

1410
14.66
13.84
13.99

0Diametera
L ,ocit ion

From Bot tom
of

Fuel' Stack'

.56
11 .72
16.80

2 188
Z41.42
26 .,96
29,.50

32:.04
34.58
37.12
39.66

42.20
44.744
4 f. 28
49.82

54•.90

57.44
59.90 i

62.52
65.06
67.60
70.14

12.67
14.72'
12.80.
12.72

12.85
12.78
12.-5
12.85

12.78
12.70
12.72
12.75

12.80o
12.80
12.76:
12.6W•

12.62
12.62
12. 60

12.60

D iametera

00° .. .90_..0

:12.52 :'• l ,2l52•

12.57' 1"2.55
12.66 12.57-
12M6 12.62

12.6N
12.65

12.57

12.65
12.70
12.78
12.70

17.10
12.10,
13.56
13.51

13.51
13.64
13.36

13.46
13.61
14.22
14.59

13.31 12.83 65.06
13.33 12.51 67.60
12.5Z "12.7G 70.14

72.68

65.06
61.60
70.14
/2.68



TABLE B-11.: (continued)

Rod 5•4-1 _ Rud 524-2 Rod 524-3 Rod 524-4

Locat ion
AFromn Bottom

NuO '.tack

Oiamete~r4

00 9U0

Location
Fro•l Bottom

of
Fuel Stack

75.22
71..7b
80.30

S82.84ý

Diametera

go. 4 •'

13;03
13.21 14.10
13.26 -
13..11 " .13.54:'

LocaL ion
From Bottom;

Sof
fuel Stack(cm)

75.22
17.76

i80.30
82.84•
85. 38• '

87.92
90.46

•93.00
:95.:54

Diameter~a

13.06 13.44
13.00 12.93
1:3.08 1 300
13.18 13.59

I2 K95' 1:3.49
13.31 12.52
12.72 12.52
12.52 12.52
12.52 12.62

Local ion
Froin Bottom

of
fNue S.;,•:.
--•L"L-

72.68
75.22
7• . .76
80.30

85.38
87.92 0
90.46.
93.00

• aliametera

12.bU 1.51
12.55. 13.54
12.52: 1:3.33
12.5: 13.46

!2M50 13.59
12.83 13.49
12.47 13.31
12.45 Q.52
.12.52 12.52

. .. ... ... : .:• 85.38:•..•8/.92
90.46;i •?'• • .•l " 93. 00

95.54,

a. Diametra l measurement accuracy is 0.'l wil'.

13.21
12.75
12.57
12.70
12.57

13.39

Ca
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oxygen uptake and cladding swelling due to fuel expansion during the RIA

power bursts. The largest diametral increases were observed for the two

rods that were waterlogged for the final power burst, Rods 524-1 and 524-3.

Steam pressure buildup during the power burst(s) on the waterlogged fuel

rods likely contributed to tne cladding diameter increases.
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APPENDIX C

TEST PR-I DATA QUALIFICATION, UNCERTAINTIES, AND DATA PLOTS

This appendix describes the Test PR-i data qualification procedures,

the methods for evaluating uncertainties, and detailed plots of the

qualified data.

DATA QUALIFICATION PROCEDURES AND CPTEGORIES

The data qualification procedures for Test PR-i are outlined in this

section. The procedures consist of specific actions taken before, during,

and after the test, resulting in the categorization of the data as qualified

or failed. The plots are presented on microfiche cards titled "Test PR-i

Qualified Data Plots."

The following procedures are listed in order of performance:

1. Data Acquisition Specification (DAS) (part of test setup).

Transducer calibration coefficients were developed and checked

for use in the Data Acquisition and Reduction System (DARS)

directory. For those instruments that were not calibrated,

coefficients were determined on the basis of laboratory calibra-

tion data. Some of the coefficients were adjusted as a result of

in-place calibration or special experiment requirements. All

such adjustments were either directed or approved by the Data

Integrity Review Committee (DIRC).

2. PBF/DARS Precalibration.

Each DARS cthannel was calibrated prior to the beginning of the

test by voltage insertion at the electronic input. The input

magnitude, frequenc)v, polarity or wave form of the test signel

was representative of the transducer output for that channel.
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The experiment test data were corrected by adjusting the DARS

coefficients for zero offset or gain error introduced by the

electronics on the basis of tnis pretest calibration.

3. System Checkout.

After the installation of the test train and interconnections to

the PBF/DARS were cnxopleted, the following data were taken on

each applicable channel;

3.1 Millivolt readings from sensor.

3.2 The senscr was connected to the input patch panel with the

same millivolt output as in Step 3.1, and readings taken on:

3.2.1 Low-level amplifier output in millivolts

3.2.2 Processed output in count,

3.2.3 Engineering unit value indicated on DOp.S terninal

or printout.

3.3 The various readings were compared against the calculated

outputs for the same input values. If discrepancies were

found, appropriate corrective action was taken.

4. Cold Hydrostatic Pressure Verification.

This test verified pressure instrumentation operation by increas-

ing the pressure from ambient (0.62 MPa) to 15.6 MFa in about

10 steps, and then decreasing the pressure back to ambient, iaking

readings at the same pressure values. The data from the vYrrious

pressure sensors were checked against a reference gauge to deter-

mine that they were functional, and also to determine any syste-

matic errors, 'aysteresis, drift, etc.
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5. Autocalibration.

The instrument channels were calibrated with the automatic system,

which maKes corrections to the DARS engineering unit coefficients

for about 80% of the channels.

6. Heatup.

The PBF operating pressure and temperature were increased from

ambient to prenucleat- test operating conditions. Instrument read-

ings taken during heatup were used to verify fuel rod and test

train instrument readings and determine temperature effects.

When the temperature had stabilized at about 540 K, a printout of

the test train instrument readings was made. All test train

thermocouples were aligned to the mean by adjusting the DARS

engineering unit coefficients. The pressure transducers were

dlSo corrected at this time against the standard Ashcroft gauge.

Other instruments were also checked for temperature effects, but

corrections were considered unnecessary or inappropriate due to

other factors.

7. Power Calibration.

During this test phase, intercalibration of fuel rod power with

signals from self-powered nettrc-n detectors, self-powered gamma

detectors, and ion cnambers wa: irconpplished. Tne nuclear

instrt'mentation was verified curing this test phase. Also, nuc-

ear effects on other instrumentation were sometimes noted when

comparing sensor outputs during heated, nonnuclear operation with

those of nuclear operation. The data were classified in accord-

ance with the DIRC classification for Engineering Unit Data for

steady state operation during the test period from power calibra-

tion to just prior to the transient test phase.
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8. Preconditioning.

This test phase allowed for fuel crackig to simulate normal

reactor fuel. Normal steady state response of the instruments

applied. This test phase was performed in conjunction with the

power calibration.

9. Transient.

This phase of the test included the power oscillations, PCM tran-

sients, and RIA power burst operating conditions. "lots of the

transducer response of each channel were examinea tn determine

whether the transient signal represented the expected, predicted,

and required response. The response of all similar instrumenta-

tion channels were compared as a secondary check. The data were

later classified in accordance with the DIRC classification bystem

for Engineering Unit Data.

10. Cooldown.

No specific request was made for qualified data during the cool-

down phase.

1 1. PBF/DARS Postcalibration.

Each DARS channel was calibrated at the completion of the cool-

down phase in the same manner as was done for the precalitration.

Pre- and posttest electronics calibrations were .oinpared to deter-

mine electronic drift or offsets. The data were then corrected

for any electronics errors where necessary.

12. Data qualification was performed by the &:ta Qualification and

System Engineering Group, and the corrections were applied by the

Data Applications Group.
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Categories

The c1dssification of engineering unit data is made by assignment of

data to defined categories during particular test intervals. The assignment

is based on measurement-by-measurement examination of single-channel test

data in engineering units. The examination process determines whether the

measurement channel output represented the expected, pri.,icted, and required

response. As a result of examination, one or more of the categories defined

below is assigned to each measurement, for each time interval.

1. Qualified Engineering Unit Data (QEUD)

2. Failed Data (F)

3. Unqualified Data (UD)

4. Not Reviewed Data (NRD).

Qualified Data. Data are qualified with DIRC approval and must meet all

the following criteria:

1. Engineering unit conversion equations have been applied.

2. Data acquisition system calibrations have been applied.

3. All identifiable and verifiable systematic errors have been

removed.

4. Uncertainty limits have been established for the 95% confidence

level, including

a. Calibration ,incertainties

b. Systematic and random uncertainties due to effects on pertur-

bations of the phsnnmena
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c. Uncertainties due to the application of any models

d. Uncertainties in the measirement channels and DARS.

5. Useful information is contained in the data.

Faileo Data. Data are considered failed for one or more of the following

reasons:

1. Data do not meet the requirements of any other data classification

categories.

2. 'Iseful information is irretrievable from the data.

3. There was a component failure in the measurement channel cc in

the data acquisition system.

4. Inadequate rejection of extraneous noise, transients, or

frequencies.

5. Loss of time synchronization, data channel continuity, etc.

6. Enigma- in the data.

Unqualified Data. Unqualified data have been minimally processed and do

not meet other qualification standards because

I. Data are not necessary to support test objectives.

2. Data are redundant and do not provide any information other than

for internal or verification purposes.

Not Reviewed Data. Data which have not oeen reviewed by DIRC. This

definition is for internal recordkeeping only.
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DATA QUALIFICATION AND UNCERTAINTY

Test parameters within the Power Burst Facility in-pile tube and pres-

surized water loop are monitored by instrumentation consisting of many

measurement channels. A transducer and associatec signal conditioning

electronics intrcduce uncertainty into the measurement of a speciric para-

meter. To establish the validity of the experiments performed and their

correlation to the analytical models, performance and accuracy of the test

instrumentation and data recording system must be demonstrated. Uncer-

tainties in instrument accuracy propagate through the experimental data to

the evaluation of the analytical models and overall program results. The

test measurement uncertainty analysis results are presented in this section

for each measurement channel.

Uncertainty Evaluation Methods

A measurement channel includes the transducer, signal conditioning,

and data acquisition and reduction system (DARS). The form of uncertainty

presentation may be either tabular, presenting the uncertainty values for a

particular operating condition, or graphical, with uncertainty versus input

signal from which the user can determine the uncertainty for any value

within the useful range of the transducer. The uncertainty values in either

engineering units or percent of reading, are determined from the equation

U = B + t 9 5 S (C-0)

where

U = uncertainty

B = total channel systematic error (bias)

S total channel random error (precision index)

t95 = two-tailed student "t" factor for 95% confidence level.
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The t 95 factor is determined from a student "t" table and the degrees

of freeom associated with random error measurement. The bias, B, is the

root-sum-square (RSS) of all the elemental biases in the measurement chan-

nel. Likewise, the precision index is the RSS of all the elemental preci-

sion indices in the measurement channel. The uncertainty, U, is presented

for each measurement channel. The values for bias, precision index, and

degrees of freedom are given as backup and for use in propagating errors

for any calculated parameters based on these measurements..

Test-independent uncertainty analyses of PBF measurement systems have

been performed. The methodology used in the analysis of the uncertainties

is based on standard statistical practices, which are applied in evaluating

the constant and variable portions of both the bias and random error com-

ponents of each measurement channel. The individual error components are

then combined to produce a total measurement channel uncertainty.

When a measurement channel is analyzed for test-independent measurement

uncertainty, that uncertainty applies to a representative assembly of

specific types of channel components rather than a specific component. If

an individual component is replaced by a component of the same type, the

uncertainty of the measurement channel remains unchanged.

The data qualification procedure, performed by the ,'BF Data Integrity

Review Committee (DIRC), serves to identify significant test-dependent

uncertainties introduced in specific tests, such as instrument mounting

effects, two-phase flow regimes, and transient measurements. In some cases,

additional or special calibrations, multiple instrumentation, and additional

engineering calculation can result in significantly lower uncertainty esti-

mates than those found in the uncertainty analyses. These test-dependent

considerations have been factored into the total uncertainty values

presented for each measurement.

Qualification and Uncertainty Values

This section presents the qualification category and uncertainty values

for the Test PR-l data. The uncertainties are total uncertainties composed
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of test-dependcht' anditest-independent values. In some 'cases, the'uncer-,

tainties' are complete estimates; ...in other. caseS, the uncertainties are a

combination of Values compiled frOm un certainty anlalyses and estimates.

Generally speaking, the test-dependent uncertainties are estimates, and the

tesf-independent uncertainties were obtainedjbe y analysis.

Table 4C-1, p.rese-nts the Test PR-I instruments, identifiers, and measure-

ment locat~ions!.. 'A brief description of each instrument is als"o contained'..

in the table. TableI C-2 presents the data qualification and the uncertainty

values or,.Test PR-.. :The uncertaintites are listed as the random component'
lS";l, thebias component, "B'"; the degrees of freedom,. "dF"; and the total.

4measurement uncertainty "U." The 'numbers are engineering unit uncertainties

'or percentages of uncertainty.

During'the RIA burst phase of the test, the total uncertainty in the, ....

instrument measurements had to be estimated. .Therefore, only a total

uncertMairity (U) is shown in Table C-2, and the 4random ':(S) and bias (B:)

component, columns are left blank.

.The numbers listed uriider "Notes'" coresp'6nd to particular notes-liisted

after the tables..The-'"Qualificatlon", col umnq4indicates that the data were

either qualified 4engineering unit data, "Q, or failed data, "F.' The time

period column lists the IRIG times for which the qualificaltion applies.

The RIA bursts are listed separately. " Table C,3 g' gives-the-"IR!G -times".

correspording to~tJ% q major points in test history, plus thiei time that4444 •

individudl segments of he" test %stakt. '' " 4'

•, 44~4 " 4DATA<PLOTS .i

Plots of thE qual" fied 'O.. fr.r Test PR-I dre presented on microfiche:

cards following. the. apnerdi,i•s to th.. 5 report..:. ab)l.e. C-P4 presents the

general grouping of theO plots for ttfe va-4ous test phases.
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TABLE C-1. iNSTRUMENTATION FOR TEST PR-I

Measurement

Coolant pressure

Coolant pressure

Coolant flow

Coolant inlet

temperature

Coo'8nt outlet

temperature

Coolant differential
temperature

Relative neutron
flux

Integrated neutron
flux (axial)

Integrated neutron
flux
(circumferential)

Cladding elongation

Flow shroud change

*in pressure

Core power

Transient power

Instrumert

Pres.sure
transducer

Pressure
transducer

Turbine
flowaneter

Thermocouple

Thermocouple

T'jermocoup~le
pairs

SPNDs

(0.51% Co-Al)
for 2 rods

(0.51% Lo-Aly
for 2 rods

LVOT

AP

Ion chambers

Ion chambers

Instrument
Locaion8 Fuel Rods

Locattona Instrumented

Near outlet of IPT flow
tube

Near outlet of IPT flow
tube

Inlet of each flow

shroud

Two thermocouples

near inlet of flow
shroud

Outlet of each flow

shroud

Inlet and outlet of
each flow shroud

Two vertocal columns;
five detectors in one
rolumn and two in the
other; located 180°
apart

Outer surface of flow
shrouds

Outer surface of flow
shroud (ten equally
spaced axial elevations)

Lower end of each rod

Shrouds cf rods

524-3 and 524-4

PBF core

PBF core

Identifier

SYS PRES 70 OUl TI

SYS PRES 17 OUT TT

FLOWRAIE 01, 02, 03, 04

IN TEMP 01

IN TEMP 02

OUT TEWP 01, 02, 03, 04

DEL TEMP 0!, 02, 03, 04

NEUT FLX 03, 05, 06,
07, 08, 09, 10

CLAD DSP 01. 02, 03, 04

SHRD DEL PRESS 03, 04

REAC POW NMS3, PPSI,
PPS2, PPS3, PPS4

REAC POW TRl, TR2, EVl,
EV2

Description

EG&G Idaho strain gage type transducer.

EG&M Idaho strain gage type transducer.

Flow Technology turbine type full-flow meter.

Stainless steel sheathed, Type K
thermocouple.

Stainless steel sheathed, Type K
thermocouple.

Copper constantan thermocouples connected
differentially.

Cobalt self-powered neutron detectors.

Cobalt-aluminum flux wires.

Cobalt-aluminum flux wires.

EG&G Idaho type linear variable differential
transformer.

Sensotec Inc., differential pressure
transducer.

NZ filled ion chambers.

TR is N2 filled, EV is evacuated. Tran-
sient ion chambers.



TABLE C-1. (continued)

measurement

IPT aP

Loop pressure

Fuel centerline
temperature

Fuel centerline
temperature

Fuel off-center
temperature

Fuel off-cmnat.r
temperature

CladJing surface
temperature

Cladding surface
temperature

Rod internal
pressure.

