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ABSTRACT

This report summarizes the measured cladding temperature response during
the LOFT L2-2 and L2-3 tests with particular emphasis on both the early cladding
quench which occurred during the first 6-10 seccnds of the transients and the
final fuel rod quench resulting from reflooding of the core with ECT water.
Supporting analysis work is also presented to aid in understanding the data.

A discussion of the measurement errors of the LOFT cladding thermocouples is
presented with emphasis on recent separate effects tests. A knowledge of the
thermocouple cooling effects based on these ceparate effects tests is used to
estimate an upper bound temperature response for the L2-3 test, which indicates
that an uninstrumented LOFT fuel rod may have experienced peak cladding tem-
peratures nearly 100 K higher than indicated by the cladding temperature meas-
urements. In addition, uninstrumented LOFT fuel rods may have experienced
quench during the final reflooding of the core by as much as 25 seconds later
than indicated by the cladding thermocouples. To resolve the uncertainty in
the fuel rod response, additional experimental and analytical work is required
to better quantify instrumentation perturbations, particularly the cooling
influence of cladding surface thermocouples during rapid cooling transients,
In addition, it is recommended that improved cladding temperat're measurement:
be made for future LOFT tests.

DISTRIBUTION OF RECOMMENDATIONS

The additional experiment and analytical work is underway at INEL, West Germany,
Switzerland, and Norway and the improved cladding temperature measurements (small
zircaloy sheathed thermocouples embedded in the cladding inside surface and stainless
stee]l sheathed thermocouples in the fuel pellet periphery) and other special features
are beinq developed and incorporated into the F1 fuel bundle. This recommendation

is expected to be finally resolved by evaluation of the data from the L2-5 test.
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ABSTRACT

During the first two large-break loss-of-coolant-experiments conducted
in the Loss-of-Flow-Test (LOFT) facility, cladding surface temperature

quenches were observed at all measurement locations early in the transient,
pbefore the emergency core cooling (ECC) systems were activated. The test
data suggests tnat during a large-break loss-of-coolant-accident, the
hydraulic response of the primary system coolant effectively cools the fuel
rods before any cladding damage would occur and significantly reduces the
initial energy removal required of the ECC systems.

The characteristics of the ciadding temperature response have been
questioned because of hypothesized perturbation effects of the LOFT
cladding thermocouples. This article summarizes tne measured cladding
temperature response during the tests with particular emphasis on toth the
early cladding aquench which occurred during the first 6-10 seconds of the
transients and the final fuel rod quench resulting from reflooding of the
core with ECC water. Supporting analysis work is also presented to aid in
understanding the data. A discussion of the measurement errors of the LOFT
cladding thermocouples is presented with emphasis on recent separate
effects tests. A knowledge of the thermocouple cooling effects based on
these separate effects tests is used to estimate an upper bound temperature
response for the L2-3 test, which indicates that an uninstrumented LOFT
fuel rod may have experienced peak cladding temperatures nearly 100 K
higher than indicated by the cladding temperature measurements. In
addition, uninstrumented LOFT fuel rods may have experienced quench during
the final refliooding of tne core by as much as 25 seconds later than
indicated by the cladding thermocouples. To resolve the uncertainty in the
fuel rod response, additional experimental and analytical work is required
to better quantify instrumentation perturpations, particularly the cooling
influence of cladding surface thermocouples during rapid cooling
transients. In addition, it is recommended tnat improved cladding
temperature measurements be made for future LOFT tests.
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SUMMARY

The LOFT large break loss-of-coolant experiments, L2-2 and L2-3, show
a significant core cooling influence within 5-10 seconds after the
simylated pipe rupture, well before the emergency core cooling systems were
activated. The effectiveness of this cooling on the nuclear fuel rods has
peen questioned due to uncertainty in tne influence of the cladding surface
thermocouples during the LOFT nuclear tests. The thermocouples have veen
hypotnesized to reduce the LOFT peak cladding temperature by (1) delaying
the initial departure from nucleate poiling (DNB), (2) increasing tne fuel
rod heat transfer by effectively increasing the cladding surface area (fin
effect), and (3) selective cooling of the entire fuel rod, and in
particular the surface tnermocouples, during cooling periods characterized
by low quality, two-phase coolant flow.

Review of the measured fuel rod cladding temperatures is presented for
both LOFT tests. Details of the steady state temperature characteristics
and transient temperature responses are presented to show the consistency
in tne data and to establish tne characteristics of the peak cladding
temperature, the cladding quench which occurred between six and
eight seconds, and the final reflood cooling characteristics. Fuel rod
stored energy calculations based on the measured temperatures show the
early quench period is effective in removing approximately 40 percent of
the stored energy in the fuel rods.

The results of thermocouple separate effects tests enable one to
estimate the cooling influences of the surface thermocouples during the
LOFT tests. Transient tests on electric rod bundles with and without
surface thermocouple simulators indicate tne surface thermocouples do not
affect time-to-DNB. However, recent loss-of-ccolant experiments conducted
in the Power Burst Facility utilizing nuclear rods show a delay in DNB of
approximately one seccnd. Simulated loss-of-coolant accident transients
conducted in the Blowdown Facility located at the I[dano National
Engineering Latoratory (INEL) utilizing electric heater rods, and tests

it
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conducted in the Power Burst Facility on nuc.ear rods show that for uniform
steam cooling, the cladding thermocouples accurately measure the cladding
temperature. Recent tests in the Blowdown Facility and in the PBF indicate
that under two-phase coolant conditions, the thermocouples provide
additional cooling to the entire rod. For hydraulic conditions intended to
simulate the core coolant behavior in LOFT during the initial rod aquench,
the Blowdown Facility data show the cladding thermocouples may be measuring
coolant temperatures rather than cladding temperatures. Care must be taken
in interpreting the data from these electric heater rod tests, but the
similarity in tne surface thermocouple response between the LOFT and quench
tests, suggest that selective cooling of the surface thermocouples and the
entire fuel rods may have occurred during the LOFT tests., The PBF TC-)
tests were scoping tests to study the cooling influence of surface
tnermocouples on nuclear rods. The test data show that during a simulated
ECC reflood, fuel rod cooling rates are nearly the same for rods with and
without surface thermocouples; however, rods with surface thermocouples
quench 5 to 10 seconds earlier.

