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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-1, 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.



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-1 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 97% 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-1 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-1 complement similar data from the
previous Gap Conductance (GC) Test Series
experiments. Since the Test PR-1 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
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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-1 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-1 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-
tiement following extended high temperature
operation. '



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 UOy. 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 524-1
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.
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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-1
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-1 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.] 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-1 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-1 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 97% 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-1 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 “inftiated
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 UO, at the axial peak
elevation.

The fuel rod thermal response during Test PR-1
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-1 fuel rods. Finally, results and observa-
tions from Test PR-1 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-TS, and RELAPS5 models and
input; and Test PR-1 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.



FUEL ROD THERMAL RESPONSE DURING TEST PR-1

Thermal response data were obtained from
Test PR-1 to complement similar data from
previous Gap Conductance (GC) Test Series!
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 UO; 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 (Kqgf) 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 ({kdT) 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-1 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-1 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 Responée
During Steady State Operation

The thermal response data from Test PR-1 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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and 524-3 were identical, except that the fuel den-
sities were 95, 92, and 97% 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

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

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.



Table 1. Nominal design parameters of BWR-type fuel rods for Test PR-1

Rod Parameter

Cladding outside diameter (mm)
Cladding inside diameter (mm)
Wall thickness (mm)

Cladding material

Fuel material

Fuel density (% theoretical density)

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

Cold internal pressure (MPa)
Pellet enrichment (wt% 235U)_
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)

Value

12.50

10.79

0.86

Zircaloy-2

9[05)

95 (Rod 524-1), 92 (Rod 524-2),
97 (Rod 524-3), 97 (Rod 524-4)
10.57

0.224

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 initial fuel pellet diameter.

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 97% of theoretical is minimal.
The minor variations noted are well within
expected uncertainties? 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.



Table 2. Summary of steady state thermal response conditions

Rod 524-1 Rod 524-2 Rod 524-3 - : Rod 5244
Shroud Coolant Shroud Coolant Shroud Coolant Shroud Coolant
Reactor Averaged Test Coolant Temperature Coolant Temperature Coolant Temperature Coolant Temperature
Core Power Rod Peak Power? Flow Rate Rise Flow Rate Rise Flow Rate Rise Flow Rate Rise
(MW) (kW/m) (L/s) (K) (L/s) (K) (L/s) (K) (L/s) (K)
Power Calibration?
(Segment 1)
4.72 21.29 0.748 5.11 0.758 3.64 0.781 4.52 0.756 4.71
2.32 11.34 0.737 2.75 0.755 1.68 0.774 2.43 0.749 ’ 2.31
4.72 21.59 0.735 5.37 0.746 3.64 0.764 4,74 0.747 4.67
7.09 31.98 0.733 7.86 0.749 5.56 0.769 7.01 0.744 7.07
9.52 42.44 0.726 10.70 0.742 7.31 0.760 9.28 0.738 9.21
10.91 48.06 0.731 12.05 0.741 8.31 0.761 10.50 0.743 10.30
9.52 42.62 0.728 10.91 0.743 7.39 0.762 9.37 0.740 9.34
7.20 31.98 0.746 7.86 " 0.758 5.56 0.780 6.88 0.757 7.03
4,72 21.70 0.744 5.28 0.754 3.64 0.775 4.70 0.757 4.63
3.10 14.66 0.740 3.45 0.749 2.24 0.768 3.13 0.749 3.01
Power Calibration®
(Segment 2)
3.1 14.37 0.266 9.56 0.264 6.78 0.270 8.54 0.271 8.25
4.72 21.65 0.310 12.44 0.310 8.92 0.316 11.03 0.315 10.96
6.22 28.40 0.340 15.02 0.340 10.45 0.348 13.17 0.347 13.10
7.91 36.44 0.414 15.85 0.420 11.15 0.431 13.65 0.422 13.93
10.01 T 4512 0.532 15.37 0.536 10.71 0.549 12.86 0.541 13.18
6.22 28.45 0.355 14.19 0.361 9.66 0.368 12.12 0.361 12.22
Preconditioning®
3.08 13.88 0.167 14.93 0.164 10.45 0.167 < 12,38 0.170 12.75
6.19 28.82 0.347 14.67 0.354 10.10 0.360 12.60 0.353 12.57
3.04 13.58 0.167 14.49 0.165 10.19 0.168 12.56 0.171 12.62
6.19 28.02 0.401 12.62 0.407 8.92 0.416 11.07 0.409 10.91
3.00 13.65 0.168 14.49 0.166 10.15 0.169 12.12 0.172 12.48
6.30 27.70 0.384 13.18 0.386 9.05 0.394 11.16 0.391 11.22
3.00 13.47 0.170 14.23 0.166 10.01 0.168 12.12 0.173 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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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 FRAPCON2 computer code? for the
Test PR-1 helium filled rods. The Ross and Stoute
(modified) gap conductance model, in conjunc-
tion with the FRACAS-II fuel model, was used.
The calculations agree fairly well with the trend
and magnitude of the fuel centerline and off-
centerD 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
method! 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
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Figure 5. Comparison of measured and calculated centerline and off-center fuel temperatures for Test PR-1 helium