Instrument

AP

Ashcroft
(Heise)

Thermocouple (1)

Thermocouple

Thermoc3uple

Thermocouple

Thermoc"uple

(1)

(3)

(3)

(3)

Instrumelt
Locatloa

Across IPT

Loop

452.1 mm

452.1 mm

452.1 mm (0, 120, 2400
azimuthal orientations)

452.1 Mn (0, 120, 2400
azimuthal orientations)

452.1 mm (60, 180, 300*
azimuthal orientations)

Two at 700 mm (20 and
2600 azimuthal orienta-
tions) and one at
452.1 nm (140*
olientation)

Upper plenum of rod

Fuel Rods
Instrumented

524-1
524-2
524-3

524-4

524-1
524-2
524-3

524-4

524-1
524-2
524-3

524-4

Identifier

IPT DELP PT

SYS PRES PT

FUEL TMP CL 01
FUEL THr CL 02
FUEL TMP CL 03

FUEL TPP CL 04

OFF TMP -0,-120,-240,01
OFF THP -0,-120,.-240,02
OFF TMP -0,-120,-240,03

OFF TPP -0,-120,.-240,04

CLAD TPP -60,-180,-300,01
CLAD TMP -60,-180,-300,02
CLAD TMP -60.-180,-300,03

CLAD TMP 70-20, 70-260,
75-140, 04

Description

Variable Inductance type transducer.

Ashcroft Type 778 with digital readout.

No-Re sheathed, k5IRe -W26%Re thermocouples,
1.57-m outside diameter.

No-Re sheathed, WSRe -W26:LRe thermocouples,
1.57-mm outside diameter.

Inconel sheathed, Type K thermocouples,
1.0-mnoutside diametur.

No-Re sheathed, M5iRe -WZ6,Re thermocouples,
1.0-mn outside diameter.

Ti sheathed, Type K thermocouples, 1.17-am
outside diameter.

Ti sheathed, Type K thermocouples, 1.11-um
outside diameter.

Kaman eddy current type.

Inconel sheathed, Type K thermocouples,
0.25-mm outside diameter.

Thermocouple (3)

Pressure
transducer (1)

All ROD PRES 01
ROD PRES 02
ROD PRES 03
ROD PRES 04

524-4 CLDINTTMP 70-60, 75-180,
04

Cladding internel Thermocouple (3) One at 700 mm, one at
temperature 750 mm

a. Elevations are measured from the bottom of the fuel stack.
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TAbLE C-2. PR-I ODTA QUALIFICATION AlU UNCERTAINTY VALUES

Measurement Parameter
idenLtifier Number

T imp
Period

Uncertainty b

dF Uqual'ification Note a S U

FUEL TMP CL 03 84 Up to
45:07:25:00

Q 12 0.2 K * 1.35X
(RUG - 255)

>30 11.73K + 25%
(RDG - 12(W))

FUEL TMP CL 02 85 Al e- cept
bursts

0 0.2 K + 1.35%
(ROG - 255)

>30 11.73K + 251
(RUG - 1200)

FUEL IMP CL 03 fib Up to
39:00:00:00

0 1 0.2 K + 1.35%
(RDG - 255)

>0 11.73 K 4 256(RUG - 1200)

FUEL TMP CL 04 97 Up to
51:22:45:00

0 0.2 K + 1.35%
(RDG - 255)

>30 11.73 K + 25%
(RUG -1200)

12.13 K + 2.7%
(RU - 125) + 251
(RO - 1,oU)
(see note 12)

12.13 K + 27%
RDG - 125) + 25%
RUG - 1200)

(see note 1)

12.13 K + 2.7%
(4UG - 225) + 25%
(RDG - 1200)
(spa Note 12)

12.13 K + 2.7%
(RDG - 225) 4 25%
(RUG - 1200)
(see Note 12)

7.34 K + O.1b%
(RDO - 255)

7.34 K + 0.7b%
(ROG - 255)

7.34 K + 0.76M
(ARO - 255)

7.34 K + 0.76%
(kOG - 255)

7.34 K 4 0.76%
(ROG - 255)

7.34 K + 0.76%
(ROG - 255)

'--8 OFF

OFF

OFF

OFF

OFF

OFr

TEMP 0 01

TE4P 120 01

TEMP 240 01

TEMP 0 02

TEMP 120 02

TEMP 7V,0 02

98

99

100

101

102

103

All except
bursts

Up to
52:10:12:50

Up to
45:07:25:00

Up to
52:10:12:50

Up to
53:01:35:50

Up to
53:01:35:50

Q

0Q

Q

Q

1.12 K + 0.38%
(RDG - 255)

1.12 K +.0.38%
(ROG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(RDG - 255)

1.12 K + 0.38%
(RAG - 255)

1.12 K + 0.38%
(DOG - 255)

>30

>30

>30

>30

>30

5.1 K

5.1 K

5.1 K

5.1 K

5.1 K

5.1 K



TABLE C-2. (continued)

Uncertainty b
Measurement

Identifier

OFF IEMP 0 03

OFF TEMP 120 03

OFF 1EMP 240 03

OFF TEMP 0 04

OFF TEMP 120 04

OFF TEMP 240 04

CLAD TMP 60 01

CLAD IMP 180 01

CLAD TMP 300 01

CLAD TMP 60 02

CLAD TMP 180 02

CLAD TMP 300 02

CLAi fIMP 60 03

CLAD TMP 180 03

Parameter Time
Number Period

104 Up to
52:10:12:50

Qualification Note a S

1.12 K + 0.38%
(ROG - 255)

dF B

>30 5.1 K

105

119

117

118

9

10

i,

59

62

239

240

241

Up to
42:09:46:00

Up to
52:10:12:50

All

All

All

All except
bursts

All

All except
burs's

Up to
53:01:35:50

All except
bursLf

AlI except
bursts

All except
bursts

Q

Q

Q

F

F

F

Q

F

Q

Q

Q

Q

Q

Q

2 1.12 K + 0.38%
(ROG - 255)
1.17 K * 0.38%
(PUG - 255)

>30

3.30

-- U

7.34 K + 0.76%
(ROG - 255)

7.34 K * 0.761

(RDG - 255)
7.34 K + 0.76%
(ROG - 255)

5.1 K

5.1 K

U.

1.12 K + 0.38%
(RDG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(ROG - 255)

1.12 K + 0.38%
(RDG - 2K5)

>30

130

>30

>3e

>30

5.1

5.1

K

K

>30 S.1 K 7.34 K + 0.76%
(ROG - 255)

7.34 K + 0.76%
(RDG - 255)

7.34 K + 0.76%
(ROG - 255)

7.34 K 4 U.76%
(RDG"- 255)

7.34 K + 0.76%
(ROG - 255)

7.34 K + 0.16%
(RDG - 255)

7.34 K + 0.76%
(RDG - 255)

5.1 K

5.1 K

5.1 K

242 All except
bursts

>30 5.1 K



TABLE C-2. (continued)

Uncertaintyb
Measurement

identifier

FUEL IMP CL 02

OFF TEMP 0 01

OFF TEMP 120 02

OFF TEMP 240 02

CLAD IMP 6cn 01

CLAD TMP 300 01

CLAD TMP 60 02

CLAD TMP 180 02

CLAD TMP 300 02

CLAD IMP 60 03

CLAD TMP 18u 03

CLAD IMP 300 03

Parame.ter
Number

85

98

10?

103

10

59

62

239

240

241

242

243

Time
Period

Bursts
only

Bursts
OI)lj

Burst 1
only

Burst 1
only

Bursts
nn ly

Bursts
only

R,;rst I
only

dursts
only

Bursts
only

Bursts
only

Bu-sts
only

All except
bursts

Qualification

Q

Q

Q

Q

Q

Q

Q

Q

0

QQ

Q

Notea

16112

S dF B

16

16

16

16

16

16

16

16

16

16

U

1-3.0 K + 4%
(ROB - 225) + Z7%
(ROG - 1ZOO)

1) K + 41
(RDG - 255)

11 K 4%
(ROG 255)

11 V + 4%
(RDG - 255)

10 K + 3%
(RDo - 255)

10 K + 3%
(ROB - 255)

10 K + 3%
(RDG - 25S)

10 K + 3%
(ROG - 255)

10 K + 3%
(ROB - 255)

10 K + 3%
(ROB - 255)

10 K + 3%
(ROG - 255)

7.34 K 4 0.76%
(ROG - 255)

C-1
OI

1.12 K + 0.38%
(RDG - 25E)

>30 5.1 K



TABLE C-2. (continued)

Uncertaintyb
Measurearnt

Identifier
Par•meter Ti me

Number Period Qualification Notea S dF 8 U

CLAD TMP 70-20 04

CLAD TKP 75-140 04

CLAD TiP 70-260 04

ROD PRES 01

ROD PRES 02

ROD PRES 03

ROD PRES 04

CLDINTMP 70-60 04

CLDINYMP 75-180 04

FLOW RATE 01

FLOW RATE 02

FLOW RATE 03

FLOW RATE 04

244

245

246

1

2

3

4

145

146

157

158

159

160

Up to
53:01:35:50

All except
bursts

All except
bursts

All except
bursts

All except
hursts

All

All except
boirsts

All except
bursts

All

All except
burs ts

All eAcPnt
bursts

All except
bursts

Al) except
bursts

Q

Q

0

1.12 K + 0.38%
(ROG - 255)

1.12 K * 0.38%
(RDG - 255)

1.12 K + 0.38%
(ROG - 255)

190 kPa + 3.1% ROG

190 kPa + 0.1% RDG

'30

>30

>30

>30

>30

S.1 K 7.34 K + 0.76%
(ARD - 255)

5.1 K

5.1 K

165.2 kPa

165.2 kPU

7.34 K + 0.76%
(R')G - 255)

7.34 K + 0.76%
(ROG - 255)

545 kPa + 0.2% ROG

545 kPa + 0.2% RUG

'I

F

Q

F

0

Q

190 kPa + 0.1% RDOG >30

>30

165.2 kPa

.1 K

545 kPa 4 U.2% RDG

7.34 K + 0.76%
(RDG - 255)

1.12 K + 0.381
(RUG -65)

4

13

5

S
6

5

5

S.16 x 10.3 + 0.1% ROG

5.16 x 10.3 + 0.1% ROG

5.16 x 10.3 + 0.1% ROG

5.16 x 10'3 + 0.1% RDO

>30

>30

>30

>30

4.1 x 10.3

4.1 x 10'3

4.1 x 10.3

4.1 x 10.3

14.4 x 10'3 + 0.2% ROG

14.4 x 10.3 01,% ROG

14.4 x 10.3 + 0.2 RUG

14.4 x 10.3 + O.Z% RUG

Q

0



m

TABLE C-2. (continued)

Uncertaintyb

heotsurement Parameter
Identifier Number

IN TEMP 01 161

IN TEMP 02 162

OUT TEMP 01 200

OUT TEMP 02 01

OUT TEMP 03 202

OUT TEMP 04 166

CLAD TMP 300 03 243

CLAD TMP 70-20 04 244

CLAD TMP 75-140 04 245

CLAD TMP 70-260 04 246

ROD PRES 01 1

ROD PRES 02 2

ROD PRES 03 3

ROD PRES 04 4

Time
Period

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except

bursts

All

Bursts
nnly

Burst I
only

Bursts
only

Bursts
only

Bursts
only

Bursts
Lnly

All

Bursts
only

qualification Notea

Q

F 7

Q 16

Q 16

S

1.12 K + 0.38%
(RDG - 255)

1.12 X + 0.38%
(RDG - 255)

1.12 K + 0.38%
(POG - 255)

1.12 X 4 0.38%
(R•OG - 255)

1.12 K A 0.38%
(RDG - 255)

dF

>30

:30

>30

:30

:30

B

5.1 K

5.1 K

5.1 K

5.1 K

5.1 K

U

7.34 K + 0.76%
(RDG - 255)

7.34 K + 0.76%

(flD( - 255)

7.34 K + 0.76%
(CR0 - 255)

7.34 K + 0.76%
(RD6 - 255)

7.34 K + 0.76%
(RUG - 255)

co

0

0

16

16

10 K + 3%
(R0G - 255)

10 K + 3%
(RDG - 255)

10 K * 3%
(RoG- 255)

10 K + 3%
(RDG - 255)

30% ROG

30% DOG

Q 16

q 16

F

Q

4

16 30% RDG



TABLE C-2. (continued)

Uncertaintyb
Measurement

Identifier

CLDINTMP 70-60 04

CLDINTMP 75-180 04

FLOW RATE Of

FLOW RATE 02

FLOW RATE 03

FLOW RATE 04

IN TEMP 01

IN TEMP 02

OUT TEMP 01

OUT TEMP O2

OUT TEMP 03

DEL TEMP 01

DEL TEMP 02

Parameter
Number

14.

145

157

158

159

160

161

162

200

201

202

123

124

Time
Period Qualification

Bursts Q

only

All F

,ursts Q
only

Bursts Q
only

Bursts Q
only

BursLs Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

All except Q
bursts

All except Q
bursts

Natea

16

13

16

6

16

16

16

16

16

16

16

S dF 6 U

10 K *'3%
(RDG - 255)

50" ROG

50% ROG

50% ROG

50% ROG

7.34 K + 2%

7.34 K + 2%
(ROG - 255)

7.34 K + 2%
(RaG - 255)

7.34 K * 2%
(RUG - 255)

7.34 K + 2%
(R06 - 255)

1.04 K

1.04 K

C1
I"

iD

0.5 K

0.5 K

>30

>30

0.D4 K

0.04 K



I
TABLL C-2. (continued)

Uncertainty b
Measurement

Identifier

DEL TEMP 03

DEL TEMP 04

Ci.j OlSt 'I]

CLAD DISP 02

CLAD DISP 03

CLAD DISP 04

SHED DEL PRESS 03

SHED DEL PRESS 0

NEUT FLX 47-90

NEUT FLX 78-90

NEUT FLX 15-270

NEUT FLX 31-270

NEUT FLX 47-27G

Paaraeter
Number

125

126

26

27

28

8

13

14

5

70

21

22

23

Time Qualtftca a
Period Qulfction -Notea

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All

All except
5ursts

All except
bursts

All except
bursts

All except
bursts

Q

S

0.5 K

0.5 K

0.65 mn

0.65 an

0.65 wm

0.65 mm

0.36 kPa + 0.1% ROG

0.36 kPa + 0.1% ROG

dF B

>30 0.04 K

>30

>30

>30

>30

>30

>30

>30

>30

>30

>30

>30

0.04 K

0.06 mi

0.06 mm

0.06 mm

0.06 mm

0.

0.

U

1.04 K

1.04 K

1.36 m

1.35 m.

1.36 an

1.36 mm

0.72 kPa + 0.2% ROG

0.72 kPa + 0.2% RD,;

3.75% RVG

8.99% ROG

5.03% ROG

5.5% ROG

0.

0.

0.

0.

7.5% ROG

17.98% ROG

10.06% RAG

11.0% ROG



TABLE C-2. (continued)

Uncertainty b

fleasurement
Identifier

NEUT FLX 63-270

NEUT FLX 78-270

SYS PRES 70 TT

SYS PRES 17 7T

REAC POW 30NS3

REAC POW 50PPS1

REAC POW 5OPPS2

DEL TEMP 01

DEL TEMP 02

DEL TEMP 03

DEL TEMP 04

CLAD DISP 01

CLAD DISP 02

Parameter
Number

24

25

6

7

57

58

60

123

124

125

126

26

27

Time
Period

All except
bursts

Al except
bursts

All

All except
bursts

All except
bursts

All except
bursts

All except
bursts

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Qualification

Q

Q
F

Q

Q

Q

a

a

Notea

14

14

S

5.22% ROG

5.58% ROG

dF

>30

>30

B

0.

0.

U

10.44% RUG

11.16% ROG

9

3.0 MPa >30 425 kPa

10
I1

10
11

10

11

16

3.4 KPa

8% RDG

8% RDG

8% ROG

25% ROG

25% ROG

35% RUG

25% ROG

0 16

Q

16

16

16

16

3 mm

3 mm



TABLE C-2. (continued)

Measurement
lIentifier

CLAD DISP 03

CLAD DISP 04

SHRD DEL PRESS 03

SHRD DEL PRESS 04

Parameter
Number

28

8

13

14

C-)

r'.)