An upper bound cladding temperature response for the LOFT L2-3 test
was estimated based on the .hermocouple separate effects test data. LOFT
fuel rods may have achieved peak cladding temperatures nearly 100 K higher
than the measured values and the reflood cooling may have lasted 25 secunds
longer tnan indicated by the thermocouple data.

Resolution of the actual LOFT cladding temperature will require

additional experimentation, analysis work, and improvements in fuel rod
measurements. Specific recommendations in these areas include:

iii
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Experimentation

Additional cladding quench tests are reaquired to evaluate the
rapid, high pressure quench characteristics of a nuclear rod
during cooling conditions similar to those expected in LOFT.
Tests are planned on nuclear rods in the PBF and on zircaloy clad
electric rods with a simulated fuel-cladding gap in the INEL
Blowdown Facility. These tests will provide the experimental
tasis of reducing the uncertainty in the cladding temperature
response during the LOFT L2-2 and L2-3 test, and will provide
well characterized thermal-hydraulic data for assessing
improvements in analytical heat transfer models.

Analysis tasks

a. Heat Transfer and Cladding Thermocouple Perturbation.

Additional analysis work is required to (1) improve
capability of modeling two-phase heat transfer for hycraulic
conditions characteristic of those which resulted in the
LOFT L2-2 and L2-3 quenches, and (2) adequately model the
perturbation influence of the LOFT cladding surface
thermocouples. Experiments are being designed to better
characterize the neat transfer which occurred during the
LOFT quenche. . In addition, existing low flow, low quality
neat transfer data is being evaluated to provide a basis for
improving the heat transfer models. Improvements in the
neat transfer models together with tne quench experiments
described above will provide th basis for modeling the
cooling influence of cladding surface thermocouples during
the LOFT tests.

iv



Fuel

EGG-LOFT-5244

Fuel Centerline Temperature Measurement. Analysis is

required to evaluate the perturbation effects of fuel pellet
thermocouples in measuring accurate fuel temperatures (both
fuel centerline and peripheral fuel temperatures).

Microwave Tecnnique Development, (ontinue conceptual

analysis for m_asuring cladding temperatures via microwave
radiometry methods.

Rod Measurement Improvements

Continue development and testing of small (.010 inch thick)
cladding thermocouples to be embedded on the inside cladding
surface.

Develop hardware requirements for measuring cladding
temperature via radiometry methods and experimentally
evaluate the method in the Blowdown Facility for possivle
utilization in LOFT and commercial nuclear power plants.
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1. INTRODUCTION

The purpose of the Loss-of-Flow-Test (LOFT) facili®y is to
experimentally investigate the response of nuclear reactor systems,
including the engineerea safeguard features, to a variety of
loss-of -coolant-accigent (LOCA) conditions. The data will provide a better
understanding of the conservative margin of both system thermal-hydraulic
and fuel rod benavior and provide the basis for computer model development

and verification.

Tne first two large-break loss-of-coolant-experiments (LOCE) have
demonstrated the usefulness of integral nuclear systems tests. Both tests
showed that high cladding temperatures which would result in fuel rod
failure were not achieved primarily because of the system hydraulic
response during the first few seconds of the experiment which provided a
significant cooling influence on the fuel rods. References 1 through 4
present data from the tests and Reference 5 discusses the system
thermal-hydraulic response, interpretation of the test results, and
applicapility of the test results to a commercial PWR system. The early,
rapid cladding quench has been attributed, at least in part, to the
selective cooling effect of the cladding surface thermocouples. The
purpose of this paper is to present the details of tne cladding temperature
response during tne tests and show the consistancy of tne data, the
extremely rapid nature of the early cladding quench, and to estimate the
cooling effect of the LOFT thermocouples based on recent separate effects
tests.

The LOFT core configuration and cladding temperature measurement
locations are described in Section 2. The measured cladding temperature
response for botn tests is reviewed in Section 3 in which details of the
early cladding temperature quench are presenied. The cladding temperature
response during reflood is also presented and shows the same general
response as observed in many cut-of-reactor reflood experiments using
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electric heater rods, except the cladding temperature was quenched more
rapidly. In Section 4, analytical results are presented as an aid to
evaluate fuel rod stored energy during the LOFT transients. Section 5
presents the results of recent separate effects tests to investigate the
cooling influences of the cladding surface thermocouples. Section 6
presents the results of analysis to predict the unperturbed cladding
temperature response for the L2-3 test based on the information presented
in Sections 3, 4, and 5. This estimated upper bound cladding temperature
together with the measured temperature, which represents a lower bound,
previde an envelope representing the current uncertainty in the true
cladding temperature response. Section 7 discusses ways to improve the
fuel rod measurements to reduce the uncertainty in the fuel rod response
and additional analysis work that will improve understanding of
instrumentation effects and code capabilities to model important LOCA
thermal-hyraulic phenomena, Specific recommendations for measurement
improvements and an outline of required analysis tasks are presented.
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2. LOFT CORE CONFIGURATION AND INSTRUMENTATION

The LOFT primary coolant system is shown in Figure 1 and consists of
an intact loop containing active components to simulate three unbroken
loops of a feur-loor PWR, a reactor vessel containing a nuclear core, and a
proken loop to simulate the single broken loop of a PWR. The broken loop
contains passive steam generator and pump components (simulators) and has
no appreciable flow prior to LOCE initiation. The broken loop terminates
in two quick-opening blowdown valves, which simulate *“e pipe rupture. The
broken pump loop and steam generator simulators contain orivice plates to
simulate the pressure droos of their respective counterparts. The LOFT
facility was scaled to yeneric PWRs, maintaining the system and component
coolant volume-to-total power ratio whenever possible.

The 1.7 m long LOFT reactor core is about one-nalf the lengtn of
typical reactor cores (3.7 m long) in commercial plants. The core consists
of 1300 fuel rods contained in nine fuel assemblies as shown in Figure 2.
The fuel rods are nominal 15 x 15 PWR design except for length and fuel rod
prepressurization. The low prepressurization (0.14 MPa) precludes fuel rod
ballooning and failure and improves fuel utilization. The in-core
instrumentation includes fuel rod cladding and guide tube thermocouples,
core liguid level detectors, and neutron flux measurements. A total of
186 cladding thermocouples are attached to 76 fuel rods located throughout
the core as shown in Figure 2.