filled rods.
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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-12 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/sem2
mass flux).

Also shown in Table 3 are steady state gap con-
ductance values obtained (by the [kdT method)
prior to each power oscillation condition. These
steady state gap conductance values were
calculated using both the MATPRO3 fuel thermal
conductivity correlation and the effective fuel
thermal conductivity correlation (Keqpf) deter-
mined from previous GC Test Series data. Com-
parison of gap conductance values obtained by the

a. HEAT-1, Idaho National Engineering Laboratory Code
Configuration Control Number H012582B.



01

Table 3. On-line power oscillation test results and comparison with steady state gap conductances values

Test Rod?
Peak Test Measured
Power Rod Phase Angle
(kW/m) (orientation) (degrees)

11.84 524-1 (300°) 48.68
11.84 524-3 (300°) 52.59
25.02 524-1 (60°) 45.36
25.02 524-4 (140°) 48.98
37.44 524-1 (60°) 44.04
37.44 524-3 (300°) 44.64
50.52 524-1 (60°) 40.57
50.52 524-4 (140°) 35.63
11.85 524-1 (60°) 47.10
11.85 5244 (140°) 66.56
24.94 524-1 (60°) 46.65
24.94 524-3 (300°) 47.36
37.11 524-1 (60°) 43.05
37.11 524-4 (140°) 37.74
51.77 524-1 (60°) 41.09
51.77 524-3 (300°) 37.85

95%
Uncertainty
In Measured
Phase Angle

(4 degrees)

1.09
0.7
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 Conduclanceh
From {kdT Method

Gap Conductance Gap Conduc!anceb Gap Conduclamceb K Lower
From Measured From {kdT Method From {kdT Method Conductivity
Phase Angle MATPRO Conductivity Kegf Conductivity Uncertainty Limit
(kW/m2 +K) (kW/m? «K) (kW/m2 -K)- (kW/m?2 «K)
5.45 2.20 3.34 5.03
4.17 2.34 3.70 5.79
8.97 291 4.38 7.13
5.61 1.26 - €
10.82 3.97 5.33 : 8.75
9.68 4.07 5.88 10.05
21.49 5.58 20.75 >100
57.53 3.06 < —¢
6.40 2.45 3.34 _ 5.03
1.20 0.76 < <
7.50 3.15 4.36 7.12
6.83 4,79 - 4.78 8.09
13.39 4.28 5.29 8.65
68.21 1.70 < <
17.73 6.50 40.62 >100.
63.45 9.86 79.62 >100.

a. All power oscillations were conducted at +20% 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 (fkdT) gap conductance calculated using appropriate centerline and cladding temperature measurements.