NEUT FLX 47-90

NEUT FLX 78 90

NEUT FLX 15-270

NEUT FLX 31-270

NEUT FLX 47-270

NEUT FLX 63-270

NEUT FLX 78-270

SYS PRES 70 TT

SYS PRES 17 TT

REAC POW 30N1MS3

5

2j

21

22

23

24

25

Time
Period Qualification

Bursts Q
only

Bursts 0
only

Bursts
only Q

Bursts U
only

All F

Bursts 0
only

Bursts 0
only

Bursts Q
only

Bursts 0
only

Bursts Q
only

Bursts Q

only

All F

Bursts Q
only

Bursts Q
only

Uncertainty b

dF 8

16

16

16

3 mm

2 kPa + 0.6% ROG

2 kPa + 0.6% ROG

Notea

16

8

4.22% RDG

10.46% ROG

5.84% ROG

8.89% RDG

7.56% ROG

8.64% ROG

>30

>30

>30

>30

>30

>30

0

0

0

0

0

0

8.43% ROG

20.92% RDG

11.68% ROG

17.78% ROG

15.12% ROG

17.28% RUG

U

3 m

7

57

3 MPa + 0.3% RDG

10% ROG10
11



TABLE C-2. (continuel)

UncertaintFb
Measurement

IdentIft er

REAC POW 5JPPS1

REAC POW 5OPPS2

REAC POW 30PPS3

REAC POW 30PPS4

Parameter Time
Number Period Qualiftention Notea S dF B U

REAC PVN 2OPS2

REAC POW 20NTRI

REAC POW 20hTR2

58 Bursts
only

60 Bursts
only

61 All except
bursts

63 All except
bursts

13? All except
bursts

177 All except
bursts

178 All except
bursts

180 All except
bures

197 All except
bursts

199 .l1l except
bursts

219 All except
bursts

220 All except
bursts

225 All except
bursts

0 10
II

10
11

10
11

10% RDG

8; RDG

10
II

10
11

10
11

10
11

8% ROG

8% RDG

8% ROG

8% ROG

10% ROG

C-,)

REAC POW 20MEV1 10
11

8% ROG

REAC POW 20MEV2

REAC POW 30NMS4

REAC POW 50TRI

REAC POW SOTR2

REAC POW 50EVI

10
11

10
11

10
11

8% ROG

8% ROG

8% ROG

8% RDG

8% RDG

10
11

10
)I



TAVF C-2. (conitinued)

Uncertaintyb
Measurement

Identifier

REAC PCW 50EV2

LOOPPRES 5-20

LOOPPRES 5-23

LOOPPRES 5-24

LOCPRRES 5-25

LOOPPRES 5-34

LOOPPRES 5-35

REAC POW 30PPS3

REAC P0D 30PP54

SYS PRES PT

IPT DELP PT

LOOP FLOW PT

REAC POW 20MPS2

REAC POW 2OMTR1

Pardmetei
Ntrber

216

163

164

165

203

204

205

61

63

65

66

77

137

177

Time
Period

All except
burs t!

All oxcept
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bt!rsts

Bursts
only

Bursts
only

All

All

All

Bursts
only

Bursts
only

Qu..1f icat ion

Q

Q

0

Q

Q

0

Q

Q

Q

Q

Notea

10
11

16

16

15

16

16

16

10
11

10
11

S

181 kPa + 0.1% ROG

181 kPa + 0.1% ROG

181 kPa + 0.1% ROG

181 kPa + 0.1% ROG

181 kPa + 0.1% ROG

181 kPa + G.1% RUG

dF B

>30

>30

>30

>30

>30

553 kPa

553 kPa

553 kPa

553 kPa

553 kPa

U

8% ROG

915 %Pa + 0.2% RUG

915 kPa 4 0.2% ROG

915 kPa + 0.2% RUG

915 kPa :0.2% ORG

915 kPa + 0.2% ROG

915 kPa + 0.2% RUG

10% RDG

>30 553 kPa

|
P•
4•

10% ROG

2% ROG

10% ROG

3% ROG

10% RUG

10% ROG

10
11

10
11

I



TABLE C-2. (ccntinued)

Uncertaintyb
Measurement
Identifier

REAC POW 20MTR2

REAC POW 2OMEV1

REAC POW 20MEVZ

REAC POW 301N4S4

REAC POW 501RT

REAC POW SOTR2

REAC POW 50EVI

REAC POW 50EV2

LOUPPRES 5-20

LOOPPRES 5-23

LOOPPRES 5-24

L00PRRES 5-25

LOOPPRES 5-34

Parameter
Number

178

180

197

199

219

22U

225

226

163

164

165

203

204

Time
Period Qualification

Bursts Q
only

Bursts 0
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts Q
only

Bursts 0
only

Bursts 0
only

Bursts Q
only

Note a

10
11

10
11

10
I1I

S dF B U

10% ROG

10% RUG

10% ROG

C,

10
11

10
11

10
11

10
11

10

11

16

16

16

16

16

10% RDG

10% ROG

10% ROG

10% tRli

1.2 MPa + 0.4% ROG

1.2 MPa + 0.4% RUG

1.2 MPa + 0.4% RUG

1.2 MPa + 0.4% ROG

1.2 HPa + 0.4% ROG

10% RDG



-ASIF C-?. k(intinuM

Uncertaintyb

M aent fief Parameter T Ioe Uncertaintvb
Ident hier Hunuber Period Oualificatiun NoLe S d B U

LW)OPPRE[S 5-35

C)

047 T EOP 03

REAC POW 30W4S3

REAC POW 3(OF54

REAC POW4 2Of4PS

REA(, POW 20NTRI

REAC POW 2OMTR2

PEAC POW 2014EV 1

REAC POW 294EV2

REAC POW4 30NMS4

REAC POW SOTRI

REAC POW SOTR2

REAC POW 50(Vl

205 burstý
only

W-13 All except
bursts

W-I All except
bursts

w-2 All except
bursts

W-47 All except
bursts

W-52 All except
bursts

W-S0 All except
bursts

W-48 All except
bursts

W-51 All except
bursts

W-7 All except
bursts

W-3 All except
bursts

W-4 All except
bursts

W-5 All except
bursts

2.24 K + 0.76%
(RDG - 255)

>30 6.16 K

10I i
11

10
11

10
10

10
11

10
1i

10
11

10
11

10
I1

10
ii

10
11

l0
!1

16 1.2 MPa + U.4% KOGi

8.4 K 4 0.76%
(PfIG - 265)

8% ROG8

8% ROG

8% ROG

td% ROG8

8% 1ROG

8% ROG6

8% ROG6

8% RO06

8% 9(06

8% ROG8

8% RDG



TABLE C-2. (continued)

Uncertaintyb
Measurement
Identifier

REAC POW 5O(V2

REAC POW 204PS)

LOOPPRES 5-20

LOOPPRES 5.ZJ

LOOPPRES 5-24

LOOPRUES 5-25

LOOPPRES 5-34

LOOPPRES 5-35

FP GNI94A Not PT

FP GAM4A No2 PT

FP GAMHA Nn3 PT

FP NEVT 01

OUT TEMP 03

REAC POW 30MPS3

Parameter
Number

W-6

w-33

W-37

W-38

W-39

W-53

W-54

W-56

221

222

223

224

W-13

W-1

Time
Period

All Lxcept
bursts

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All except
burstt•

All except
bursts

All except
bursts

A!1

All

All

All

Bursts
only

Bursts
only

Qualification Note a dF B

Q to
11

Q 10
II

Q 362 kPa # 0.2% ROG >30 553 kPa

o 362 kPa * 0.2% RUG >30 553 kPa

Q 362 kPa + 0.2% ROG '30 553 kPa

Q 362 kPa * 0.2% RG >30 553 kPa

Q 362 kPa + 0.2% RUG >30 553 kPa

Q 362 kPa 1 0.2% ROG '30 653 kPa

0 16
Q 16

0 16

Q 16

Q 16

O 16

U

81 RUG

8% ROG

915 kPa + 0.2% HOG

915 kr& 4 0.2% ROG

915 kPa 4 0.2% RUG

915 kPa 4 0.2% 0UG

915 kPa + 0.2% RUG

915 kPa + 0.21 ROG

101 RUG

10% RDG

10% RUG

10% R9G

8.4 K + 2%
(RUG - 2S5)

10% RUG

C-,



TABLE C-?. (continued)

Uncertaintyb
Measurement
Identifier

REAC POW 30MPS4

REAC POWd 2OMPS2

REAC POW ZONTRI

PEAC POW 20MTR2

REAC POW 20MEVI

REAC POW 20MEV?

-.EAC POW 3ONMS4

REAC POW 5OTRi

REAC POW 5OTR2

REAC POW 50EVI

REAr POW SOEV2

REAC POW 2OHPSI

LOOPPRES 5-20

Parameter Time
Number Perioc

W-2 Bursts
only

W-47 Bursts
only

W-52 Bursts
odlly

W-S0 Bursts
only

W-48 Bursts
only

W-51 Bursts
only

W-7 Bursts
only

W-3 Bursts
only

W-4 Bursts

only

W-5 Bursts
only

W-6 Bursts
only

14-33 Bursts
only

W-37 Bursts
only

Qualification

Q

Notea

16

SdF B

U 16

Q/ 16

Q 16

N'

Q

Q

Q

Q

Q

Q

lb

16

16

16

16

16

U

10% ROG

10% ROG

10% RDG

10% ROG

10% RDG

10% ROG

10% ROG

10% ROG

10% ROGl

10% RDG

10% RDGQ 16

Q 16

4 16 1.2 KPa + 0.4% RUG



TA8Le C-2. %'continued)

Measurement Parameter
;dentifier Number

LOOPPRES 5-23 W-38

LOOPPRES 5-24 W-39

LOOPRRES 5-2S W-53

LOOPPRES 5-34 W-54

LOOPPRES 5-35 W-56

CLAD DSP 01 W-15

CLAD DSP 02 W-16

CLAD DSP 03 W-9

CLAD DSP 04 W-10

NEUT FLX 47-90 W-11

NEUT FLX 78-90 W-12

NEUT FLX 15-270 W-25

NEUT FLX 31-270 W-26

Time
Period

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Bursts
only

All except
bursts

All except
bursts

All except
bursts

All except
bursts

All

All except
bursts

All except
bursts

All except
bursts

Qualification

Q

Q

Q

Urcertaintyb

Note a dF B

16

16

16

16

16

U

1.4 MPa 1 0.4% RUG

1.2 NPa + 0.4%1 RG6

1.2 MPa + 0.4% RUG

1.2 MPa + 0.45 RDG

1.2 MPa + U.4% ROG

2.b6 mm+ 0.4% F.DG

2.66 mm + 0.4% RLG

2.66 mm + 0.4% ROG

2.66 mm + 0.41 RUG

n

2.6 mn 4 0.4%1 R0G

2.6 mu 4 0.4% ROG

2.6 amu 0.4% ROG

2.6 mm + 0.4% ROG

'30

>30

>30

>30

0.06 mu

0.06 mm

0.06 mm

0.06 mu

F

Q

8

3.75% ROG

8.99% ROG

5.03% ROG

>30

>30

130

0

0

0

7.5% RDG

17.98% R4OG

10.06% RUG



TABLE C-2. (continued)

Uncertaintv b

Measurement
Identifier

NEUT FLX 07-2?0

NEW FLX 63-270

NEUT FLX 78-270

SYS PRES 70TT

SYS PRES )7IT

RE.AC POw 3.ONMS3

REAL POW SOPPSI

REAC POW SOPPS2

CLAD DSP 01

CLAD DSP 02

CLAD DSP C3

CLAO DSP 04

EU'f FLX 47-90

Parameter
Number

W-27

W-28

W-41

W-42

T Ime
Period

All except
bursts

All except
bursts

All except
bursts

All

QU',l1fication Notea S dF

5.5% ROG >30

5.?2% PUG >30

5.58% ROG >30

0

0

0

0

U

11.0% RDN

10.44% ROG

11.16% RUG

9

I1

W-43 All except
bursts

W-8 All except
bursts

W-44 All except
bursts

W-14 All except
bursts

W-15 Bursts
only

W-16 Bursts
only

W-19 Bursts
only

W-10 Bursts

only

All

3.0 $Pa

10
11

10
11

10
11

16

16

16

16

>30 429 kPa 3.4 MPa

8% ROG

8% ROG

8% ROG

3 mr

3 m

3mm

3mm



TABLE C-2. (cont',uwd)

Uncertaintyb
Measurement

Identifier

NEUT FLX 7b.90

NEUT FLX 15-270

NEUT FLX 31-270

NEUW FLX 47-270

NEUT FLX 63-270

NEUT FLX 78-270

SYS PRES 7OTT

SYS PRES 17TT

REAC POW 30W453

REAC POW 50PP51

REAL. POW 50PP52

Pariometer
Number

W-12

W-25

W1-26

11-27

W1-28

W1-41

W1-43

4-8

W1-44

W-14

Time
Period

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Burscs

ow'ly

All

Bursts
only

Bursts
only

Bursts
only

Bursts
only

Qualification Notea

Q

Q

Q

Q

Q

Q

s

4.22% ROG

10.46% ROG

b.84% RUG

8.89% RUG

7.56% ROG

8.64% RDG

dF

>30

>30

>30

>30

>30

B

0

0

0

0

0

U

8.43% RUG

20.92% RUG

11.68% ROG

17.78% ROG

15.12% RDG

17.28% ROG>30 0

!
F

0

LI

Q

(j

10
11

10
11

10
11

3 MPa + 0.3% ROG

10% RUG

10% ROG

10% RUG

a. Notes are given after table.

b. S • random component: dF - degrees of freedorn; B - bias component; U - total measurenrint uncertainty.



TABLE C-2. (continued)

NOTES FOR TABLE C-2

1. Thermocnuple failed after oscillation portion of the test. Tne thermocouple would respond but was not reading correctly at
temperatures >800 K.

2. This instrument failed -.42:09:46:40:00. The thermocouple gave some sporadic readings after this time, but the data are very

questionable ar.d the instrument is considered failed.

3. Failed before test started.

4. Failed before test started.

5. For Indicated flow rates less than 0.2 L/s, the measurement uncertainty increases to ±0.1 L/s.

6. This turbine flowmeter would (occasionally) stop when the flow dropped below 0.1 L/s. An increase in flow would restart the
flowmeter. Oata below 0.1 L/s for this instrument are very questionable.

7. Failed before test started.

8. Failed before test started.

9. Failed before test started.

10. The reactor power parameter Identifiers were changed for the RIA portion of the test. The following table should be used to
correlate the identifiers.

Parameter
Number Calibrations Burst 1 Burst 2 Burst 3

N-57, W-8 301NS3 PT 30NMS3 PT 30NMS3 PT 30RNS3 PT
N-SB, W-44 0.2KPSl PT O.2KPS] PT 5GPS1 PT SGPSl PT
N-60, W-14 0.2KPS2 PT 0.2KPS2 PT 5GPS2 Pr bGPS? PT
N-61, W-l 30,PS3 PT 482PS3 PT 8.GPS3 PT )OGPS3 PT
N-63, W•- 30RPS4 PT 482PS4 PT 8.GPS4 PT iOGPS4 PT
N-137, W-47 20MPS2 PT 201IPS2 PT 0.5GPS2 PT 0.5GPS2 PT
N-177, W-52 20MTRl PT 2O0MTRI PT 0.56TRI PT 1GWTRl PT
N-178, W-50 2OMTR2 PT 20MTR2 PT O.5GTR2 PT IGWTR2 PT
N-180, W-48 20MEVI PT 20MEV1 PT O.SGEV1 PT IGWEVI PT
N-197, W-51 ZOMEV2 PT 20MEV2 PT 0.SGEV2 PT 1GEV2 PT
N-199, W-7 30NMS4 PT 30NNS4 PT 304S4 PT 30N1S4 PT
N-219, W-3 0.2KTRi PT O.2KTRl PT 5GTRI PT IOGTRI PT



TABLE C-2. (continued)

10. (continued)

Paraeter

)I.

12.

13.

14.

15.

Number Calibrations Burst 1 Burst 2 Burst 3

M-220, W-4 0.2KTR2 PT 0.2KTR2 PT SGTR2 PT lOGTR2 PT
N-225, W-5 0.2KEVl PT 0.2KEVI PT 5GEVI PT IOGEV] PT
N-226, W.!. 0.2KEV2 PT 0.2KEV2 PT 5GEV2 PT IOGEV2 PT

The last term of the uncertainty, 25% (RDG-1200). applies only at temperatures above 1200 K.

This thermocouple was responding, oub was following fuel temperature not internal cladding termperature; therefore, the instrument
is considered filled. However, the data could be used for trend information.

The SPNDs were corrected to the flux wire profile.

A relative uncertainty has been given to the LVDTs and differential pressures.