The thermal response of the peak power rods are of most interest;
these rods are contained in the center fuel module., Figure 3 shows the
center module cross-section emphasizing the thermocouple locations on the
instrumented fuel rods. Notice that three group., or clusters, of five
adjacent rods near the core center, are identically instrumented with
thermocouples ranging in axial elevation from 2 to 64 inches. The center
rod in eacn cluster represent the nottest rods in the core that are
completely surrounded by other fuel rods. Notice also that four single
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Figure 2. LOFT Core Configuration
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rods fartner out from the core center each contain four tnermocouples
ranging axially from 15 to 39 inch. These four rods are the peak power
rods in the core and have greater powers (two to seven percent) tnan rods
in the five rod instrumented clusters,

The method of attaching the thermocouple to the cladding is shown
schematically in Figure 4. Tne 1.17 mm OD titanium thermocouple sheath 1s
laser welded to the cladding surface at approximately one inch intervals,
To reduc : ax.al rod powing effects from non-symmetric thermal response,
dummy t.ermocouple segments extend from upper leve! tnermocouples to the
lowest axial tnermocouple position on eacnh rod as indicated in Figure 4.
Tne tnermal junction is flattened to 0.67 mm and is shown schematically in
Figure 5. Figure 6 snows a metallurgical cross-section of a LOFT
tnermocouple tip attached to the zircaloy cladding.
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Figure 4.
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LOFT Cladding Thermocouple - Cladding Attachment
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3. LOFT CLADDING TEMPERATURE RESPONSE

Two large-break nuclear loss-of-coolant experiments (LOCEs) have been
completed, designated L2-2 and L2-3, differing only in the linear fuel rod
power generation. Table 1 summarizes the initial test conditions.

The measured transient cladding temperature response of the fuel rods,
near the axial peak power zone for the two tests are compared in Figure 7.
Initial DNB occurred between 1-2 seconds® and coincided with a general
flow stagration after whicn the measured cladding temperature rapidly
increased for 1-2 seconds. At approximately 3 seconds, measured upward
core flow was established whicn tended to cool the core and reduce the rate
of cladding temperature increase. At about 4 seconds the flow in the
reactor vesse)l was increased as a result of flow reduction out the cold leg
break and resulted in increased flow tnrough the reactor core at velocities
estimated from 150-200 cm/s which resulted in the measured cladding auench
from approximately 5.5 to 7.5 seconds. The cladding quench was maintained
for several seconds, but eventually as the reactor vessel coolant was
depleted, a second DNB or dryout occurred at about 10-12 seconds. After
this time the cladding temperatures in the peak power location increase
slowly until ECC water reflooded the core.

To evalute the consistancy in the measured cladding temperatures and
to provide additional details of the temperature response, additional data
is presented and discussed with particular emphasis on the following
phenomen3:

a. Unless otherwise stated, all times are referenced to the blowdown valve
opening, initiating the test.

1
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TABLE 1. PLANT OPERATING CONDITIONS AT EXPERIMENT INITIATION

LOCE
Parameter L2-2 L2-3

Primary system:

Pressure (MPa) 15.64 15.06

Temperature (K) 570 573

Mass flow (kg/s) 194.2 199.8

Boron (ppm) 838 697
ECC accumulator:

Pressure (MPa) 4.11 4.18

Temperature (K) 300 307

Boron (ppm) 3301 3281

Injected volume(mi) 1.05 0.96
Reactor core:

Power MW(t) 24.9 36.7

Average linear nuat 16.9 16.0

generation rate (kW/m)

Maximum.|linear heat (kW/m) 26,57 39.4
generation rate (kW/m)

Coolant temperature 22,7 SE ik
rise (K)

12
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1. Steady-state cladding temperatures

2. Initial time-to-DNB

3. Details of the peak cladding temperature and quench from
0-10 seconds.

4. Secondary dryout and characteristics of the reflood temperature
auench,

3.1 Steady-State Cladding Temperatures

The steady-state cladding temperatures are a function of tne local
coolant temperature, heat convection at the cladding-coolant interface, and
the steady-state power generatec within the fuel rod. Thus, the measured
steady-state cladding temperatures as a function of rod eilevation reflect
the axial fuel rod power as shown in Figure 8. The scatter in the measured
steady-state temperatures shown in Figure 8 are due to the inherent
accuracy limitation of the thermocouples, differences in rod power, and
slight variation in the attachment geometry of individual instruments,
Notice in Figure 8, the calculated steady state cladding temperatures do
not agree well with the measured data as a function of axial distance along
the rod. Analysis shows this difference to be due to the 'fin effect'
{increase in surface neat transfer area) of the surface thermocouples.
Section 5.2 presents separate effects test data which are utilized to
estimate the fin effect of the surface thermocouples.

3.2 Initial Time-to2-DKNB

Since considerable neat is transferred from the fuel rod prior to the
DNB, time-to-DNB is an important parameter influencing the large break LOCA
peak cladding temperature. For example, a one second delay in the DNB
initiation can result in 50-60 K reduction in peak cladding temperature for
initial power levels near 16 kW/ft.

14
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For the LOFT tests, measured time-to-DNB was a function of rod axial
elevation and generally occurred between 1-2 seconds of all locations for
both tests. Figures 9 and 10 show the time-to-DNB as a function of fuel
rod axial position for L2-2 and L2-3 respectively. From these figures, the
effect of increasing test rod power reduces time-to-ONB in the peak power
regions (20-30 inches) by 0.2 to 0.4 seconds. For the higher power test,
lower axial positions of the rod experience DNB at nearly the same time as
the peak power locations. Notice that during either test, the statistical
spread between clustered and single instrumented rod data are not
significant, even though the single rods are adjacent tc a control rod
guide tube.