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




power oscillation method with those obtained by
the generally accepted [kdT method using the
MATPRO fuel conductivity correlation show
large discrepancies between the two methods. Gap
conductance values calculated using the Kq¢p 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 {kdT 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.! 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
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Figure 7.  Gap conductance values calculated using power oscillation and {kdT methods (Test PR-1 helium rods).
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Gap Conductance Test Series and. Test PR-1,
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-1 and
Gap Conductance Test Series.
Thermal Response Data

The Test PR-1 steady state thermal response
data can be directly compared with data obtained
from the Gap Conductance Test Series since the
Test PR-1 fuel rods were of similar design and had
design parameter variations supporting the GC
Test Series matrix. All fuel rods in Test PR-1 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 results? from other testing on common gap
width fuel rods.

Each of the helium filled rods in Test PR-1 con-
tained different density fuel pellets. Rod 524-1,
with a density of 95% 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-1 (2.2% gap) are generally consistent with
previous data.@ -

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.
the effect of fill gas composition.
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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

15

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 UO; 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



15290

O degrees

-
[ X
o
O

1003

Tempsrature (K)

a]
[E1]

1 i

~
[+,
o
O g
[n]
=)
1

143
(=
(3]

23 40 60
Power {(kW/m)

1500

T T
129 degrees
~~ H
Y 1250 - .
S a
@ [ o o
[ m
z o™
5 0 - u@ -
L™
g o ¥
£ &P
2 750 - - .
o3
so0 B ! .
o 23 40 &0
Power (kW/m)
1500 ; :
: 240 degrees
o !
X 1250 7
|
° .
“ & Op o
2 gt cd |
o 600 - g 3
! a
g |
o g ‘
= ~o " o9 :
: & |
2 750 - Ao ‘]
of .
500 1 L L

0 29 40
Power (kW/m)

Figure 14. Off-center fuel temperature measurements
from Test PR-1, Rod 524-2.

were performed using an {kdT computer code
called FUELCON,2 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 H003151B.
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Figure 16. Averaged and corrected off-center fuel
temperature measurements from Test PR-1,
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 Kepr fuel thermal conductivity correlation
determined from the Gap Conductance Test Series
data is presented below.
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=K

Ketr = KMATPRO

+ 5618 + 0

where

KMATPRO

HG

CG

TD

[

= 0.488169 x 103 + 0.134487

- (0.0002189 -0.050867X oK

eff x 104 (POWER) -0.821495
x 106 (POWER)2 + 0.104021
X 1 - x 1077 (POWER)3 and is the
eff total uncertainty in Kgg as a
function of the power in

kW/m.
the temperature-dependent Effective fuel thermal conductivities were cal-
fuel thermal conductivity of a culated for each of the helium filled rods in
solid pellet Test PR-1. Typical examples of the calculated

_ effective fuel thermal conductivity are shown in
(HG - 0.014 - 0.14 CG) (0.0545/ Figures 18 and 19 for Rods 524-1 and 524-3,

CG)(TD)8 respectively, at several test rod power levels. Also

shown in the figures are the MATPRO fuel con-
a hot pellet-to-cladding radial ductivity and the Kgpp fuel conductivity
gap in millimeters (calculated correlation curves. All effective fuel thermal con-
assuming only radial cracking, ductivities calculated from the Test PR-1 data lie
thermal expansion, and elastic well within the error bounds of the Kegf
deflection of an idealized solid correlation.

pellet and cylindrical cladding)
The comparisons in Figures 18 and 19 show

the initial cold, radial pellet- that the effects of pellet cracking and pellet frag-
to-cladding gap in mm ment relocation on the fuel thermal conductivity

are greatest at low powers and diminish, as would
the theoretical density of the be expected, at high powers and high tempera-
fuel in decimal form tures, under which conditions pellet thermal

17
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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 Kerr 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 K¢¢ 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 UO, 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 Kegf 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 Kqgr correlation
conductivity error bounds for the 97% 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 Ke¢s 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
(Kerf) developed from the GC Test Series
experiments. -Because Kqrs predicts a lower fuel
thermal conductivity than MATPRO, the fuel rod
stored energy calculated using the K¢y 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