Not all of the power chambers responded properly for each RIA power calibration and burst. Listed below are the failed parameters
and the phase of the test during which they failed.

First RIA Power Calibration First RIA Power Burst Second RIA Power Burst Third RIA Power Calibration Third RIA Power Bur

Wideband Wideband Narrowband Good data were not recorded Narrowband
for the third power calibra-

20MPS; PAR 047 482PS3 PAR 01 8.6PS4 PAR 063 tion.All power chamber data SGPPSI PAR 058
20MPS2 PAR #33 482PS4 PAR 02 8.6PS3 PAR #61 from 53:03:00:00 to 5GPPS2 PAR 060

20MPS] PAR 047 53:05:00:00 are considered IOGPS3 PAR 061
20,IPS2 PAR 033 Wideband failed. IOGPS4 PAR 963

st

C,

8.6PS3 PAR #1
8.6PS4 PAR 12
0.5GTR1 PAR 052
0.5GEV2 PAR 951
O.SGEVI PAR 948
O.5GTR2 PAR 950

Wideband

lOGPS3 PAR 01
IOGPS4 PAR 02
0.2KPS2 PAR 014
20MTRI PAR 952
20MTR2 PAR 950
20MEV2 PAR 951
0.2KPSI PAR 944
20MPS2 PAR 047

16. The total uncertainty was estimated for this test phase. No corresponding B, S, and df exist.



TABLE C-3. IRIG TIMES FOR TEST PHASES

This table lists approximate IRIG times
portions of the test.

Start power calibration
End power calibration

Start oscillation
End oscillation

Start DNB
End ONB

Start Calibration BI
End Calibration BI

for the start and end of the various

37:16:30:00
38:08:00:00

38:14:36:00
38:23:56:00

39:08:40:00
45:07:45:00

51:22:45:00
51:23:25:00

Start Burst 1
End Burst 1

Start Calibration B2
End Calibration B2

Start Burst 2
End Burst 2

Start Calibration B3
End Calibration 83

Start Burst 3
End Burst 3

52:10:12:50
52:10:14:30

52:14:46:00
52:15:15:00

53:01:35:50
53:01:37.30

53:04:27:00
53:05:00:00

53:12:17:00
53:12: 18:30

C-34



TABLE C-4. GENERAL GROUPINGS OF DATA PLOTS CONTAINED ON MICROFICHE

Card
NumberMicrofiche Titles

PR-i Prenuclear Instrument Checkout C-1

PR-i Thermal Response Test Phasea C-2

PR-I PCM Test Phase C-3

PR-i PCM Transients 1, 2, & 3 C-4

PR-I PCM Transients 4, 5, & 6 C-5

PR-I PCM Transients 7, 8, & 9 C-6

PR-i PCM Transients 10, 11, & 12 C-7

PR-I PCM Transients 13, 14, & 15 C-8

PR-i PCM Transients 16, 17, 18, 19, & 20 C-9

PR-I PCM Transients 21, 22, & 23 C-1O

PR-I PCM Transients 24 & 25 C-li

Power Burst 1 C-12

Power Burst 2 C-I3

Power Burst 3 C-14

a. Includes power calibration, preconditioning, and

Figure Numbers

C-i through C-51

C-52 through C-205

C-206 through C-431

C-432 through C-635

C-636 through C-837

C-840 through C-i039

C-1042 through C-1242

C-1243 through C-1443

C-1444 through C-1644

C-!.C45 through C-1845

C-1846 through C-1977

C-1978 through C-2168

C-2171 through C-2345

C-2347 through C-2514

power oscillations.

C-3S
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APPENDIX D

TEST ROD POWER DETERMINATION AND UNCERTAINTIES

INTRODUCTION

Test rod powers for Test Pk-i were determined by two independent

methods. The first method is a heat balance of the system based on measured

thprmal-hydraulic parameters (volumetric flow rate, coolant pressure, and

coolant enthalpy rise). The thermal-hydraulic method provides the average

linear heat generation of the rod, which can then be used to determine local

test rod power. The second method is based on the radiochemical burnup

analysis of a local fuel sample, and provides the total integrated power

(energy) at the fuel sample elevation. Since the integrated test rod power

is linearly related to neutron fluence, the instantaneous power can be

determined using the burnup analysis and the nma~ured self-powered neutron

detector currents. To provide a conmon basis for comparison between the

two methods, the axial power profile must be determined. The next:section

details the method for determining the axial power profile and local power

determinations from the axial flux wires (see Appendix B). Subsequent sec-

tions detail the calculational techniques and results from the two methods

for determining test rod power during Test PR-i.

POWER PROFILE AND LOCAL POWER DETERMINATION

Cobalt-aluminum (0.51% Co, 99.49% Al) flux wires were mounted axially

c" the shrouds of Rods 524-1 and 524-4. Gamma scanning of the flux-wires

provided a method of determining the axial power profile within the in-pile

tube and thereby the local test rod power. Data were obtained from the

f 1ux wires at 7.6-mm increments along the length of the fuel rod. A com-

puter program called FLUXWR was used to smooth and normalize the data. The

normalized curves for the two axially positioned flux wires are shown in

Figure 0-1. The local test rod powers of interest were then determined by

the local peaking factor (PF) and the measured average test rod power. The

local peaking factor is defined by the local-to-average power ratio and was

determined frem the flux wire data by PF = Local counts/Average counts.
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Figure D-1. Test PR-1 flux wire normalized peaking factor versus
distance from bottom of fuel stack for Rods 524-1 and
524-4.

CALCULATIONAL METHOOS FOR DETERMINING TEST ROD POWER

Thermal-Hvdraulic Method
_ _ f

The determination of experimental fuel rod power can be based on the

fact that, under equilibrium conditions, the heat added to the coolant.4flow-

ing past the rod is equal to the rod heat generation, less any heat losses

through the shroud wall. Thus,

Qin = C p(Tout - Tin)
Tout - Tin
--- 9 (D-I)

where

- coolant density

V coolant volumetric flow rate

C = coolant specific heat

Tout = coolant outlet temperature
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T in - coolant inlet temperature

R effective thermal resistance of the shroud.

A computer program (THSP) is used to compute the average rod power from the

appropriate experimental measurements. Rod power is generally expressed as

linear heat generation in kilowatts per meter of fuel.

A differential thermocouple (ATC) was mounted inside each shroud at

90 degrees in relation to the center of the in-pile tube. These ATCs

measured the ise in coolant water temperature, and thereby the coolant

enthalpy change, under subcooled steady state conditions. Uncertainty in

test rod linear power density (instantaneous) determined by the thermal-

hydraulic method are estimated to be 3.5 kW/i'i at a 95% confidence level.

Burnup Method

Burnup samples of the fuel rods were taken at various axial elevations

(Appendix B). Analysis of the burnup samples is divided into several basic

operations. First, the fuel in the sample is completely dissolved and

filtered. Second, weighed aliquots of the dissolver solution are analyzed

for the uranium content by isotope dilution mass spectrometry (IDMS), and

the fission product concentrations via gamma-ray spectrometry. The prin-

cipal radionuclides that are used as fission product monitors include
144Ce, 14 1Ce, and 9 5Zr. Next, radionuclide decay corrections are

made to compensate for '.i'e time and relative power variations of tOe irra-

diation, and, finally, the burnup and uncertainty computations are performed

and checked.

The isotopic content of fission products remaining in the fuel is an

indirect measurement of the number of atoms of uranium that fissioned, arnd

can be correlated to the fission rate during the irradiation time of the

test. From the number of fissions per gram of total uranium, the rod power

can be calculated as follows. The total energy generated by the rod (E) is

E=Mu x k x B (0-2)
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where

M mass of uranium in fuel rod (g)

k = energy released per fission (physics calculations estimate

2.96 x 10 11 J/fission or 185.5 Mev)

B = fissions per gram of fuel.

Since only the mass of the UO2 fuel is measured, the mass of uranium metal

in the fuel rod is

Atomic weight uranium (0-3
U Atomic weight UO2  x MU02

The average atomic weight (AW) of uranium can be determined from the ,uranium

isotopic content (Appendix B) and individual isotopic atomic weights

AW = ER x AW
average 1

= (0.0006) (234) + (0.1006) (235) + (0.0011) (236)

+ (0.8978) (238) (D-4)

= 237.7

where

ER i uranium isotopic content of isotope i

AW. atomic weight of individual isetcie (234, 235, 236,

or 238).

The fraction of metallic uranium can be calculated, using the atomic weight

of oxygen (16), by
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AWu a 237.7 = 0.881. (0-5)
UAWO 237.7 + (2 x 16) 0

U02

The theoretical energy per fission is about 200 MeY. Because of

irrecoverable losses from the system, only 185.5 MeV are recoverable as

heat. This constant is used in converting burnup analysi'. results to the

total energy generation.

Using Equation (D-2), the fuel rod energy expended at a particuplar

axial location can be calculated per wass unit of uranium. To convert this

value to an average fuel rod energy, the peakiiig factor at that specific

location is used in the relationship

Average rod energy Local rod energy (D-6)Local peaking factor

The test rod linear power at the axial peak power location can simi-

larly be derived using tne flux wire activation data. Uncertainty in the
integrated test rod peak power (total energy) using the radiochemical burnup

analyses is estimated to be less than 9% at a 95% confidence level.

Rod Power From SPND Current

The current produced by a self-powered neutron detector (SPND) is

directly porportional to the thermal neutron flux within the PBF in-pile

tube. Since the test rod power generation is also proportional to the ther-

mal neutron flux, the SPNDs provide an alternate means of determining test

rod power at any time during the nuclear test operation. Linear regression

coefficients were determined between the individual test rod powers and

SPND current for variius times during Test PR-l. The time increments fc.

which the various coefficients were chosen correspond to increments when

the in-pile tube thermal conditions, and therefore neutronics, were

constant.

The linear regression coetficients for the various time increments are

listed in Table D-1. The coefficients will yield the test rod peak linear
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TABLE D-1. CuEFFICIENTS FOR DETERMINING TEST ROD PEAK POWER FROM SPND
CURRENT DURING TEST PR-1

Regression
Coefficients

Integrated

Test Phase

Power
calibration

Preconditioning and
power oscillations

Rod A0
A1  Rod Peak Power

- I (IkW,,s/m)_

DNB 1,2,3

DNB-4

DNB-5

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

0.3136
0.1602
0.07014
0.008270

0.05113
0.1789
0.05220
0.3561

-0.1620
-0.1043
-0.1321
-0.1391

0.8752
-0.06016
0.1607

-0.07013

0.5249
-0.02353

0.1912
0.0?216

0.04767
-0.06998
-0.1016
-0.09631

-0.09786
-0.009927
-0.2230
0.04887

3.9619
-1.5173

2.6575
-0.3784

0.5171
0.3703
0.4463
0.4618

0.4671
0.3281
0.3953
0.4051

0.5533
0.3771
0.4601
0.4614

0.5295
0.3522
0.4422
0.4407

0.5112
0.3456
0.4526
0.4440

0.5200
0.3514
0.4453
0.4501

0.5470
0.3763
0.4593
0.4760

0.3554
0.3904
0.3599
0.4754

0.4256
0.3371
0.4083
0.4115

1 379
9)5

1 174
1 198

1 195
844

1 005
1 046

1 218 440
812 933

1 013 514
1 009 5181

152
150
457
199

975
325
323
640

DNB 1-6

DNB-6

DNB-7 1
1
1
1

372
062
233
345

009
313 DNB 7-12
583
825

DN8 8,9

DNB 10,11,12 0.9893
0.2324
0.0930
0.9258
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TABLE D-1. (continued)

Regression
Coefficients Integrated

A0  ARod Peak Power
Rod Ao A0 1 (kW's/m)Test Phase

DNB 13

DNB 14, 15

DNB 16, 17

DNB 18

DNB 19

DNB 20, 21, 22, 23

Power calibration
RIA Burst 1

Power calibration
RIA Burst 2

Power calibration
RIA Burst 3

524-1
524-2
524-3
524-4

524-I
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

524-1
524-2
524-3
524-4

1.4610
-0.1066

0.4219
0.6385

1.4360
0.2680
0.7854
1.2141

-0.4128
-0.8415
-1.1584
-1.0477

1.6132
0.00679
0.4783
1.4046

0.1780
0.3520
0.6093
0.7854

0.2567
-1.795
-2.292
-2.179

-0.02737
-0.04242
-0.00398
10.2

-0.00937
0.1165

-0.2422
-0.0555

0.00252
0.0256
0.0389
0.0472

0.3666
0.3179
0.3688
0.3529

0.3424
0.3132
0.3159
0.3211

0.4369
0.3653
0.4297
0.4618

0.3638
0.3318
0.3511
0.3735

0.5963
0.3511
0.3961
0.4529

0.4948
0.3663
0.4597
0.4684

0.4645
0.3652
0.4639
0.4393

0.4956
0.3908
0.5684
0.4759

0.4766
0.3932
0.4436
0.4366

210548
99333

151799
158693

2614204
1951375
22773531
2439501)

DNB 14-23

64181
55686
66169
74492

64006
51152
72149
61205

50o05
42002
47452
46762
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TABLE 0-1. (continued)

Regression
Coefficients Integrated
t Ps Rod Peak Power

Test Phase Rod Ao A- (kW's/m)

Total integrated 524-1 8.169 x 106
rod peak power 524-2 5.894 x IC6

524-3 7.042 x 106
524-4 7.381 x 106

Total average 7.122 x 106
integrated rod
peak power

power with the parameter NEUTFLX 47-27008 (see Appendix C) as the indepen-

dent variable. A peak-to-average power factor of 1.35 wa s determined from

the flux wire aiialysis and is included in the regression coefficients. The

correlation

Peak linear power =A + [A1 x SPND current (nA)] (D-6)

is valid over both single- and two-phase coolant conditions during the

appropriate time increment noted in Table D-1. Instantaneous SPND current

(NEUTFLX 47-27008) can be obtained during each time segment from the data

plots contained in Appendix C.

The rod peak linear power through the duration of Test PR-l was deter-

mined by the above method for each of the fuel rods. Since there were no

inherent differe,,ces in fuel loading or desicjn for the four fuel rods, the

scatter in individual powers was attributed to data uncertainty. The large

disparity between powers for Rods 524-1 and 524-2 also suggested a mixup in

instrurmentation identifiers (flow or differential temperatures) between the

two rods. The test rod powers used in the inalysis of the Test PR-i data

were, therefore, averaged between the four rids.

Rod peak powers for eacti segment of Test PR-i were integrated over

time to provide a direct comparison with the radiochemical burnup analysis
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(Table D-l). By using the calculation for energy release per fission

(185.5 Mev), the integrated test rod powers (using the regressions to SPNO

current) could be directly compared to the total energy release determined

from burnup analysis. In addition, the SPND current was integrated over

time to allow determination of the instantaneous test rod power from the

burnup results by the argument

Local test rod power = B0 + B1 x (SPND current) (D-7)

where the slope, Bl, is the ratio of the burnup energy (kW.s/m) to the

integrated SPND current (nAs), and the intercept, BO, is considered

negligible or zero. The results of these analyses are presented in the

following section.

CALCULATIONS

Table 0-2 summarizes the material basis of the Test PR-I burnup cal-

culations. A summary comparison of fuel rod energy expended during

Test PR-l, calculated from integrated rod power and from burnup analysis,

is presented in Table D-3. Column 4 contains values of the percentage dif-

ferences between Columns 2 and 3. These percentages were calculated by

dividing the differences between Columns 2 and 3 by the average of Columns 2

and 3. Column 2 contains the total rod energy expended during the test

calculated using rod powers from SPND currents. Column 3 contains values

calculated directly from the burnup analyses results.

Two conclusions are drawn from Table D-3. First, the instantaneous

test rod powers for Test PR-l should be determined by averaging the powers

determined for each of the four test rods. The average values based on

thermal-hydraulics are within 2.1% of the average biErnup values, excluding

Rod 524-1. The data from Rod 524-1 are suspect due to the rod being water-

logged during the test and possible biasing of the 9 5Zr results. Second,

the disparity between the thermal-hydraulic calculations for Rods 524-1 and

524-2 thermal-hydrauic calculations may be due to inadvertent switching of

instrument leads for either the differential temperature thermocouples or

the coolant flowmeters.
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TABLE 0-2. BURNUP RESULTS

Fissions/g Total U Fuel a

Peaking 144 95 141 U/UO Height
Rod Factor Via Ce Via Zr Via Ce 2 ( ( U02 )

524-1 0.962 1.90 x 1017 2.09 x 1017 1.87 x 1017 0.881 0.9144 793
524-2 1.32 3.21 x 1017 3.14 x 1017 3.19 x 1017 0.881 0.9144 793
524-3 1.042 2.62 x 1017 2.59 x 1017 2.63 x 101? 0.881 0.9144 793
524-4 1.305 3.13 x 1017 3.08 x 1017 3.16 x 1017 0.881 0.9144 793

a. Fuel stack masses were computed on the basis of pretest mass measurements for Rod 524-4. Complete
characterization of the other three fuel rods was not conducted.