The surface thermocouples which provide additional cooling can be
hypothized to affect time-to-DNB. Separate effects tests have been
conducted on bundies of electric heater rods and on nuclear rods to
evaluate tne cooling effects of LOFT surface thermocouples on time-to-DNB
during transient blowdown conditions. These tests are summarized and
compared to LOFT data in Section 5,

3.3 Peak Cladding Temperature and Initial Temperature Quench

In both L2-2 and L2-3, the peak cladding temperatures were achieved
during the first six seconds, just prior to the measured cladding quench.
The cladding temperatures measured in the center fuel module were
consistant at identical axial locations and varied axially as a result of
the power distribution and axially changing coolant conditions. For
example the measured cladding temperatures vs time at the 8 inch axial
elevation during the first 10 s of the L2-3 test are shown in Figure 11,
Notice the uniformity in response from the three separate rods, the very
sharp initiation of the cooling transient at about 5.5 s, and the rapid
drop to the saturation temperature,.

16
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Figure 10. Time-to-DNB vs Axial Rod Position for L2-3
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Figure 12 shows the temperature response (L2-3) at the 15 inch axial
elevation, The initial time-to-DNB varies by approximately 0.75 s but the
post-ONB temperature response is very similar for all measurements. The
peak cladding temperatures correspond as expected to the time-to-DNB. The
initfation of the quench cooling is well defined, occurring at about 6.0 s
on all rods at the 15 in. axial elevation. The cladding quench at this
axial location occurs rapidly, for most thermocouples in less than 0.3 s;
however, two of the five thermocouples measured small temperatures
oscillation for approximately one second just before reaching the coolant
saturation temperature. The final quench is defined as the point at wnich
the thermocouples indicate stable coolant saturation conditions as shown in
Figure 12.

Figure 13 shows the measured cladding temperature at the peak power
axial position (26 inches). Again the response is similar to the lower
axial elevation response up to the time of the cladding quench. The quench
initiation as measured by all five thermocouples is identical; however, the
measured cooldown to the coolant saturation differs, ranging from
0.8-1.4 seconds.

Figure 14 shows the measured tnermocouple response at the 32 in. axial
elevation and 1s very similar to the 26 in. response. However, notice that
even longer times (~ 1.0 - 2.5 s) are to required to cool the cladding
during the cladding aquench. Figure 15 shows the same general response,

particularly an unstable cooling period, at a nigher axial elevation
(45 in.) even though the local power at this location is a factor of two
lower than the peak rod power. This response indicates the importance of
the thermal-hydraulic interaction during the cladding quench and the

variation in rod cooling with axial position.

Figure 16 summarizes the measured cladding quench characteristic for
the L2-3 test showing the behavior of the cooling iniation and final
temperature guench as a function of axial position. Notice that the




Cladding temperature (K)

1000

900

700

500

EGG-LOFT-5244

N
o ™
L 3
] C%g()c) O
ng 081
i
e,
T T
1 2\|3

—— TE-S5E8-015 Jd\.

R - - - TE‘5F4'O15 -\ [ =

versssnessmennenns TE-5H5-015 Initial 4 RO 6
e e e e TE-54-015 Cooling

——— —— TE'SKB‘O‘S
- -4
p—
b—-

1 1 i =9
2 2 4 6 8 10
Time after rupture (s) INEL-A-15 723

Figure 12. Center Module Cladding Temperature Response

- 15.0 Inch Axial Elevations (L2-3)



Cladding temperature (K)

EGG-LOFT-5244

\\
& ®
O 080 (@)
O 9 O
ele) ‘D80
¥
e
1000 T T
e TE-5F4-026 1] 2\3
..... m==- TE5GB-026 o
................. TE-5H7-026 Initial 4 RS €
900 b e e e e TE-518-026 Cooling
s e TE-5J4-026 7| 8 | 9
800 :\\\
- -0 -
.
: i
‘ -
i
700 b= i ¥
]
UL‘:
600 b= \
1o ) — I 1 L i l J
0 2 4 - 5 10
Time after rupture (s) INEL-A15 726

Figure 13.

Center tlodule Cladding Temperature Response
- 26.0 Inch Axial Elevations (L2-3)



Cladding temperature (K)

1000

700

500

Figure 14,

EGG-LOFT-5244

................

\\\\
O O
O
L C?g()c) L
OO0 OMO
80 080
ny
1

TE-5D6-032 2 3
TE-5F8-032
TE-5H6-032 5 6
TE-5J8-032
TE-5L6-032

A | " | 1 |
0 2 4 6 8 10
Time after rupture (s) INEL-A-15 724

- 32

Center Module Cladding Temperature Response

.0 Inch Axial Elevations (L2-3)

23




Cladding temperature (K)

EGG-LOFT-5244

\\‘\
O O
(0]
O ()l§gc%..<3
0QO "53"
N
™~
TE-5F9-045 1] 2\]3
waeneeees TE-5G6-045 o~
ssecssnssesnanses TE-5J7-045 4 4.5 6
900
Initial { 8 p,
FIOC. Cooling
800 |- —- ~
700 - HEPE —
] 4
600 P~
500 | 1 1 1 1
-2 0 2 4 6 8 10
Time after rupture (s) INEL-A-15 728

Figure 15. Center Module Cladding Temperature Response
- 45.0 Inch Axial Elevations (L2-3)

24



GGGGGGGGGGGGGG




R RS ENENRRERRR—=——.

EGG-LOFT-5244

initial cooling of the rod as a function of axial position is nearly linear
witn time., The final cladding quench is clearly a function of tne
axial power profile and is significantly influenced by tne fuel rod grid
spacers which suggests tnat changing coolant conditions along the rod
affect the rod heat transfer and cladding auench characteristics.

The measured cladding quench characteristic during test L2-2 are shown
in Figure 17 and are much the same as for L2-3, although, in general stable
cladding 1s aquenched in less time - 1,0-1.5 seconds compared to
2.0-2.5 seconds for L2-3. Tne differences in cladding auench
characteristics between L/ -2 and LZ-3 (Figures 16 and 17) are largely due
to differences in peak cladding cladding temperature and the initial fuel

rod power.