Q
h = 2
gap A(TS - TC)
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Table 4. Comparison of Ke¢f conductivities for several theoretical densities with the
calculated effective conductivities of the Test PR-1 helium filled rods
Calculated Effective Conductivity of Helium Filled
Theoretical Rods Inside or Outside of K.¢s Correlation Bounds
Density
Used in Kegf 92% 95% 97%
Calculation Rod 524-2 Rod 524-1 Rod 524-3
97% Outside Outside Inside
95% Outside Inside Inside
92% Inside Inside Inside
88% Inside Inside Inside
84% Inside Inside Outside
80% Outside Outside Outside
Table 5. Calculated stored energy in test rod: [kdT method using both the MATPRO
conductivity and the GC Test Series conductivity correlation (Kg¢¢)
Averaged Kefs Conductivity MATPRO Conductivity
Test Rod (&) ) 8]
Peak Power
(kW/m) Rod 524-1 Rod 524-2 Rod 524-3 Rod 524-1 Rod 524-2 Rod 524-3
10.11 1196 1120 1174 1245 1146 1248
13.37 1348 1267 1322 1410 1299 1415
20.76 1683 1583 1660 1757 1623 1766
27.12 1968 1840 _ 1955 2029 1877 2041
30.2 2103 1960 2098 2153 1994 2166
35.16 2311 2143 2319 2347 2175 2360
40.01 2493 2303 2509 2533 2350 2544
42.82 2580 2381 2597 2642 2451 2650
45.66 2645 2444 2659 2753 2556 2759
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where

Q = local test rod power (kW)

A = heat transfer area for a solid pellet
(m2)

Tg = pellet surface temperature (K)

Te = - 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 K¢¢¢ fuel thermal
conductivity correlation and {kdT techniques.

The solid curves in Figure 21 represent the
calculated gap conductance values for Test PR-1
{with upper and lower 2-sigma (o] 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-1
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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PCM AND BOILING TRANSITION TEST RESULTS

The specific objectives of Test PR-1 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-1, 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-1 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-1 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
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Figure 22. Representative forced convection boiling

curves for high and low pressure conditions.

boiling transition, 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-1 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.



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>. on Figure 23) decreases, the
boiling transition heat flux and the corresponding
wall thermal excursion increases. For the high
quality condition (<Xe>_. = 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-1 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,d the expected quality
at the onset of boiling transition was near 0.8 at
the Test PR-1 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-1 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.
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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-1 geometry follows.

The coolant within the in-pile bypass region was
subcooled during the entire Test PR-1 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
(ogp) Wwas greater than the average flow shroud
coolant density (ppg).

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=V.+Vp 3)

where V. is the bulk coolant velocity

without vapor production, and Vg is the
bubble rise velocity resulting from buoy-

ancy effects. Such an assumption is most
valid when V. 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

Ve = Q/A 4

where A is the cross-sectional area for flow
(A = 1.698 cm? for Test PR-1) and Q. is the
volumetric coolant flow rate at zero power
(Qc = 0.03 L/s = 30 cm3/s). Then, from
Equation (4), V. = 17.7 cm/s.

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

og P, - p,1/4

v o= 1131 v
B 2
l

&)
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Figure 24. Schematic of PBF test loop and in-pile tube.

where ¢ is the surface tension of the liquid and p)
and p,, 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-1 conditions,® Equation (5)
yields Vg = 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, Teat =616 K, py = 0.597 g/cm3, Py
= 0.0986 g/cm3, and o =64 dyne/cm.
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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-1 PCM transients,
based on the cladding displacement responses.

The four Test PR-1 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



Table 6. Power-cooling-mismatch transient conditions

Averaged? Nominal
PBF Core Test Rod Coolant Inlet System
PCM Power Peak Power Temperature Pressure Method of
Cvcle (MW) (kW/m) (K) (MPa) Transient Initiation/Conclusion

1 10.1 40.39 545 7.2 Flow reduction at constant test rod power; no boiling transition
observed.

2 11.4 43.19 543 7.3 Flow reduction at constant test rod power; no boiling transition
observed.

3 12.5 47.21 548 7.3 Flow reduction at constant test rod power; no boiting transition
observed.