TABLE D-3. SUMMARY COMPARISON OF IEST PR-i BURNUP WITH INrEGRATED ROD
POWERS

Rod
Number

524-i
524-2
524-3
524-4

Average

Thermal-Hydraulic
Rod Power
(MWd/t)

123.93
89.42

106.84
111.9?
108.04

Burnup
Rod Power

(MWd/t)

98.32a
109.51
114.03
107.41110.32b

Percent of
Difference

2 3 .05a
-20.20
-6.51
4.16

-2.09

a. Rod 524-1 burnup values suspect.

b. Rod 524-1 excluded from average.
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APPENDIX E

MEASUREMENT CORRECTION METHODS FOR FUEL

AND CLADDING THERMOCOUPLES DURING RIA POWER BURSTS

FUEL TEMPERATURE MEASUREMENT CORRECTIONS

By definition, a reactivity initiated accident (RIA) in a nuclear

reactor is the condition resulting when excess reactivity is introduced

into the system, usually in an extremely short (approaching a step function)

period of time. The response of the nuclear fuel to such a reactivity

insertion is an exponential increase in the fission rate and, consequently,

the temperature. The rise of fuel temperature is determined by the time

constant of the fuel, which is a function of the prompt and delayed neutron

lifetimes, fuel heat capacity, fuel thermal, conductivity, and Doppler

reactivity feedback. The use of thermocoupl'es to. measure rauclear fuel tem-

perature response during an RIA introduces an error between the actual and.

measured temperatures due to the response..time.of thethermocouple system.

The response of the thermocouple is determined by its geometry and the

measurement medium. The response of the thermocouple signal to the exponen-

tial rise in fuel temperature is also exponential, but is delayed in time

ano has a time constant that is different from the fuel. Consequently,

fuel temperature measurements during RIA testing are not accurate and must

be corrected. An analytical method to correct fuel temperature measurements

made during the RIA testing is presented in this section.

The actual increase in the fuel temperature is exponential and is

described by the relationshipE-1

Tin Tstep ( - e ) (E-l)

where

T_ = temperature response of the fuel
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T step temperature to which the fuel will rise for the amount of

energy inserted

t = time

I1 = time constant of the fuel.

The value of Tstep is estimated from enthalpy versus temperature

tables for UO2 fuel. The fuel enthalpy at the point of interest and the

time constant, il can be estimated with a FRAP-T5 computer code

calculation.

The time constant cf the thermocouple system (T2) can be estimated

from the measured temperature increase by the relationshipE-2

2  ti,
T2 (s tep' T1

In=-

(Tstep 2)

where

(E-2)

- thermocouple temperature at time, t1

- thermocouple temperature at time, t 2 .

This estimate must be made with t I and t2

are included in the rise time of the fuel

sufficiently small tIat they

temperature response.

The measured temperature increase (T out) of the thermocouple system

can now be calculated as an exponential response to an exponential driving

function (T in) by the relationship

Tout = T in " Tstep (12 1 (elt/' - et/Tl) (E-3)
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At times greater than that of the thermocouple peak tenper;ture

response, there is no error due to the response time of the thermocouple

system. Therefore, the fuel teciperature response is defined for the

exponential rise and the decay beyond the time of the thermocouple peak tem-

perature. The fuel temperature response between the initial rise and the

time of the thermocouple peak temperature response must be estimated. The

thermocouple response as a function of the fuel temperature response in

this region in given by

T out T i- Tin (2 T )(e-t/'2 - e&t/l) (E-4)

At this point, estimates for Tstep' T,, and T2 are used to

iteratively solve the above equations and plot the temperature responses.

When the calculated thermocouple system temperature response (Tout) is
.identical to the measured temperature response, the driving function (T.)

is the corrected thermocouple temperature response.

METHODS USED TO CORRECT CLADDING SURFACE

THERMOCOUPLE TEMPERATURE MEASUREMENTS

The accuracy of externally mounted cladding surface therh-!occuples for

measuring cladding surface temperatures is influenced by such factors as

the location of the thermocouple junction relative to the surface of the

cladding, the weld characteristics of the attachment method, and the coolant

flow area and velocity in the vincinty of the thermocouple junction. The

fact that a surface mounted thermocouple junction is not in intimate contact

with the cladding surface introduces a response time effect which, during a

fast transient, results in a delay time between when the cladding surface

reaches a specific temperature and when the thermocouple signal indicates

that same temperature. In addition, the thermocouple sheath itself acts as

a cooling fin sticking out into the coolant stream, which increases the

heat transfer coefficient to the coolant and reduces the magnitude of the

measured temperature with respect to the true cladding surface temperature

in the absence of a thermocouple.
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An accurate evaluation of thermocouple response time and fin cooling

effects on the measured temperature is practically impossible because of

unavoidable variations in thermocouple attachment characteristics, location

of the thermocouple junction within the sheath, etc. An empirical method

has been used to obtain corrections to the measured cladding surface temper-

atures during the Test PR-l power bursts. The method used involves modeling

the test fuel rod, including the thermocouple assembly as attached to the

cladding, with the computer code COUPLE/MOO3.a The FRAP-5b computer

code was used to calculate fuel rod and coolant conditions during the tran-

sient, and were used as input to the COUPLE calculations. The cladding

surface heat transfer coefficients were then adjusted in the COUPLE calcu-

lations until satisfactory agreement was obtained between the calculated

and measured cladding thermocouple temperature response. With the final

surface heat transfer coefficients as input, the COUPLE calculation also

predicts the cladding surface temperature inthe absence of a thermocouple,

which is used as the corrected cladding surface temperature., Although it

is not expected that the described method provides exact cladding surface

temperatures, it is considered that the resultant values are significant.
iAimprovements over the measured surface temperatures.

COUPLE/MO03 is a two-dimensional, finite element, steady state and

transient heat conduction code with contiguous element and inverse capa-

bilities. The code was developed by EG&G Idaho for use with the CDC

CYBER 176!CYBER 173 computers. The main portion of COUPLE, aside from the

contiguum elements, has been developed to handle rnultimaterial plane or

axisymmetric solids with temperature-dependent anisotropic properties. The

contiguum elements have been developed for single-material plane or axisym-

metric solids with temperature-dependent isotropic properties. A heat con-

duction problem, aside from the contiguum elements, is formulated using the

a. COUPLE/NOD 3, Idaho National Engineering Laboratory Code Configuration
Control Number MO00O0.

b. FRAP-T5, Idaho National Engineering Laboratory Code Configuration
Control Number HOO0583B.
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finite element method (FEM) [one of the approximate solution techniques

classified under the method of weighted residuals (MWR)]. The name COUPLE

reflects the two-dimensionality of the code and the increased coupling

between nodal points due to the use of the finite element formulation.

Briefly, in the FEM, the temperature field throughout the continuum of

interest is approximated by a discretization procedure that divides the

solution region into finite regions (elements). The temperature field is

then expressed in terms of an assumed approximating function within each

element. The approximating or interpolating functions are defined in terms

of the values of the temperature at specified points called nodes. These

nodes usually lie on the element boundaries where adjacent elements are

considered to be connected. Hence, in the FEM, the temperature at the nodes

are unknowns. Once these unknowns are determined, the interpolating func-

tions define the temperature throughout the assemblage of elements.

One of the important features of the FEM is the ability to formulate

solutions for individual elements before putting them together (assembly)

to represent the entire problem. Although there is more than one way to

formulate the properties of an individual element, the Galerkin method is

employed in COUPLE. The Galerkin method is an MWR technique for obtaining

approximate solutions to linear and nonlinear partial differential equa-

tions. As applied in COUPLE, the general functional behavior of the tem-

perature is assumed in some way so as to approximately satisfy the given

differential equation and boundary conditions. Substitution of this approx-

imation into the original differential equation and boundary conditions

then results in some error called a residual. This residual is required to

vanish in some average sense over the entire solution domain.

After the individual element properties are determined by the MWR, the

element properties are assembled to obtain the overall system equations.

These equations are then solved, giving the temperatures at each node point.

Figure E-1 shows a finite element model for a Test PR-l fuel rod,

including cladding and thermocouple, as formulated by COUPLE. Figure E-2

shows the detailed description, in COUPLE, of the thermocouple-ciadding
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Figure E-1. Finite element model for Test PR-i fuel rod, cladding,
and thermocouple.

connection. Figure E-3 shows the conceptual attachment of a thermocouple

to the cladding, and Figure E-4 shows a photomicrograph of the actual

attachment of a thermocouple on a similar fuel rod.
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t - Titanium

a - Tantalum
KXX Thermocouple junction

INEL-A-18 057

Figure E-2. Details of Test PR-i cladding surface thermocouple model
in the COUPLE code.
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Titanium sheath
Tantalum barrier

Thermocouple

Zircaloy cladding

ýýýýGap (helium gas)

Fuel INEL-A-18 059

Figure E-3. Test PR-I laser weld type thermocouple.

..-Therm-ocouple
niunction

Wel
Weld

Cladding

OA.-332

Figure E-4. Photomuicrograph of Test PR-i type thermocouple attached
to the cladding of a fuel rod.
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APPENDIX F

FRAPCON-2. FRAP-T5, AND RELAP5 MODELS AND INPUT

The FRAPCON-2a computer code was used to evaluate fuel rod parameters

during the steady state portions of Test PR-1. The FRAP-T5b and RELAP5c

computer codes were used to estimate thermal-hydraulic conditions and fuel

rod behavior during the power-cooling-mismatch (PCM) and reactivity

initiated accident (RIA) portions of Test PR-l.

FRAPCON is a FORTRAN IV computer codeF-1 developed to predict the

steady state behavior of nuclear fuel rods during long-term operation.

FRAPCON in~iudes the coupled effects of thermal, mechanical, and internal

gas pressure in the analysis of fuel rod behavior.

F.-2

FR.AP-T5 is a FORTRAN IV computer code that calculates the .tran-.'

sient response of light water reactor fuel rods during hypothesiz~d

accidents such as a power-cooling-mismatch. The code. calculates, the: tem-

perature, pressure, deformatior;, and failure histories of a fuel rod as

functions of time-dependent fuel rod power and coolant boundary conditions.

The phenomena modeled by the code include (a) heat conduction, (b) elastic-

plastic fuel and cladding deformation, (c) fuel-cladding mechanical inter-

action, (d) fission gas release, (e) transient fuel rod gas pressure,

(f) heat transfer between fuel and cladding, (g) cladding oxidation,

(h) cladding annealing, and (i) heat transfer from cladding to coolant.

The code contains the needed material properties, water properties, and

heat transfer correlations. FRAP-T5 is programmed for the CDC 176 computer

and is structured to enable direct linkage to a thermal-hydraulic code for

a. FRAPCON-2, Idaho National Enginaering Laboratory Code Configuration
Control Number HO198828.

b. FRAP-T5, Idaho National Engineering Laboratory Code Configu.ation
Control Number HOO05838.

c. RELAP5, Idaho National Engineering Laboratory Code Configuration Control
Number F00021.
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transient analysis. The FRAP-T5 code was used for the analysis of the

Test PR-I power-cooling-mismatch and RIA transients.

The RELAP5F'- 3 code was used to calculate transient thermal-hydraulic

conditions during the RIA power bursts. The output from RELAP5 was then

linked to the FRAP-T5 code for cdlculation of the fuel rod transient

response during the bursts.

The radial and axial power profiles used as input to the computer code

calculations are listed in Tables F-i and F-2, respectively. Table F-3

lists the pertinent fuel rod and flow shroud dpca used as input to the

codes. With the exception of the cladding inner and outer diameters, the

input data of Table F-3 were identical for the PCM and RIA portions of the

experiment. Since the cladding was assumed to collapse onto the fuel stack

during the PCM testing, the cladding inner and outer diameters were changed

to 0.01057.and 0.01228 m, respectively, for the power burst operation.

Table F-4 presents -the correlations and modeling options used in the analy-

ses. A FRAPCON-2 isput listing for Rod 524-1 (helium fill gas, 95%,theo-,,,

retical density fuel) during steady state operation is presented in.

Table F.5. A FRAP-T5 input listing for Rod 524-4 (argon fill gas, 97% theo-

retical density fuel) during one of the PCM transients (PCM Cycle 23) is

presented in Table F-6. A RELAP5 input listing for the RIA power burst

analysis is presented in Table F-7.

TABLE F-i. RADIAL POWER PROFILES

PCM RIA

Normalized Normalized
Mesh space Power factor Mesh space Power factor

1 0.811 1 0.811
2 0.812 2 0.812
3 0.825 3 0.846
4 0.846 4 0.909
5 0.872 5 0.998
6 0.904 6 1.148
7 0.948
8 1.008
9 1.093

10 1.186
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TABLE F-2. AXIAL POWER PROFILE

Elevation(m)

0.
0.0213
0.0536
0.0963
0.1609

0.2146
0.2789
0.3219
0.3755
0.4292

0.4935
0.5368
0.6169
0.6706
0.7297

0.7888
0.8425
0.8781
0.9144

Normal ized
Power

0.60
0.69
0.79
0.90
1.04

1.13
1.20
1.33
1.35
1.34

1.2
1.17
1.08
1.00
0.88

0.77
0.66
0.57
0.46

TABLE F-3. FUEL ROD AND FLOW SHROUD DATA

Fuel pellet PCM RIA

Diameter (m)
Height (m)
Stack length im)
Density (g/c, i)
Shoulder radius (m)
Dish depth (mn)
Dish volume (; 3 )
RMS roughnesi (mn)

Cladding

Outer diameter (m)
Inner diameter (m)
RMS roughness (mn)

0.01057
0.01057
0.9144
10.413
0
0
0
2.16

0.01057
0.01057
0.9144
10.413
0
0
0
2.16

0.0125
0.01079
1.14

0.012282
0.010572
1.14

I
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TABLE F-3. (continued)

Plenum

Plenum volume (m3 )
Gas pressure (MPa)
Gas composition
Spring length (m)
Spring coil OD (m)
Spring wire diameter (m)
Number of spring coils

Flow shroud

Coolant flow area (W2 )
Hydraulic diameter (m)
Equivalent heated diameter (m)

PCM

2.74E-05
2.586
He or Ar
0.0508
0.00902
0.001016
1?

0.0001688
0.00675
0.01713

RIA

2.74E-05
2.586
He or Ar
0.01)8
0.Uu902
0.001016
17

0.0001688
0.00675
0.01713

TABLE F-4. CORRELATIONS AND MODELING OPTIONS USED

1. Fuel deformation model type = 0. (Free thermal expansion fuel
deformation model specified.)

2. Modified Ross and Stoute model for gap conductance used.

3. Critical heat flux option = no cold wall or axial power factors used.

4. CHF correlation = General Electric Company.

5. Post-CHF heat transfer mode = Groeneveld Equation 5.9.
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TABLE F-5. FRAPCON-2 INPUT LISTING FOR ROD 524-1
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TABLE F-6. REPRESENTATIVE FRAP-T5 INPUT LISTING FOR PCM TRANSIENT TESTING

.12-4 -7

~ ? 34L~9C134~67'v '.L 5o7-b9IZ3Z456?d9(li345789C1234t~b7b9C-Ia3'si769Q

1 -7 9i 1

.ei .oc 1$3
11 boC

0 1959 o326 05.

297. 474Z970 2500o
P*;1RPC'DIi Ccr 23 Alt-60h ROO
Gt G~ AL DATA kO HEAl-l

61'b~tlaLdeATICN4 AND W1IN IhW~MENT1"
*E4 I~Ii UCiEMEtaT DA A A- UNITS ARE MffiR

tLuk" P0vERRAD11L VIýTR1 UTICAL

10116 t,1 .896 2 *915 3

*INIjILAL lb~lPRATLRE OISTRIBU~lCh

9144

C c c
OOIZtZ2

0

1,1
.8491,7C Clc

1.0 CaC

1 090053S.' 3 00006250

-1

:, 04

I db.C 8c a:

1,.14
1

3 19 43 G•., •43. 3,O
(o .69 04113

j •U,:9 11!12

,pbl,9 1 ki 670b
64250- *ý7 s8781

& 2 2 v

46(b14 310i.