Two additional measurements indicate a changing coolant flow through
the core which 1s coincident with tne cladding temperature quenches. The
first 1s tne self-powered neutron detector (SPND) located at the 24 inch
axial position, which is sensitive to coolant quality cnanges. (Figure 2
shows radial core placement of SPNDs.) Figure 18 compares the response of
the SPND and the 24 inch axial elevation cladding thermocouples. The rapid
cooling of the tnermocouples and tne noticable decrease in the SPND
response from 6.2 to 6.6 seconds indicates a low quality coolant influence
during tnis period. The second indication of low quality flow upward
througn the core is obtained from the upper plenum thermocouples which
measure coolant temperatures directly above the core. Figure 19 shows the
measured coolant temperature and indicates from approximately 3-6 seconds,
tne coolant in the upper plenum neares. the core is superheated vapor.
However, at approximately six seconds, the upper plenum coolant temperature
15 rapidly reduced to the saturation temperature. The time of coolant
temperature reduction is consistant witn tne axial positiun vs time for
initial cladding cooling as shown in Figure 20. The upper plenum coolant
thermocouple auench occurs just after the highest elevation cladding
thermocouples begin to quencn. Assuming the initial, rapid cladding
cooling vs axial position represents the coolant velocity through the core,
flow velocities of 150-200 cm/s are achieved.

26



Time after rupture (s)

EaG-LOFT-5244

B e 1 g T T

I (i (. Pl

(| I I : :

I I I'1  Final uench time

I | | | ” \|\l\

| (| | |

(N |l (I

I (I I

I I |

|1 |

i Il

I

(N |

1 |l

I || ,

I || /'(I

[+ | I | | Initial cooling time”™ | | i

| I | 1 I

|1 (I (! ||

1 1| 11 1|

Gnd Gnd Gnd Gnd

LI (| | ! §

I ¥ L |- 1 3.1

0 05 1.0 1.5
Fuel rod axial elevation (m) INEL-A-15 347

Figure 17. L2-2 Quench Characteristics vs Axial Elevation

27



Cladding temperature {K)

EGG-LOFT-5244

Thermocouple response

500 L = =4 3 1 1 165
60 6.2 64 6.6 68 7.0
Time after rupture (s) INEL-A-15 355

Figure 18. Cladding Temperature and SPND Response at the
24.0 Inch Axial Elevation (L2-3)

SPND output



Upper plenum coolant temperature (K)

EGG-LOFT-5244

TE-5UP-006

700 -

L

4
Time after rupture (s)

10
INEL-A-15 715

Figure 19. Core Upper Plenum Coolant Temperatures vs Time (L2-3)

29



Time after rupture (sec)

6.9

6.7

6.5

6.3

6.1

59

57

8.5

£GG-LUF 1 -5244

Figure 20. Initiation of Cladding and Upper Plenum Coolant
Thermocouple Cooling vs Axial Position (L2-3)

30

1 | 1 1 | 1 1
Upper plenum thermocouple data
}4— Fuel rod thermocouple data ’{\I
- - I e —
NS R
PI I ey
1 1 1 1 1 1 i
(¢} 10 20 30 40 50 60 70 80
Elevation from bottom of active fuel (in.) INEL-A-15 348



EGG-LOFT-5244

Figure 21 shows the peak cladding temperatures for each of the axial
cladding measurement locations compared to the fuel rod axial power
profile. Notice the peak cladding temperatures dc not reflect the axial
power profile, being relatively greater at higher axial elevations. This
pehavior is consistant with the measured low upward core flow, for
1-2 seconds prior to quench, resulting in increased coolant quality and
degraded rod cooling at higher elevations and the measured superheated
vapor immediately above the core.

3.4 Secondary Dryout and Reflood Response

During the L2-3 .est, from 10 to 15 seconds, a general coolant
depletion occurred within the core region, causing the cladding temperature
to increase, although at slower rates than occurred after the initial DNB.
Secondary dryout times were not a strong function of axial position in
either LOFT test as shown in Figure 22 and the cladding temperature at the
core hot spot generally increased until the ECC water reflooded tne core.
For 5-10 seconds prior to reflood, the cladding temperatures were
increasing at approximately 2.5 K/s vhich is very near the adiabatic heatup
rate expected from nuclear decay power. Thus, just prior to final core
reflood the cooling of the core was characterized by relative low steam
flow.

Final reflooding of the LOFT core provides an important basis for
assessing the capabilities of the emmergency core cooling systems (ECCS).
The flow of ECC water through the core was inferred from the liauid level
detectors which measure the coolant electrical conductivity between two
metal probes. Nineteen prooes were installed at different axial locations
in a control rod quide tube in the center fuel module (see Figure 2 for
location). Estimat:s of the reflood water level vs axial elevation are
shown together with the measured cladding thermocouple quench times in
Figures 23 and 24 for L2-2 and L2-3, respectively. From these figures, the
estimated core flow velocity during reflood ranges from approximately 5 to
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15 cm/s and the Lime required to cover the core (bottom to top) is
estimated at 12 and 15 s for L2-2 and L2-3, respectively. During reflood,
much longer times are required to quench the cladding temperature than was
observed in the initial quench. The general cladding temperature response
vs. axial position shown in Figures 23 and 24 is similar to most separate
effects reflood tests, however the times to quench the LOFT cladding are
much smaller, For example, Figure 25 compares the measured LOFT peak

cladding temperature during the L2-3 reflood to Semiscale forced-feed
reflood data.

36



Temperature (K)

1300 T T T . N I ¥
S-03-3
(0.59in./s)
- " ~ -5-03-2
'\ \\ (090”./5)
N | S
900 - N - _S-031 T
f ~ 1.80in./s)
AN N : b ~
i ~N Ll
i : ¥ =
7 -
- : _LOFT Yo
/ (L2-3, 5G6-30) V |
: ~4in/s i '
500 - : i o
i \ \
‘ e o ol MR T LA
Semiscale {TH-05-29)
300 i 1 L 1 1 1 d
0 20 40 60 80 10 120 140 160
Time after reflood initiation (s) INEL-A15 700
Figure 25. Comparison of LOFT Reflooding Cooling (L2-3) to

EGG-LOFT-5244

Semiscale Forced Reflood Rod Cooiing

37



R N L

EGG-LOFT-5244

4. FUEL ROD ENERGY DURING L2-2 and L2-3 BASED ON THERMOCOUPLE DATA

The fuel rod response during tne tests were calculated with the
FRAP-T5 fuel rod behavior code to estimate the influence of the cladding
quench on tne fuel rod energy. The initial, steady state fuel rod thermal
conditions just prior to the LOCES were obtained from FRAPCON-!
calculations and are shown in Figure 26, Tapole 2 summarizes the nominal
values of the important thermal parameters as calculated hy FRAPCON-I.
Estimates of tne initial, steady-state fuel rod stored energy can only be
made from calculations, since no direct 002 pellet temperatures were
measured during tne LOFT tests.