4 12.5 49.18 545 7.2 Flow reduction at constant test rod power; no boiling transition
observed.

5 12.5 49.59 547 7.3 Flow reduction at constant test rod power: no boiling transition
observed.

6 12.5 47.42 550 7.2 Flow reduction at constant test rod power; no boiling transition
observed.

7 12.7 43.71 594 12.7 Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

8 11.8 42.12 607 15.5 Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

9 11.8 42,12 610 15.5 Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction,

10 11.1 42.12 595 134 Flow reduction at constant test rod power; no boiling transition
observed.

11 11.1 40.95 594 13.0 Flow reduction at constant test rod power: no boiling transition
observed.

12 12.2 45.67 595 13.2 Flow reduction at constant test rod power; no boiling transition
observed.

13 12.5 48.86 553 7.3 Flow reduction at constant test rod power; no boiling transition i
observed.

14 12.5 46.92 593 13.0 Flow reduction at constant test rod power; transient concluded by
simultaneous flow increase and power reduction.

15 12.5 44.83 593 13.1 Flow reduction at constant test rod power; transient concluded by
increasing flow.

16 11.8 4]1.63 603 15.5 Flow reduction at constant test rod power; transient concluded by
increasing flow.

17 11.8 40.87 604 15.6 Flow reduction at constant test rod power; transient concluded by
increasing flow,

18 12.5 45.50 593 12.9 Flow reduction at constant test rod power; no boiling transition
observed.

19 12.5 45.50 593 12.9 'Flow reduction at constant test rod power; no boiling transition
observed.

20 12.5 45.50 593 12.9 Flow reduction at constant test rod power; transient concluded by
increasing flow.

21 11.8 42.41 606 15.4 Flow reduction at constant test rod power; transient concluded by
increasing flow,

2 12.6 46.53 575 15.0 Flow reduction at constant test rod power; transient concluded by
increasing flow.

23 12.6 42.24 605 15.2 Flow reduction at constant test rod power; transient concluded by
increasing flow,

24 610127 25.00 to 44.94 590 15.6 Power increase at constant flow rate; transient concluded by
power decrease.

25 6.5 to 15.3 22.44 10 53.70 590 15.5 Power increase at constant flow rate: transient concluded by

power decrease,

Rod linear heat generation at peak power elevation; average of four Test PR-1 rods.
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Figure 25. Representative response of LVDT to boiling transition and quench. PCM Cycle 20 (inlet

temperature = 593 K, pressure

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

12.9 MPa).

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$: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.
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A third postulated explanation can be visualized
by modeling the Test PR-1 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-1 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



Table 7. Boiling transition data summary for Test PR-1

Coolant Rod Peak Coolant Mass
Inlet System Inlet Power at Flux at Onset Approximate
PCM Test Temperature Prt:ssureb Subcoolingb Onset of BT of BT Time in BT
Cycle? Rod (K) (MPa) K) (kW/m) (kg/sem?) (s)

7 524-1 593 12.8 9.8 49.8 587 95
524-3 592 12.7 10.2 49.9 689 103

8 524-1 608 15.4 9.4 44.5 487 s1
524-3 608 15.4 9.4 4.5 560 50

524-4 609 15.4 8.4 44.5 378 21

9 524-3 609 15.4 8.4 43.7 586 34
14 524-1 593 12.8 9.8 37.7 556 55
524-3 594 12.8 8.8 37.7 434 25

15 524-1 594 12.9 9.2 36.4 543 78
16 524-} 603 15.3 13.9 2.3 960 60
524-3 603 15.3 13.9 423 880 27

17 §24-1 603 15.5 14.7 2.6 898 57
524-3 603 15.4 14.2 42.7 819 50

524-4 604 15.4 13.2 43.1 839 21

20 524-1 593 13.1 11.6 38.4 489 337
524-3 593 12.9 10.4 38.4 458 95

21 524-1 606 15.0 9.3 45.44 1020 232
524-3 606 15.0 9.3 45.9 763 232

22 524-1 572 15.1 43.8 50.39 1303 >150
23 254-1 604 15.6 14.4 46.69 809 178
254-3 605 15.5 12.9 46.6° 721 153

24 524-1 587 15.7 31.6 40.09 882 >163
25 524-1 588 15.4 29.4 56.44 562 126
524-2 587 15.4 30.4 50.0 486 80

524-3 587 15.4 30.4 50.0¢ 468 183

524-4 550 15.4 27.4 56.4 521 123

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 (BT) from cladding elongation response.