-4.
I

e

s948 4

79

1!2
83

Lee 5 1.096 6

*7297
.9144

o9

,77

.096303&19
,5368
,780B

361.66 500

17.C0tiS86 .O0C-0274 2!85625. .*i3i8
le

404 9c2 o(#010169* 303.

J 234TE769 j2 3 4 o67611 t67 8 234 .7a901 §67 l234567 P134 91234 7e0



TABLE F-7. RELAP5 INPUT LISTING FOR RIA POWER BURST TESTING

iRELAP51NODL/001

LISTING OF INPUT DATA FOR CASE1

-n
'.0

1
2
3
4
5
6
7
b
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
2b29
30
31
32
33
34
35
36
37
38
39
40
41
42

3 liST RUN FOR PBF
100 NEW TRANSNT
101 RUN
102 BRITISH BRITISH
201 2.00 1.0E-8 0.02
202 2.10 1.0OE- 0.001
203 3.00 1.0E-8 0.OO2
204 4.00 1.OE-8 0.005
205 7.00 1.OE-8 0.010
206 32.00 1.OE-8 O100
301 MFLUWJ 025000000
302 MFLOWJ 300090000
303 P 300090000
304 VOIOG 300090000
305 VELF 300090000
306 VELG 300090000
307 MFLOWJ 400090000
308 HITEMP 300000403
501 TIME, 0 i; E NULLP 0
*

00002 1- 25 25
00002 1 25 25
00002 1 50 ,0
00C02 1 40 40
00002 1 o00 100
00002 1 40 40

TEST SECTION - FULL LOOP MODEL

0.0 L

* PUMP - dINGHAM PUMP USED

0100000 PUMP PUMP
01001C1 0.0717 0.0 0.4106 0.0 00.0 09000 0
0100106 65OU10000 0.0717 0.0 0.0 3000
0100109 0?0000000 0.0717 100940 100.40 0000
010O0OO 3 1133.000 509.0 0.0
G100201 1 26,750 0.0 0.0
0100202 1 26.750 0.0 0.0
0100301 -1 -1 -1 -1 -1 0 0
0100302 3550.U 1.0 800.0 960.0 Z000.0 ZO.O 62.0 0.0 1000.8 0.0 0.0 0.0

* PIPING ýRUM PUMP 10 BYPASS JUNCTION

0200000
0200101
U200200
0250000
0250101
0250201
0300000
0300001

PIPE SNGL VOL
0.0717 50.800 0.0 0.u 00.0 0.000 0.OOE-6 0.302; 00
3 1331.555 509.0 0.0
JUNCTION SNGLJUN
020010000 030000000 0.G717 1087.1 1087.1 0000
1 26.750 0.0 0.0
PIPE BRANCH
0 1



TABLE F-7. (continued)

4,3
44
45
46
47
48
49
50
51
52
53
54
55
56
'7
58
59
60
61
62
63
64
65
66
67
be
69
70
71
72
73
74
75
76
77
76
79
so
81
62
83
84
85
86
67

0300101 0.0717 Le.OCO 0.0 0.0 15.3 4.253 OoOUE-6 0.3022 00
0300200 3 936.450 509.0 0.0
03:0000 TESTFLOW SNGLJUN
0350101 030010000 040000000 0.0717 0.01 0.01 0000
0350!01 1 0.0 O.O 0.0
0370000 BYPASS SNGLJUN
0370101 030010000 700000000 0.0717 21.0 2L.0 0300
0370201 1 26.750 0.0 0.0
0390000 BYPASS SNGLJUN
0390101 700000000 040000000 0.0717 21.0 21.0 0000
0390201 1 0.0 0.0 0.0

* PIPING FRWM TESTiBYPASS SPLIT TO ACF

0100000 TkSTPIPE BKANCH
0400001 0 1
040001 0.0717 10.430 0.0 0.0 11.5 2.080 O.OOE-
C400200 3 934.812 509.0 0.0
0450000 JUNCTION SNGLJUN
0450101 040010000 050000000 0.0717 0.01 0o01 0000
0450201 1 0.0 0.0 0.0
0500000 TESTPIPE SNGLVOL
0500101 0.0717 9s920 0.0 0.0 9.2 , O*OOE-6
0500200 3 934,052 509.0 0.0
0!50000 JUNCTION SN6LJUN
0550101 050010000 090000000 0*0717 0.01 0.01 000C
0550201 1 0.0 0.0 0.0
0900000 TESIPIPE SNGLVOL
0900101 090717 Z,501 0.0 0.0 0090 0.000 09OOE-e
0900200 3 935.000 509.0 0.0
0950000 JUNCTION SNGLJUN
0950101 090010000 100000000 0.0717 0.00 0e00 0100
095020L 1 0.000 0.000 0.0

* PIPING FROM ACF TO INLET NOZZLE (INCLUDING ACF)

1000000 INLETPIPE PIPE
1000001 5
1000101 1.0700, 3 0.0717, 5
1000301 4.O0000 3 3.6900P 5 .
1800001 00.00, 5
00080 1  0.00 1.167, 3 0.00 0.0717, 5

lool1OL 00, 5
1001101 0100, 4
1001201 3 932.734 509.0 0.0 0.0 1

6 0.3022 00

0.3022 00

0.3022 30



TABLE F-7. (continued)

-TI

88
89
90
91
91
93
9 4
95
96
97
98
99
100
101
102
103
104
105

107

109
110ill
112
113
114
L15
116
117
118
119
120
121
122
1-3
124
125
126
127
128
129
130
131
132

1001202 3 932.734 509.0 0.0 0.C 2
1001203 3 932.734 509.0 0.0 0.0 3
1001204 3 932,734 509.0 0.0 0.0 4
100120 3 932.734 509.0 0.0 0.0 j
1001300 1
1001301 0.000 O.L00 0.O, 4
1050000 NOZZLE SNGLJUN
1050101 100010000 200000000 0.0319 0.00 0.00 0100
1050201 1 0.000 0.000 0.0

* OOWNCOMER REGION - INLET NOZZLE TO LOWER PLENUM
*

000000 OOWNCOMER PIPE
2000001 13
2000101 0.03191, 6 0.06330,13
2000201 0.03191, 6 0.0633U,12
2000301 0.81500p 6 0.85700,13
2000o01 -90.0,13
2000b01 0.0 0.0417, 6 0.0 0.0867,13
2001301 OL3
2001101 010012
2001201 3 932,871 509.0 0*0 0.0 1
2001202 3 933,145 509.0 0.0 0.0 2
2001203 3 933.420 539.0 0.0 0.0 3
2001204 3 933.69, 509.0 0.0 0.0 4
2001205 3 933,969 509.0 0.0 0.0 5
2001206 3 934.244 509.0 0,0 0.0 6
2001207 3 934.525 509.0 0,0 0.0 7
200120d 3 934.814 509.0 0.0 0.0 8
2001204 3 935,103 509.0 0.0 0.0 9
2001210 3 q35.391 509.0 0.0 0.0 10
2C0121L 3 935.680 509.0 0.0 0.0 11
Z00121Z 3 935.969 509.0 0.0 0.0 12
2001213 3 936.258 509.0 0.0 0.0 13
2001300 1
2001301 0.0O0 0.000 00,012

* LOWER PLENUM REGION

2050000 EXPANSiON SNGLJUN
2050101 200010000 210000000 0,0633000'00 0.00 0100
2050201 1 0.000 09000 0.0
2100000 LPLENUM BRANCH
21000L 0 1
2100101 0.12620 0,2090 0.0 0.0 -90.0 -0,2090 0.00E-6 0,49t4 01



TABLE F-7. (continued)

133 2100200 3 93b.693 509,0 0.0
134 2150000 CONTRACT SNGLJUN
135 21j0101 21OU00000 220000000 0906540 0.3O 0.00 0100
136 2150201 1 0.000 0.000 0.0
137 2•00000 ANNULUS SNGLVOL
138 2?00101 0.06540 0.5330 0.0 0.0 90.0 0.5330 0,OOE-6 0.0877 00
139 2200200 3 93b.203 509.0 3.0
140 2250000 HOLES SNGLJUw4
141 2250101 220010000 230000000 0,03190 0.00 0.00 0100
142 2250201 1 0.000 0.000 0,0
143 2300000 SPLIT dRANCH
144 2300001 0 1
145 2300101 0.13300 0.5170 0.0 0.0 90.0 0.3310 0.00E-6 0.1920 00
146 2300200 3 935.700 509.0 0.0
147 2350000 LOWER-TEST SNGLJUN
148 2350101 230010000 300000000 0.00545 0.00 3.00 0100
149 235o201 1 0.00% 0.000 0.0
150 '
151 * TEST SECTION COMPONENT - INLET TO UPPER MIXING REGION

-r, 152
1:i3 3000000 ILSTSECT PIPE
154 3000001 17r• 155 3000101 0.00612, 2 0.01132, 4 0.00880, 5 0.00776,12 3.01084,13
156 3000102 0.0Z012,15 0.00616,17
157 30O0201 .0061Z, 1 0.00450, 2 0.01132, 3 0.00117, 4 0.00776,12
158 3000202 0.01084,13 0.02012,14 0.00616,I6
159 3000301 0.35400, 2 0.49800, 4 0.31500, 5 0.35300*12 0.70600,13
160 3000302 0.42000,15 0.38700,17
10. 300001 90.0,17
162 3000801 0.0 0.0441, 2 0.0 0.0191, 4 0.0 0.0257, 5 0.0 0.0220,12
163 3000602 0.0 0.0320,13 0.0 0.0800.1 0.0 0.0442,17
164 3000901 0.00 0.00, 1 3.25 3.Z5, 2 0.00 0.o00 3
165 3000902 1.50 1.50s 4 0.00 0.00Pl6
166 3001001 00,17
107 3001101 0100P I 0000, 2 01-OP 3 0000, 4 0100,16
168 3001201 3 936.051 509.0 0.0 0.0 1
169 3001202 3 935.931 509.0 0.0 0.0 2
170 3001203 3 935o7!8 509.0 0.0 0.0 3
171 3001204 3 935.620 509.0 0.0 0.0 4
172 3001205 3 935.48? 509.0 0.0 0.0 5
173 3001206 3 935.371 509.0 0.0 0.0 6
174 3001207 3 935.238 50q.O 0,0 0.0 7
17, 3001203 3 935.119 509.0 0.0 0.0 8
176 3001204 3 935.000 509.0 0.0 0.0 9
177 3001210 3 934.881 509O. 0.0 0.0 10
178 3001211 3 934.762 509.0 0.0 0.0 11
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TABLE F-7. (continued)

"'7
I-

179
180
181
182
183
104
185
186
187
388
189
190
191
192
193
19'.
195
196
197
198
199
200
201
Z022832 4
205
206
207
208
Z09
1210
213.
212
213
214
215
216
217
218
219
220
221
2zz
223
224

3001212 3 934,643 509.0 0.0 0.0 12
3001213 3 934,46F, 509.0 0.0 0,0 13
3001214 3 934.294 509.0 0.0 0.0 14
3001215 3 934.190 509.0 0.0 0.0 15
300121b 3 934.072 509.0 0.0 0.0 16
3001217 3 933.939 509,0 0.0 0.0 17
3001300 1
3001301 0.000 0.000 0.0 lb
3050000 TLT-UPPER SNGLJUN
3050101 300010000 410000000 0.00545 0.0 .:0
3050201 1 0.000 0.000 0.0

BYPASS kkGIUN - INLET TO UPPER MIXING dRANCH

2370000 BYPASSBST SNGLJUN
2370101 230010000 400000000 0.00170 1.45 1.45
Z370Z01 1 0.000 0,000 0.0
4000000 BYPASS POPE
4000001 15
4000101 0°ObeO0, 1 007360, 5 0.10180,11 0.
4000201 0.ObbOOP 1 0,07360, 5 0.10180,10 0.s
4000301 00.33800p 1 0,33900, 5 0.55200,11 0.s
4000601 90.0,15
4000001 0.0 0.18500 1 0.0 0.09500 5 0.0 0.15]
4001001 00,15
4001101 0100,14
4001201 3 436.051 509.0 0.0 0.0 1
4001202 3 935.936 509.0 0.0 0.0 2
4001203 3 935.822 509.0 0.0 0.0 3
4001204 3 935,707 509.0 0.0 0.0 4
400120b• 3 935.593 509.0 0.0 0.0 5
4001Z0o 3 935,443 509.0 0.0 0.0 6
400120? 3 935.257 509,0 0.0 0.0 7
4001208 3 935.071 509.0 0.0 0.0 8
4001209 3 934.902 509.0 C.0 0.0 9
400121A 3 934.733 509.0 0.0 0.0 10
40012iL 3 934.564 509.0 0.0 0.0 11
4001212 3 934.395 509a0 0.0 0.0 12
4001213 3 'v34.Z43 509.0 0.0 0.0 13
4001214 3 934.091 509.0 0.0 0.0 14
4001215 3 433.939 509*.0 0.0 0.0-15.
400,300 1
4001301 U.O00 0.000 0.0 14
40500CO BYPASSTOP SNGLJUN
4050101 400010000 410000000 0.08620 0.00 0.00 C
4050201 1 0.000 0,000 0.0

0000

08624

,510•

1100

0100

0r15
3,11 3.086Z0,14
0)15
1 0.0 0.1110015



TABLE F-7. (continued)

"I-

225
226
2.27
22b
229
23C
231

233
234
235
236
237
238
239
240
2•41
242
243
244
245
246
247
248
249
250
251
252
253
254
2b55
25b
257
258
259
260
261
262
263
264
265
266
267
268
269
270

UPPER MIXING 3RiANCH

4100000 UPPERMIX BRANCH
4100001 0 1
4100101 0,11.880 O3200 0.0 0.0 90.0 U.3200 0.OOE-6
41O)2U0) 3 933.700 509.C 0.0

* UPPER SIRUCTURE REGION - UPPER MIXING REGION TO OUT

4150000 JUNCTION SNGLJUN
4i5010i 410010000 500000000 O.LLd0 0.00 0.00 0100
415001 1 U9000 0.000 0.0
5000000 UPPLEiU14 PIPE
5000UOL 7
5000101 0911880t, 1 0.01030, 2 0.11590, 4 0.06270P
5000301 0.320001 1 0.94803, 2 0.43700, 0*.90000p
5000601 90.0, 7
5000801 0.00 0.3070P 1 0.0 0.0573t 2 0.00 O.2440, 4
5001001 00, 7
5001101 0100. 6
5001201 3 933.000 509.0 0,0 0.0 1
5001202 3 932.78b 504.0 C.O 0.0 2
5001203 3 932.533 509.0 0.0 0.0 3
500120'. 3 93ZO406 509.0 0.0 090 4
5001205 3 932.181 509.0 0.0 0,0 5
5001206 3 931.678 509.0 0.0 0.0 6
5001207 3 931.575 509.0 0.0 0.0 7
bOO1300 I
5001301 00000 0.000 0.0, 6
5050000 UIUTNOZZLE SNGLJUN
5050101 500010000 b00000000 0.0219 0o45 0,45 0000
50.0201 1 0.000 0.000 0.0

* UUTLEI PIPING COMPONENT - OUTLET NOZZLE THROUGH ACF

6000003) UUTPIPING PIPE
6000001 5
600010L 0.07170, 2 107000, 5
6000301 3.69000, 2 4o00000, 5
600060L 0000, 5
6000801 0.00 0.3022 2 0.0 1.16?, 5
6001001 0,05
6001101 &LO0, 4
6UO1201 3 931.423 50').0 0.0 0.0 1
6001202 3 931.423 509.0 0.0 0.0 2

0.3070 00

LFT NOZZLE

7

7

0.0 ".! 201, 7



TABLE F-7. (continued)

"fi

271
272

273Z74
276
277
278
279
280
28b
282
283
284
f 8586
287
288
269
290
291
292
293
294

196297
296
299
300
301
302
3C3
304
305
306
307
30b
309
310
311
312
313
314
315
316

6100000
6 11000'01
6100101
6100301
6100601
6100701
610080L
6101001
6101101
6101201
6101300
6101301
6150000
6150101
6150201

67000006?O00001
620OOIO6 200 200
6210000
6210101
6210201
bz30oOJ
62301CL
be30zoL
6250000
6250101
6b•OZO.
0270001
6270101
.0zO0.
6290000

TESTPIPE PIPE10
0.0717. 9 0.7857,10
2.5L1, 1 3.0b68 2 4.193, 5 4.420 6 4.784, ' 1.998,10
-3.4, 1 -13.0, 2 -14.2. 5 0.0010
-0.1501, -0.690P2 -1.008,5 0.000.10
0o00 0.3022, 9 0.00 0.7500,10
00,10
0100, 9
3 926*900 509.0 0.0 0.0,10
1
0.00 OO.0 00,0 9
JUNCTION SNGLJUN
610010000 620000000 0.0717 0.00 0.00 010C
1 0.0 0.0 0.0