The transient fuel rod power utilized in the FRAP-TS calculations was
obtained by RELAP4/MOD6 predictions which combines the core neutronics
resulting from the rapidly changing coolant conditions with the standard
ANS decay power generation. The measured transient cladding surface
temperature was input to tne crde as a cladding temperature boundary
condition.

Tne calculated fuel pellet energy vs time (volumetric average) is
shown in Figure 27 and in general tne response can pe classified intc three
time periods - pre-guench, quench, and post-quench. During the pre-quench
period (0-5.5 s}, approximately 20-25 percent of tne fuel rod energy is
transferred from tne rod. During the quencn period (5.5-12 s)
approximately 30-40 percent of tne rod energy is lost. The post-quench
period 1s characterized by very low heat transfer, and as shown in
Figure 27, increasing cladding temperatures are measured as a result of
continued energy equilibration and decay neat generatica, for tne L2-3
test. The calculated cladding surface neat transfer coefficients for potn
L2-2 and L2-3 are shown in Figure 27, based on the measured cladding
temperature and coolant bulk temperature eaqual to the coolant saturation
temperatures.
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TABLE 2. STEADY STATE FUEL RCD THERMAL DATA FOR THE

LOFT L2-2 and LZ-3 TESTS (FRAPCON-1)

Parameter

Peak Core Power, Kw/m

Peak Core Burnup, MWD/MTU

Fuel Centerline Temperature, K
Fuel Pellet aT, K
Pellet-Cladding Cap aT, K

Gap Conductance, Kw/mé - K
Cladding aT, K

Fuel Stored Energy (Enthalpy) J/g

L2-2

26.25
834.3
1590.7
915.2
24.9
36.7
30.3
240.4

12-3
39.38
996.6
2041.1
1341.3
33.8
40.06
45.1
317.0
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The transient calculations summarized in Figure 27 and 28 show that
neat transfer in the first 10 to 12 seconds of the LOCE is an important
influence on the fuel rod energy. The accuracy of tne cladding
thermocouples become important in understanding the core region heat
transfer ana thermal-hydraulic behavior, particularly for assessing
computer code capability. Several test programs have been carried out or
are now underway to evaluate the accuracy and perturbation effects of the
LOFT cladding thermocouples. These tests will be reviewed in the next

section in order to estimate the effects of the thermocouples during the
LOFT tests,
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5. THERMOCOUPLE PERTURBATION EFFECTS

The measured cladding quenches during the plowdown pnase of poth [2-2
and LLZ-3 nave been questioned, primarily because of tne possibility of
atypical cooling of tne surface thermocouples which in turn cools the
entire fuel rod. These cooling effects have peen observed on reflood
tests utilizing electric fuel rod simulation wnere tne presence of surface
thermocouples increase poth the rod cooling rates and the auench front
velocity., Until recently, no experimental data was available to
characterize the cooling influence of surface thermocouples for the rapid,
nigh pressure flooding rates (150-200 c¢m/s) observed during the LOFT
tests. This section will provide information from recent thermocouple
effects tests to experimentally investigate the perturbation effects of the
LOFT cladding thermocouples.

Prior to tne LOFT tests, computer code calculations had predicted
sustained, degraded fuel rod neat transfer after initial DNB resulting in
very nigh claading temperatures for many seconds before eventual E(C
reflood cooling. Under these conditions, the most significant thermocoupie
perturbation was postulated to be a delay in initial time-to-DNB wnich
would reduce fuel rod energy and peak cladding temperature. To aquantify
the delay in initial time-to-ONB caused by thermocouples, transient tests
were conducted 1n the heat transfer laporatories .f Columbia University to
simulate tnermal-nydraulic conditions expected during the early blowdown
phase of tne LOFT experiments, Tne surface *‘“ermocouples were found to
delay tne initial DNY time by less than 0.45 seconds and in most cases,
less than 0.2 seconds. This dele, would reduce tne peak cladding
temperature during the LOFT experiments by approximately 25 K. Tne details
of these tests are reviewed and summarized in Section 5.1,

Prior to the LOFT nuclear tests, experiments were also conducted in
the INEL Blowdown Facility to investigate the cooling influence of the
thermocouples for nign cladding temperatures during conditions of steam
cooling, predicted to occur later in tne LOFT tests just prior to reflood
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cooling. Tnese tests were specifically intended to quantify the accuracy
of tne surface tnermocouples at hign cladding temperatures characterized by
very low heat transfer, and were not intended to auantify the influence of
surface thermocouples under rapid cooling transients., The LOFT
thermocouple response was compared witn small, 0.43 mm 0D, thermocouples
embedded near tne cladding outer surface. These comparisons show less than
5 K difference in measured temperatures at the near adiabatic conditions of
peak cladding temperature, The details of these tests are reviewed in
Section 5.2,

More recent tests nhave peen conductod in the INEL Blowdown Facility to
evaluate the perturbation effect of LOFT type surface tnermocouples over a
range of iniet flow rates, quality, and system pressure considered to pound
the tnermal-hydraulic conditions in the LOFT core at tne time of the
blowdown quench., These tests show tnat the surface thermocouples indicate
a cladding quench much sooner than interior cladding tnermocouples and that
rods without surface thermocouples do not cool or quench as rapidly as
identical rods instrumented with LOFT surface thermocouples. These test
results suggest tnat during rapid cooling conditions, the LOFT
thermocouples may ve measuring a temperature more representative of the
coolant ratner than the higher cladding temperature. The details of these
tests and a summary of test results are reviewed in Section 5.3.