¢. 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-1 transients. Thermocouple shunting in
the high temperature region, and possibly large
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temperature gradients across thermocouple wire
inhomogeneities,lo may have precipitated the
observed response. Calculations using the FRAP-
T5 computer code and the Babcock & Wilcox-2
CHEF 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.



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.” 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.

29



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-1 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-1 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 (ATgc). 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

AY
2. To provide a comparison of the conditions
at DNB with the conditions at quench.
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Using a nonlinear, multivariant, least squares
regression analysis of the PBF PCM data, the
following correlation was obtained:

Pp = 8.24 G0-25 ATSCO.057

(onset of boiling transition) (6)
where Pp is the rod linear peak power (kW/m),
G is the inlet coolant mass flux (kg/s-mz), and
ATy is the inlet subcooling (K). As illustrated in
Figure 28 Equation (6) accurately predicts
(£20%) 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-1. As illustrated, the thermal-hydraulic
conditions (Pp, G, and AT) at the onset of film
boiling are virtually indistinguishable from those
at quenching. The data from Test PR-1 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.12 observed
this trend, and no signs of hysteresis, in tests with
a heated annulus section using water at 10.3 MPa.
Stevens et al.!3 reported similar results using
Freon-12 in a uniformly heated tube with upward
vertical flow. Sterman et al.14:15 found, in tests
using a 0.25-cm-diameter, 1.39-cm-long, heated



Table 8. Quench data summary for Test PR-1

Coolant

Inlet

Temperatureb .

X)

596
596

610
610
610
609

593
593

595

604
603

604
604
604

594
593

606
606

~572

605
605

~589

593
588
588
593

System

PressureP
(MPa)

12.7
12.7

15.3
15.3
15.3
15.3

12.8
12.8

13.1
15.3
154
15.4

15.4
15.4

15.2
15.2

15.0

15.3
15.3

~15.8

15.4
15.4
15.4
15.5

Rod Peak
Power at
Quenchb
(kW/m)

39.2¢
39.2¢

40.8¢
41.0€
41.0¢

41.0¢

36.4¢
36.4¢

33.8

42.1
42.1

38.4
38.4

44.64d
44.6

€

a4.0d
44.0

€

53.6d
52.3
53.0
54.3

Coolant Mass
Flux at Quenchb
(kg/s-mz)

363¢
376¢

363¢
369¢€
389¢

465¢

392¢
411¢

369

458
555

404
489
477

352
338

357
363

362
372

372
458
452
381

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

PCM Test
Cycled 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

20 524-1
524-3

21 524-1
524-3

22 524-1
23 524-1
524-3

24 524-1
25 524-1
524-2

524-3

524-4

a.
b.

a ©°

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

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

Data from failed rod.

Indeterminate.
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Experiment rod peak power at onset of boiling transition (kW/m)
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Figure 28. Maeasured and predicted linear péak rod power at the onset of boiling transition.

33



Experiment rod peak power at the onset of boiling transition or quench (kW/m)
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Figure 29.

Comparison of conditions at the onset of boiling transition (DNB) and quenching.
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Coinciding DNB and quench paths
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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-1
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
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" magnitude of

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
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 524-1claddingelongationandrodinternal pressure showing fuelrod failure indication following quench.

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 pressure? 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%
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 in.Figure 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-1 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-
mocouples? 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 UO, (123 cal/g UO, peak
local fuel enthalpy) was achieved during the first
power burst. The maximum cladding surface tem-
perature measured on the four rods was 850 X 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) Ml (cal/g UOZ) (cal/g UO,) (cal/g U02)

1 42.7 . 130 110 172 107 123

2 8.7 2650 112 21