6001203 3 9319423 509.0 0.0 0.0 3
6001O204 3 q314Z23 509.0 0.0 0.0 4
6001205 3 931.423 509.0 0.0 0.0 5
6001300 1
b00130L 0.000 0.000 0.0, 4
6050000 JUNCTION SNGLJUN
6O05lOl 600010000 610000000 0.07170 0600 0.00 0100
6050201 1 0.000 09000 0.0

PIPING FRUM UUTLET ACF TO TESTIBYPASS MIXING

YPASS MIXING
.•! •::. ,.. ". •;..;•.•...•:•

BRANCH BR ANCH
0 1
0.0717 4.729 0.0 0.0 00.0 0.000 O.OOE-6 0.30?? 0
3 928.721 !09-0 0.0
REGJUNCT SNGLJUN
6ZOUJO0000 630000CO0 0,0717 0.15 0015 0000
1 0.0 0.0 0.0
BYPASSJUN SNGLJUN
620C10000 720010000 0.0717 0.01 0.01 0000
1 0.0 0.0 C.0
HXLU]PJUN SNGLJUN
02Oul0000 dOOOC30000 0.009 0-.00 0.00 0100
1 0.0 0.0 0.0
BYPASSJUN SN(,LJUN
720010050 630000000 0.0717 0,01 0.01 0000
I Z.7b3 0.0 G-0
HXLOOPJUN SNGLJUN



TABLE F-7. (continued)

s--i
a"

317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
33b
339
34#0
341
342
343
344
345
346
3417
348
349
350
351
352

355
356
357
358
359
360
361
362

b2UI0L1 630G00000 S00000UOU 0,0090
6290201 1 0.0 0.0 0.0
630000u BRANCH BRANCH
6300001 0 1
b3oulOI 0.0717 1.501 0.0 0.0 00.0
b30020C 3 428,086 509.0 0.0

TEST/BYPASS MIXING TO PUMP
*
6350000 JUNC TI JN SNkLJUN
6350101 630010000 640000000 0.0"17
635020L I 269750 0.0 0.0
6400000 6KANCH B6ANC#i
b400001 0 1
6400101 0.0717 Z.700 0.O 0.0 00.0
6400200 3 918s152 509.0 0.0
643UO00 JUNCTION SNGLJUN
6430101 640U10000 650000000 0.0717
6,43201 1 Zb.70 0.0 0.0
6450000 HXLO00i Vt SNGLJUN
o4)j101 64001000, 830010000 0.0376
6450201 1. 0.0 0.0 0.0
t,70000 HXLUOP SNGLJUN
6470101 830010000 650000000 0,037b
647020L 1 0.0 0.0 0.0
6500000 BRANCH BRANCH
6500001 0 1
650O1O0 0.0717 9.439 0.0 0.0 -38.8
b600203 3 '2.8,116 509.0 0.0

0.00 0.00 010

0.000 O.OOE-6 0.3022 00

3•4.60 34960 0000

0.000 0.00E-6 0.3022 00

3.57 3.57 0000

0.01 0.01 0000

0.01 0.01 0000

-6,002 OOOE-6 0.307P 00

0.913 0.00E-6 0.3022 00

1.10 1.1 0000

00915 O.OOE-6 0.3022 30

0101 0.01 0000

SL UU'

7000001
7000101
7000ZO0

05O000
050101

70b0201
7100000
7100101
7100Z00
7150000
7150101
715320L
7200000

WYPAýS

BYPASS BRANCH
01
0.0717 5.510 0.0 0.0 10.5
3 932.763 5t-9.0 0.0
BYPASSJUN SNGLJUN
700010000 710000000 0.0717
1 26*750 0.0 u.O
BYPASS SNGLVOL
00717 5.510 0,0 0*0 10.05
3 28*532 509sO 0.0
BYPASSJUN SNGLJUN
710010000 720000000 J*0717
1 26°750 0.0 0.0
BYPASS SNGLVOL



TABLE F-7. (continued)

363
364

366367
368
369
370
371
372
373
374
375
376

379
360
381
382
383
384
385
386
3d7
388
3•9
390
391
392
393
394
395
396
397
398399
400

402
403
404
405
406

40b

7z.00101
7200200

* HEAi

8000003
6000001
8000101
coOuZO0
8050000
805010.
8050201
bl0000j

8150101Wi86888
bL5Ozoi
8200000
8200001
82OLOI
8200200
8230003
8230101
8230Z01
8Z50000
8250101
8250201
8270000
8270101
8270201
b300000
8300001
8300101
8300200

PKE$S

9000000
9000001
9000101
9000200
9050OU0
9050101

9100000

.01717 5.510 0.0 0,0 -00.9 -0,0d4 OOOE-6 0.30?? 00
J 92b.109 509.0 0.0

EXCHANGER AND PRESSURIZER BRANCH

HXLUUP BRANCH
01
0.0098 27.670 0.0 0.0 -11.5 -5.489 0,00E-6 0.1115 00
3 920.988 509 0 0.0
HXLOOP SNGLJUN
800010000 810000000 0.0098 0.02 0.02 0000
1 0.0 0.0 0.0
HXLOOP SNGLVUL
0.0276 2.O00 0.0 0.0 1.b 0.056 O.OOE-6 091P74 I0
3 90 0 0.0HXL00P SINGLJUN

810010000 820000000 0.0098 0.01 0.01 O00C
1 0.0 0.0 0.0
HXLUUP BRANCH
01
0.009698 15.o4 u0 0.0 32.o, 8.100 O.OOE-6 0.1115 00
3 919.049 509.0 0.0
PRESSURE SNGLJUN
820ooo000 900000000 0.0036 0.06 0.06 0000
I 0.0 0.0 0.0
HXLOUP SNGLJUN
820010000 830000000 0.0098 0.01 0.01 0000
1 0.0 0.0 0.0
PRESSURE SNGLJUN "• :
830000000 900000000 0.0036 0.06 0.06 0000
1 0.0 0.0 0.0
HXLOOP BRANCH
01
0.0376 14.162 0.0 0.0 -10.8 -2,667 O.OOE-6 0.?18? 00
3 •16.100 50990 0.0

URLLER DEAD END

PRE-SURE BRANCH
0 1
0.00,6b 1q.sb49 0.0 0.0 -27,0.-b3.33 0.OOE-6 0.0679 00
3 919.000 509,0 0.0
PkEýSUR'- SNGLJUN
900010000 910000000 0.0036 0.50 0.50 0000
I 0.0 0.0 0.0
PREý'URIZ TMDPVUL



TABLE F-7. (continued)

409 91OUILI 3.976 10.500 0.0 J.0 90.0 10.500 0.0oE-6 2o230 00
410 9100200 3
to 1 9100201 0.00 929.000 504*0.
412 $
413 * FUEL KOD HEAT STRUCTURE
414
410 13000000 7 9 2 1 0.0000
416 13000100 0 1
417 13000101 1 0.01096 1 0o01450 ' .e01550 1 0.01644
418 13000102 1 0,01733 1 0.01771 2 6.02054
419 13000201 100, 5 ZC:0, 6 300, 6
420 13000301 0.Q27, 1 0.956P 2 0.999v 3 1.054, 4
'21 13000302 1.374, 5 0.000p 6 0,012t 8
422 13000401 509.• , 9
423 13000501 U 0 0 0 0.0, 7
424 13000601 300060000 10000 1 1 1.410, 7
425 13000701 100 447.OE-6 0.0 3.900E-6* I
4Z6 13000702 100 62190E-b 0.0 5.400E-bt 2
427 13000703 10) O63.OE-6 0.0 5.800E-6, 3
428 13000704 100 698.'E-6 0.0 6,100E-6, 4
429 13000705 100 628.OE-6 0.0 5.500E-6, 5
430 13000706 100 524.OE-6 0.0 4:600E-69 6
431 13000707 100 384OL-6 0.0 3z400E-6, 7
432 13000901 0 0.0Z20 0.0603 1.410m 7
433 4
434 * BYPASS MOOERATOR HEATING
435
436 14000000 6 4 1 1 090000
437 14000100 0 1
43b 14000101 3 0.0015
439 14000201 ZOO, 3
440 14000301 1.0, 3
441 14000401 50490, 4
442 14000501 400060000 10000 1 0 1.000, 6
443 14000631 0 0 0 0 1.000, 6
444 14000701 100 0*001E-6 56.TOE-6 O.Op 1
445 14000702 100 0OO1E-6 75.60E-6 0.°P 2
446 14000703 100 0.00!iE-6 94#50E-6 0.0, 3
447 14000704 100 Q*OO1E-6 94.50E-b 0,Op 4
448 14000705 100 0.O01E-O 75.60E-b 0.0, 5
449 14000706 100 0.OOE-b 56.70E-6 O.0v 6-
450 14000801 0 0.0 0.0 0.,52, 6

45 UOWNCOMER MODERATOR HEATING
453 *
454 12000OO 4 4 1 1 o.oo00



TABLE F-7. (continued)

Io

455
456
457
458
459
460
461
462
463
464
465
467

47

4713
47,

4/-i

47.,

."77

47-i

476)
431

43,

4313

434
435

4~37

44

4 7

12000100 U 1
12000101 3 0o0015
12000201 2O00 3
12000301 1L0, 3
12000401 509.0, 4
120005L1 200070000 10000 1 0 1.36b, 4
1 2 0 0 0 6OA 0 0 0 0 1.369, 4
12000701 100 0.O01E-b 56.40E-6 0.0, 1
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TABLE F-7 (continued)

-rn
r..

0)

5.)1
532
513

51)

535
i31

513

31.4
515
5L7
313
5L4
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APPENDIX G

TEST PR-i DOCUMENT AND RECORDS TRACEABILITY

This appendix provides a description of the documentation and data

gathering processes involved in preparing for, performing, and gathering

data from tests at the Power Burst Facility (PBF).

PURPOSE

The purpose of this appendix is to provide a set of instructions for

retrieving records, documents, data tapes, etc., for Test PR-1. By explain-

ing what is available and where to look for it, mulh of the activity could

be reconstructed, if necessary. These materials and records would be neces-

sary to.(a) reconstruct the processing, correction, and presentation of:

data;. (i retrieve data tapes.in the raw or corrected form; (c.) .deterpmi•..ne'".

the type and location of instruments used; (d) determine the calibrations,

zero settings, ,offsets,.etc., for the transducers and instruments used- S

(e) find detailVs of the test train design, fabrication, and instrumentation;,' .

and (f) retrieve calculations used in the discussions presented in this

report. Much of this information is contained in various reports, docu-

ments, files, and drawings produced during the plenning, building, and

operation of the test, as well as during the data processing and

qualification procedure.

Unfortunately, there is no unified filing system where one can find

all the information in one place. Some of the files and documentation

systems are formal, but many are not. Material is physically located in

three major areas: the Power Burst Facility, the Idaho National Engineering

Laboratory (INEL) Computer Facility, and the Experiment Specification and

Analysis organization work area. Some items are located in the INEL

Technical Library and the EG&G Idaho drawing vault.
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FILES, DOCUMENTS, AND RECORD SYSTEMS

This section lists all the major files, documents, and record systems,

as well as an explanation of what they contain. It also lists the various

data tapes and how to retrieve them.

Interim and Informal Reports

These reports are prepared primarily for preliminary or internal use

and are generally intended as working documents. They have not received

full review and approval. Since these documents may undergo substantial

changes, they should not be considered final.

Each document has a unique number assigned by the Publication Proces-

sing Office. This organization, as well.as the INEL Technical Library,

files copies of each report. Copi6s are also available:from the National

Technical Information Service and 'the Nuclear Reguilatory Commission's

Division of Technical Information and Document Control.: The specific

documents covered under th.is category will be discussed in subsequent

sections.

Date Acquisition Specification (DAS)

This document is designed as a working tool for setting up the experi-

ment instrumentation. It details the amplifiers to be used, gain settings,

zero offsets, instrument ranges, patch panel connections, and provides a

cross index between the measurement identifiers of the Experiment Operating

Specification, the working parameter channels, and the patch panel numbers.

This document is used to set up and check out the facility instrumentation

for each experiment. It does not have a unique number, but is filed in the

Configuration Document Control (CDC) generic file for the particular

experiment.
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Transducer Report

Information on the transducers used in the particular experiment is

contained in the transducer report. These reports list the transducers by

serial number and by the measurement identifier. They also contain the
basic equations necessary to translate tr&nsducer output voltage (current)

into engineering units. These equations are based on calibration data if

available. A brief description of the transducers is given and calibration

techniques are discussed. These reports are contained in the Engineering

Design File (discussed in a subsequent section) and have a unique number.

Experiment Operating Procedure (EOP)

This document describes in detail how the experiment will be operated
from the PBF control room. It include: instrument checklists to ensure
proper operation at specific points in the experinent. This document, pre-

pared by PBF Operations Division, is assigned a uniqu- number by the CDC,

and !the original is retained in the CDC files.

Experiment Specification Document (ESO)

This document is prepared by the Experiment Specification and Analysis
group and it describes, in specific terms, the purpose of the experiment

and, in general terms, the instrumentation required. These documents are

interim reports and are available as described previously.

Experiment Configuration Specification (ECS)

This document is prepared by the Test Train Assembly and instrumenta-

tion organization and describes in specific terms how the test train will

be constructed and instrumented. It is from this report that the experiment

apparatus is designed and the Site Work Releases (described in a subsequent

section) are prepared. This is an interim report.
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Experiment Operating Specification (EOS)

This is an informal report prepared by the Experiment Specification

and Analysis group. The purpose of this document is to explain, in general,

how the experiment wiil be performed, what data are to be recorded, and

where measurements are to be made. In most cases, there is detail of the

instrument locations, desired operating ranges, necessary response times,

and measurement accuracy. This document also establishes the official

identifiers that will accompany each measurement.

Experiment Predictions Document (EP)

This is an interim document which explains the objectives of the

experiment as well as giving a general description of the test conduct,

measurements tM be made, and instruments to be used. The results of the

test prediction calculations are presented, aloig With references to com-

puter codes acid input conditions..

- •ineerinr Design File (EDF)

This is an informal file system operated by the Thermal Fuels Behavior

Program (TFBP). The purpose of this file is to record engineering work,

done in support of the Power Burst Facility or experiments, which requires

more formal recording. The originals of all material are filed near the

TFBP management offices. Copies of these files are kept at the PBF in the

CDC files.

Blue Book

This is an informal file system used by the Test Train Assembly

organization to record the design, instrumentation, fabrication, and check-

out of the test train. The fi!p consists of a number of looseleaf birders,

each titled according to subject. Each spcific test has a Blue Book; how-

ever, no unique number is assigned. The Blue Book can be retrieved by using
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the generic test title. Blue Books are on file at CDC, in the test train

assembly area, and with the test train and experiment project engineers.

Following is a list of the Flue Book contents:

1. Experiment Configuration Specification

2. Design Process Records (design documentation package provided by

the cognizant design engineer with a cover letter describing

section contents)

3. Assembly Site Work Releases (SWR)

4. Indentured Parts List

5. Fuel Train Assembly Procedures (applicable Assembly Disassembly

Procedures (ADPs) and hot cell Detailed Operating Procedures

(DOPs) are listed by the cognizant assembly engineer)

6. Test Train Assembly Procedures (applicable ADPs are listed by the

cognizant assembly engineer)

7. Test Train Disassembly Procedures (applicable ADPs are listed by

the cognizant assembly engineer)

8. Quality Discrepancy Reports

9. Instrument Schedule.

Site Work Release (SWR)

The SWR is a document that can contain other documents, records, drdw-

ings, etc. It has a unique number issued by Configuration Document Control.

A Site Work Release is issued to cover specific areas of work. These

documents are on file at CDC.
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Configuration Document Control (CDC)

The CDC is physically located at the Power Burst Facility. This is a

formal control system that is used to file the SWRs, drawings, plant opera-

tion manuals, PBF facility Technical Specification-, PBF System Design

Documents, Experiment Operating Procedures, Detailed Operation Procedures,

Engineering Design Files, and Document Revi..on Records. Many of these

documents are filed by a unique number, but there are also generic files by

test that contain items such as the Data Acquisition Documents and the Blue

Books.

Drawing File

All drawings used in the construction and instrumentation of TFBP test

trains have a unique drawing number. The originals are filed in the,.

EG&G Idaho drawing. vault. Copies of particular test drawings are usually

filed at the Configuration Doo.ument Control station at the Power BurstU

Facility.