Recent tests have been conducted in the Piwer Burst Facility (PBF) and
give added insight on the thermal response of nuclear rods with surface
tnermocouples under simulated LOCE conditions. Initial evaluation of these
data suggest the surface thermocouples influence initial time-to-ONE by
1-2 seconds and that the surface thermocouples measure accurate claading
temperatures under steam cooling conditions. Care must be taken in
extrapolating the DNB behavior in PBF to LOFT because of differences in
thermal-hydraulic response between the two facilities.
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The reflood response from the PBF tests show that rod quench occurs
from 5-10 seconds earlier on rods with external thermocouples as compared
to pbare rods. The PBF tests are summarized in Section 5.4

Finally Section 5.5 summarizes the possible perturpation influence of
the surface thermocouples on th: cladding temperature response during the

LOFT tests,

5.1 LOFT Transient DNB Tests

An extensive critical neat flux test program has been conducted on
electrically nheated rod pundles simulating the peak power region of the
LOFT reactor, Steady-state DNB tests indicate that cladding surface
tnermocouples reduce the critical heat flux (CHF) over the pressure range
of 13.8 to 16.5 MPa® but nave an insignificant effect on CHF near
11 MPa’ where CHF occurs in LOFT during a LOCE.

Transient CHF tests8 were conducted on two separate hundles of
stainless steel clad electrical heater rods which were identical except
that one bundle had 1.17 mm 0D sheaths attached to the surface of some of
the heater rods simulating LOFT cladding surface thermocouples. Each
bundle contained 25 rods (5 x 5 array) consisting of 22 electrically heated
rods simulatina nuclear fuel rods and three unneated rods simulating
control rod guide tuves. The bundles correspond geometrically to a portion
of the LOFT central fuel assembly and are shown schematically in Figure 29,

A sketch of the electrical rods utilized for these tests is shown in
Figure 30 showing the location of the internal thermocouples used to
measure cladding temperature and CHF. Internal thermocouples were
installed on all rods at several axial levels, A total of 104 internal
thermocouples provided the capability of measuring CHF at various points
within each bundle. The internal thermocouples were located at identical
positions in the two bundles to allow a direct comparison of time-to-DNB at
each location.
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Therm.ocouple junction ~ 347 SS rod sheath

TS A0 (98% dense)

INEL-A-15 364

Figure 30, Electric Heater Rod Utilized for LOFT Transient
DNB Tests
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The transient tests were conducted at linear heat generation rates of
26, 39 and 52 kW/m and an initial pressure of 15.2 MPa, Tests at each
power level were repeated six times on each bundle to determine tne
repeatability of time-to-DNB at each intornal tnermocouple location. The
power level was held constant during ea:h blowdown test in order to
eliminate errors in repeating test conditions for each test. The test
conditions were chosen to simulate the fluid conditions in tne LOFT reactor
during a large break LOCA plowdown. Since the test bundles had a uniform
axial power distribution, tne initial power level, mass velocity and test
section inlet and outlet temperatures could not all pe identical to LOFT.
Analytical celculations9 showed that the blowdown conditions in LOFT
could pest pe simulated in the olowdown loop by maintaining the test
section |inear power the same as tne peak linear power 1n LOFT and the
initial test section mass velocity and outlet temperature the same as for
LOFT. Tne inlet temperature varied for each power level tested.

Comparison of measured time-to-DNB from both bundles showed the
instrumented burdle to delay time-to-DNB a maximum of 0.45 seconds and the
average delay in DNB was less than 0.20 seconds. Analysis of a LOFT not
fuel rod during a 52 kW/m LOCE indicated tnat a 0.5 second delay in
time-to-UNB would result in only a 17 K reduction in peak cladding
vemperature. Thus from the transient DNB tests, it is inferred that
clafding surface thermocouples will not significantly affect time-to-ONB or
peak cladding temperature during the (OFT LOCEs.

A comparison of time-to-ONB from these tests and the LOFT nuclear
tests are shown in Figures 31 and 32 for tne 26 and 39 kW/m experiments,
The time-to-ONB for the two electric rod bundles and the LOFT tests are
comparable, Th. scatter ir tng eiecurio rod da*t: 2 larger than tne
nue iear data, as would be expected s‘nce a larger numuer of rods . c
instrumented at different pundle locations and pecause of boundary thermal
nydraulic effects on DNB at tne periphery of the bundle,
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5.2 INEL Blowdown Facility Accuracy Tests

To assure that t © core is reusable after a LOCL transient without
gross fuel rod failure, it is important to know the accuracy of the
cladding surface thermocouples in measuring the peak cladding
temperatures, Prior to the LOCE tests in LOFT, the peak cladading
temperatures were predicted to occur between 35 and 40 seconds after
rupture, just before reflood in a near adiabatic heat transfer
environment. Several tests were conducted in the Blowdown Facility at the
INEL to aquantify the accuracy of the tnermocouple measurements under
simulated, near adiabatic conditions.'o"1 The rods were subjected to
various hot leg blowdowns to simulate the expected temperature transients
expected for tne LOFT nuclear LOCES. Tne accuracy of the surface
thermocouples was evaluated by comparing the surface thermocouple response
with tnat of small thermocouples embedded in the surface of the zircaloy
cladding as shown in Figure 33, The surface and embedded thermocouple
response for a representative test to simulate the pretest calculated
cladding temperature [2-2 is shown ir Figure 34 and shows that the
difference in peak temperature between the surface and embedded
thermocouples is less than 5 K at tne time ¢f peak cladding temperature.
The tests showed that the surface thermocou.les accurately measure local
cladding temperatures under nearly adiabat .c conditions characterized by
low flow steam cocling. This conclusion is also supported by independent
metallurgical examination of the cladding temperature from these test rods
snowirs the azimuthal variation in the cladding temperature to be less than
40 K and agreement tetween thermocouple measurements and temperatures

estimated from metallurgical techniques to within 20 K.'2

Steady-state measurements from the surface and embedded thermocouples
as a function of power level provide a means of estimating the cooling
effects cf the surface thermocouples during steady state power operation.
Figure 35 shows the difference in cladding temperature from the embedded
and surface thermocouples over the power ranges tested. Assuming the
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Figure 33. Thermocouple Installation for Blowdown Facility
Accuracy Tests
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Figure 34. Thermocouple Response from Blowdown Facility
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embedded thermocouple represents the cladding temperature, this correlation
estimates tne ‘fin' cooling effect of tne surface thermocouples during
normal power operation and this difference in thermocouple measurements
could pe added to tne surface thermocouple measurement to estimate the true
cladding temperature. Applying this correction techniaue to tne LOFT
steady-state cladding temperature measurements (shown in Figure 8) results
in claading temperatures very nearly in agreement with the predicted values
for the LZ2-2 power and flow conditions as shown in Figure 36.