Data Tapes

All raw test data generated at the PBF are recorded on tape by the

Data Acquisition and Reduction System (OARS) in pulse code modulated (PCM)

form. These PCM tapes are kept at the PBF until after the Fuel Behavior

Report is published. They are then sent to the EG&G Idaho central file

where they are retained for about one year. They ay: then sent to the

Federal Tape Storage Center in Seattle, Washington, where they are retained

indefinitely. These tapes can be retrieved at any time. Records of tapes

and methods of retrieval are kept at the PBF. These tapes can only be used

in conjunction with the DARS.

Data tapes are also stored at the INEL Computer Science Center in

qualified (corrected) form. SEARCH 1.0 is the Common Word Addressable File

(CWAF) directory and retrieval program residing in the Idahc National
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Engineering Laboratory Scientific Data Management System (ISDMS). It is

designed to maintain a resident directory and to "backup" and "restore"

files cataloged under specified user identifications.

The code is currently implemented on a CDC CYBER 173 and CYBER 176,

running under the NOS/BE operating system at the INEL.

Data Processing History File

This is an informal file kept by the Data Processing Organization.

Records are kept on the location of data tapes that have been processed.

Microfiche of all processed data in graphical form, as well as all changes

made to the data, are recorded here. Both raw and finished data fiche are

stored.

Computer Code Configuration Control (CCCC)

This is a formal control system operated by the INEL Computer Science

Center. This system is designed for historical storage and retrieval of

tapes or cards. Each stored item is given a unique number and is stored

either to a specified date or indefinitely.

User-Supplied Data Configuration Control Log (USDCC)

This log is maintained in the TFBP office area and is designed to

ensure traceability and reproducibility of computer aided analyses and Cyber

data processing performed for the TFBP. The USDCC lists references tc com-

puter codes in the CCCC, tapes in the INEL Tape Library, and support docu-

ments. Each major document has a specific list. The USDCC listing for

this document is under the heading "PR-l Test Results Report."

Photographs

The photographs presented in TFBF documents are retrievable from either

of two separate sources. Photographs identified by a letter followed by a
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number (e.g., A234), or the year followed by a letter and number (e.g.,

79B-332), are on file at the Test Reactor Area hot cell organization.

Photographs identified by the year followed by only a number (e.g., 79-4567)

are on file with the EG&G Idaho Photography secLion.

TEST PR-I EXPERIMENT MATERIALS IDENTIFICATON

This section lists the specific Test PR-I documentation. It should be

noted that the PR-i experiment was originally the Gap Conductance 2-4

experiment; therefore, some of the earlier documentation is labeled

GARCON 2-4. References to this will be found throughout the record

material. Major documents can be used in turn to locate lower levels of

documentation. The following major documents are for Test PR-I:

1. Experiment Operating Specification--EGG-TFBP-5027, October 1979

2. Site Work Release--PR-i SWR 71125X

3. Transducer Report--EOF 1516 "PR-i Test Train and Fuel and

Transducer Description and Performance"

4. Transducer Report--EDF 1515 "PR-1 Flow Loop and Plant

Instrumentation Description and Performance"

5. Experiment Predictions--EGG-TFBP-5056, January 1980

6. Transmittal of ?'R-l Qualified Data--EG&G letter SMA-1-80.

DOCUMENT AND FILE AVAILABILITY

Some documents, materials, tapes, records, etc., maintained by a

Department of Energy (DOE) contractor such as EG&G Idaho, Inc., are not

genierally available without either EG&G Idaho or Nuclear Regulatory

Commission (NRC)/DOE approval.

G-10



Data Tapes

Tapes of the raw DARS PCM data can be obtained through the PBF Opera-

tions organization. Listings and locations of the data tapes are main-

tained. For this data to be usable it must be processed by the DARS.

Tapes of qualified data in the INEL CYBER format can be obtained from

tne INEL Tape Library and/or from the NRC Data Bank. The NRC/Reactor Safety

Research Data Bank is accessible only with NRC approval. Contact can be

maue through the NRC Data Bank roordinator in Silver Spring, Maryland, or

through the EG&G Idaho coordinator. Tapes can also be located by the INEL

Scientific Data Management System and then obtained from the INEL Tape

Library

Interim or Informal Documents

interim or informal documents are available from the National Technical

Information Service, the Nuclear Regulatory Commission's Division of

Technical Information and Document Control, and the INEL Technical Library,

as well as from the Thermal Fuels Behavior Program.

Drawings

Formal drawings and blueprints used for any EG&G Idaho program can be

obtained from the EG&G Idaho drawing vault, by specific number and with

appropriate approval.

Access to Informal Files

Access to the various informal files at the INEL is possible only by

traveling to the physical location. Generally, information is retrievable

only when code numbers or nomenclature are known. Local knowledge of the

file contents is probably necessary.
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Calculations

The inputs to computer calculations made for predictinn experimental

conditions are contained in the experimental prediction document along with

computer code configuration control numbers for the program(s) used. The

inputs for posttest calculations are contained in an appendix to the final

report (such as a test results report), along with the corresponding com-

puter code confiouration control numbers.
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Figure C-i. Fuel centerline temperature Rod GC 524-1, 0.4521 m

during Test PR-1 instrument checkout (calibration not shown)
(FUEL TMPCL 01).
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Figure C-2, Fuel cen•terline temperature Rod GC 524-2, 0.4521 rm
during Test PR-1 instrument checkout (calibratio~n not sivorn)
(FULL TMPCL 02).
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Figure C-3. Fuel centerline temperature Rod GC 524-3, 0,4521 m
curing Test PR-I instrument checkout (calibration not shown)
(FUEL TMPCL 03).
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Figure C-4. Fuel centerline temperature Rod GC 524-4, 0,4521 m
during Test PR--i instrument checkout (calibration not shown)
(FUEL TMPCL 04).
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Figure C-52. Fuel centerline temperature Rod GC 524-1, 0.4521 m
during Test PR-I power calibration and preconditioning periods
(FUEL TMPCL 01).
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Figure C-56. Fuel off-center temperature Rod GC 524-1, at 0 degrees and
0.4521 m during Test PR-I power calibration and preconditioning periods
(OFF' TEMPO 01).
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Figure C-58. Fuel off-center temperature Rod GC 524-1, at 240 degrees and
0.4521 rn during Test PR-I power calibration and preconditioning periods
(OFF TEMP240 01).
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Figure '-59, Fuel off-center temperature Rod GC 521-2, at 0 degrees and
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(OFF TEMPO 02).
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Figure C-60. Fuel off-center temperature Rod GC 524-2, at 120 degrees and
0.4521 m during Test PR-I power calibration and preconditioning periods
(OFF TEMP120 02).
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Figure C-61. Fuel off-center temperature Rod GC 524-2, at 240 degrees and
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Figure C-67. Cladding surface temperature Rod GC 524-1, at 300 degrees and
0.4521 m during Test PR--1 power calibration and preconditioning periods
(CLAD TMP300 01).
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Figure C-68. Cladding surface temperature Rod GC 524-2, at 60 dejrees and
0,4521 m during Test PR-I power calibration and preconditioning periods
(CLAD TMP60 02).
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Figure C-69. Cladding surface temperature Rod GC 524-2, at 180 degrees and

0.4521 m during Test PR-1 power calibration and preconditioning periods
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Figure C-70. Cladding surface temperature Rod GC 524-2, at 300 degrees and

0.4521 m during Test PR-1 power calibration and preconditioning periods
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Figure C-73. Cladding surface temperature Rod GC 524-3, at 300 degrees and
0.4521 m during Test PR-1 power calibration and preconditioning periods
(CLAD TMP300 03).
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Figure C-74. Cladding surface temperature Rod GC 524-4, at 20 degrees and
0.70 m during Test PR-i power calibration and preconditioning periods
(CLAD TMP20 04).
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Figure C-77. Cladding axial elongation of Rod GC 524-1 during

Ids Test PR-1 power calibration and preconditioning periods
(CLAD DSP 01).



~0.4-
0 IT

- • I

-0.4 1 T

-0.8.. . .....

-60000 -40000 -20000 0 20000 40000 60000 80000

Time (s)
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Figure C-80. Cladding axial elongation of Rod GC 524-4 during
Test PR-i power calibration and preconditioning periods
(CLAD DSP 04).
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Figure C-82. Absolute pressure in Rod GC 524-2 plenum during
Test PR-1 power calibration and preconditioning periods
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Figure C-83. Absolute pressure in Rod GC 524-4 plenum during
Test PR-i power calibration and preconditioning periods
(ROD PRES 04).
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Figure C-85. Differential pressure across Rod GC 524-4 shroud during
Test PR-I power calibration and preconditioning periods
(SHRD DELPRESS 04).
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(DEL TEMP 04).
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Figure C-92. Volumetric flow rate in Rod GC 524-3 lower shroud during
Test PR-1 power calibration and preconditioning periods
(FLOWRATE 03).
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Figure C-93, Volumetric flow rate in Rod GC 524-4 lower shroud during
Test PR-1 power calibration and preconditioning periods
(FLOWRATE 04).
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Test PR-I power calibration and preccnditioning periods
(OUT TEMP 03).



7.5

rI I I I I I I

6J) -, - ,

-60000 -40000 -20000 0 20000 40000 60000 80000
Time (s)

Figure C-98. Plant system pressure, Heise pressure guage during
Test PR-1 power calibration and preconditioning periods
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Figure C-100, Differential pressure across the in-pile tube during
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Figure C-101. Volumetric flow rate in experimental loop system during

Test PR-1 power calibration and preconditioning periods
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Figure C-118, Gross gamma rate of fission product detector 3 during
Test PR-i power calibration and preconditioning periods
(FP GAMMIANO.3 PT).
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Figure C-132, Fuel off-center temperature Rod GC 524-1, at 0 degrees and
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Figure C-133. Fuel off-center temperature Rod GC 524-1, at 120 degrees and
0.4521 m during Test PR-i power oscillation period
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Figure C-137. Fuel off-center temperature Rod GC 524-2, at 240 degrees and
0.4521 m during Test PR-i power oscillation period
(OFF TEMP240 02).
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Figure C-145. Cladding surface temperature Rod GC 524-2, at 180 degrees and
0.4521 m during Test PR-i power oscillation period
(CLAD TMP180 02).
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0.4521 m during Test PR-1 power oscillation period
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Figure C-149. Cladding surface temperature Rod GC 524-3, at 300 degrees and
0.4521 m during Test PR-1 power oscillation period
(CLAD TMP300 03).
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0.70 m during Test PR-i power oscillation period
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Test PR-1 power oscillation period
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Figure C-155. Cladding axial elongation of Rod GC 524-3 during

Test PR-1 power oscillation period
(CLAD DSP 03).
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Figure C-156. Cladding axia* elongation of Rod GC 524-4 during
Test PR-I power osci" 'on period
(CLAD DSP 04).
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Figure C-157. Absolute pressure in Rod GC 524-1 plenum during
Test PR-1 power oscillation period
(ROD PRES 01).
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Figure C-158. Absolute pressure in Rod GC 524-2 plenum during
Test PR-1 power oscillation period
(ROD PRES 02).
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Figure C-160. Differential pressure across Rod GC 524-3 shroud during

Test PR-I power oscillation period
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Figure C-161. Differential pressure across Rod GC 524-4 shroud during
Test PR-i power oscillation period
(SHRD DELPRESS 04.).
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Figure C-162, Differential temperature of Rod GC 524-1 coolant inlet and
outlet during Test PR-1 power oscillation period
(DEL TEMP 01).
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Figure C-164, Differential temperature of Rod GC 524-3 coolant inlet and
outlet during Test PR-I power oscillation period
(DEL TEMP 03).
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Figure C-165. Differential temp~erature of Rod GC 524-4 coolant inlet and
outlet durin, Test PR-1 power oscillation period
(DEL TEMP 04).
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Figure C-166. Volumetric flow rate in Rod GC 524-1 lower shroud during

Test PR-i power oscillation period
(FLOWRATE 01).
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Figure C-167. Volumetric f low rate in Rod GC 524-2 lower shroud during
Test PR-i power oscillation period
(FLO WRATH 02).
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Figure C-168. Volumetric flow rate in Rod GC 524-3 lower shroud during
Test PR-1 power oscillation period
(FLOWRATE 03).
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Figure C-169. Volumetric flow rate in Rod GC 524-4 lower shroud during
Test PR-1 power oscillation period
(FLOWBATE 04).
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Figure C-171 Fluid temperature No. 2 at the flow shroud inlet during
Test PR-1 power oscillation period
(IN TEMP 02).
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Figure C-172. Fluid temperature of Rod GC 524-1 coolant outlet during

Test PR-i power oscillation period
(OUT TEMP 01).
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Figure C-173. Fluid temperature of Rod CC 524-3 coolant outlet during
Test PR-i1 power oscillation period
(OUT TEMP 03).
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Figure C-175. Coolant pressure in the IPT outlet, 0-17 MPa range during
Test PR-1 power oscillation period
(SYS PRES17 TT).
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Test PR-1 power oscillation period
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Figure C-177. Volumetric flow rate in experimental loop system during
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Figure C-178, Neutron flux 0.78 m from bottom of fuel stack during
Test PR-i power oscillation period
(NEUT FLX78-90 05).
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Figure C-179. Neutron flux 0,15 m from bottom of fuel stack during

Test PR-i power oscillation period
(NEUT FLX15-27006).
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Figure C-180. Neutron flux 0.31 m from bottom of fuel stack during

Test PR-1 power oscillation period
(NEUT FLX31-27007).
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Figure C-181. Neutron flux 0.47 m from bottom of fuel stack during
Test PR-I power oscillation period
(NEUT FLX47-27008),
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Figure C-182. Neutron fluY 9.63 m from bottom of fuel stack during
Test PR-1 power oscillation period
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Figure C-183. Neutron flux 0.78 m from bottom of fuel stack during
Test PR-I power oscillation period
(NEUT FLX78-27010).
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Figure C-184. Reactor power from Core Ionization Chamber NMS 3 during
Test PR-i power oscillation period
(REAC POW3ONMS3PT).
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Figure C-185, Reactor power from Core Ionization Chamber PPS 3 during

Test PR-1 power oscillation period
(REAC POW3OPPS3PT).
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Figure C-186. Reactor power from Core Ionization Chamber PPS 4 during
Test PR-I power oscillation period
(REAC POW3OPPS4 PT),
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Figure C-187. Reactor power from Core Ionization Chamber NMS 4 during
Test PR-i power oscillation period
(REAC POW3ONMS4PT),
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Test PR-A power oscillation period
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Figure C-189. Reactor power from Core Ionization Chamber TR 2 during

Test PR-I power oscillation period
(REAC POW50 TR2PT),
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Figure C-190. Reactor power from Core Ionization Chamber EV 1 during

Test PR-I power oscillation period
(REAC POW50 EVIPT),
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Figure C-191. Reactor power from Core Ionization Chamber EV 2 during

Test PR-1 power oscillation period
(REAC POW50 EV2PT).
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Figure C-192. Gross gamma rate of fission product detector 1 during
Test PR-1 power oscillation period
(FP GAMMANOI PT).
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Figure C-193. Gross gamma rate of fission product detector 2 during
Test PR-1 power oscillation period
(FP GAMMANO.2 PT).
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Figure C-194. Gross gamma rate of fission product detector 3 during
Test PR-i power oscillation period
(FP GAMMANO,3 PT).
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Figure C-195. Gross neutron rate of fission product detector system during
Test PR-1 power oscillation period
(FP NEUT 01).
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Figure C-196. Calculated peak rod power Rod GC 524-1 during

Test PR-1 power oscillation period
(RODPOWER PEAK 01).
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Figure C-197. Calculated peak rod power Rod GC 524-2 during

Test PR-i power oscillation period
(RODPOWER PEAK 02).
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Figure C-198. Calculated peak rod power Rod GC 524-3 during
Test PR-i power oscillation period
(RODPOWER PEAK 03).
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Figure C-199. Calculated peak rod power Rod GC 524-4 during
Test PR-I power oscillation period
(RODPOWER PEAK 04).
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Figure C-200. Calculated coolant mass flux Rod GC 524-1 during
Test PR-i power oscillation period
(MASSFLUX 01).
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Figure C-201. Calculated coolant mass flux Rod GC 524-2 during

Test PR-1 power oscillation period
(MASSFLUX 02).
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Figure C-202. Calculated coolant mass flux Rod GC 524-3 during

Test PR-i power oscillation period
(MASq9FLUX 03).
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Figure C-203. Calculated coolant mass flux Rod GC 524-4 during

Test PR-i power oscillation period
(MASSFLUX 04).