5.3 INEL Blowuown Facility, High Pressure Quench Tests

After the L2-2 test showed the early rod cooling, separate effects
tests were proposed to determine the influence of thermocouples on rod
cooling rates during high pressure, low aquality flow conditions. Tne first
series of tnese tests utilizing a single heater rod were recently completed
in tne INEL Blowdown Fac1l1ty.]3 Each test consisted of two phases,

(1) a rod neating phase in a nearly adiabatic, nelium environment at low
rod powers and nigh system pressures (7 MPa) to achieve the desired initial
cladding temperature, and (2) very rapid flooding of the test cection with
low quality coolant to coc! and quench the rods while maintaining the high
system pressure, Tests were run on rods with and without surface
tnermocoupies for various flow conditions and initial cladding
temperatures. By comparing measured internal cladding temperature response
on rods with and without external cladding thermocouples, an assessment of
tne additional cooling effect of the surface thermocouples was evaluated.
Tne tests utilized a stainless steel clad Semiscale heater rod shown
schematically in Figure 37 witn internal thermocouples. Certain tests were
replicated and show excellent repeatability of the flow conditions and rod
response from test-to-test.

Table 3 summarizes the flow conditions and initial peak cladding
temperature for the single rod tests. Tne results of the quench tests,
conducted at 1.8 m/s and zero quality inlet flow (most representative of
flow conditions for the LOFT quencn) are shown in Figures 38 througn 40 for
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TABLE 3. NOMINAL TEST CONDITIONS FOR PHASE 1 QUENCH TESTS
Average
Test Test Section Rod Hot Spot Test Section
S5ection Test Section Inlet Fluid Initial Test Section
Run  Pressure Inlet Quality Velocity Temperature Mass Flow
No. (Mpa) (Percent) (m/sec) (K) Rate (Kg/sec)
1 0.1 69°C 0.04 1025 0.015
(ambient) subcooled
3 0.1 69°C 0.1 1025 0.037
(ampient) subcocled
6 7 0 0.4 775 0.11
7 7 0 0.4 1025 0.11
8 7 11 3.9 1025 0.11
10 7 0 1.8 775 0.5
11 7 0 1.8 1025 0.5
11A 7 0 1.8 1025 0.5
118 7 0 1.8 1025 0.5
24 7 0 1.8 1025 0.5
12 7 5 3.5 1025 0.5
13 7 15 7.5 1025 0.5
14 7 1.8 1175 0.5
15 7 0 3.0 1025 0.83
17 7 15 11.0 1025 0.83
20 7 15 11.0 1175 0.83
21 7 0 6.0 1025 1.66
23 7 0 6.0 1175 1.66
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initial cladding temperatures of 775, 1025, and 1175 K, respectively. In
these figures, the time at which the coolant arrives at the thermocouple
location is also indicated by the rapid change in the test section gamma
densitometer response. Thus, tne quench times can be ectimated with
respect to the coolant arrival and can be related tc the LOFT auench
characteristics summarized in Figures 16 and 17. The rods with surface
thermocouples are seen to cool more rapidly than rods without surface
thermocouples and the surface thermocouples indicate a aquench in less than
one second after the coolant reaches the thermocouple lecation for initial
cladding temperatures less than 1025 K. The time difference between
coolant arrival and quench for the internal and surface thermocouples from
Figures 38 through 40 are summarized in Figure 41. These quench times
indicated that rods without thermocouples during L2-2 (peak cladding
temperature approximately 780 K) would have required 3 seconds longer to
quench than indicated by the surface thermocouples. For L2-3, the rods
without surface thermocouples wou'd have requirea 6 seconds longer to
quench compared to the surface thermocouples data. An interesting
observation is the consistency in the surface thermocouple behavior for the
LOFT L2-3 test and the quench tests., From Figure 40, rapid cooling of the
surface tnermocoupie occurs almost coincident with coolant arrival,
nowever, the cladding is not quencned unti! approximately 2.5 seconds after
arrival of the coolant. The difference in time between tne surface
thermocouple quencn and cladding quencn from the quench test data,
corresponds well with the unstatle cooling period of the LOFT
thermocouples, approximately 2.5 seconds, This behavior suggests that the
unstable quench cooling observed in LOFT may be the result of preferential
cooling of the surface tnhermocouple while the cladding is not yet aquenched.

Relating tne hign pressure quench tests results to LOFT must be done
with care, Differences in test thermal hydraulic conditions between LOFT
and the quench tests may ve important, and differences in the thermal
response of the electric heater rod and nuclear rod may also influence rod
cooling., “Yowever, the quench tests suggest tnat uninstrum ated fuel reds
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in LOFT may not have experienced a complete quencn during L2-3, and that
tne surface thermocouplies may be reflecting coolant temperatures more than
cladding temperatures. Additional testc are planned later in 1980 on a
cluster of electric heater rods with thermal characteristics (thermal
diffusivity, fuel-cladding gap, zircaloy cladding) more typical of a

nuc lear rod.

5.4 Power Burst Facilitv (PBF) TC-1l Tests (Nuclear Rods)

A series of loss-of-coolant experiments were recently conducted in the
PBF to evaluate the cooling effects of surface thermocouples during
b lowdown and reflood conditions]4. Four individually shrouded test rods
were utilized, as shown in Figure 42, Two of the rods were instrumented
with surface thermocouples similar to the LOFT type, while the other two
rods contained no thermocouples on the cladding outer surface. All rods
were instrumented with internal fuel rod thermocouples, either in tne fuel
pellet near the outer surface, or directly attached to the cladding inner

surface as <hown in Figure 42.

The tests were intended to duplicate the transient cladding
temperature and pressure loading during the blowdown phase of the LOFT
LOCEs. The primary objective was to simulate fuel rod response during the
rapid cooling conditions observed early in the LCFT tests. The rapid, low
quality flooding of the test section was to be achieved by cycling the hot
leg anc cold leg blowdown valves several seconds after test initiation to
produce a flow reversal in the test section. After cycling the blowdown
valves and completion of the blowdown, the rods were powered for
approximately 100 seconds to increase the cladding temperature to
approximately 1200 K. The test section was then reflooded similar to the
LOFT core reflnod rates during the L2-2 and L2-3 tests (~ 10 cm/=s). A
representative cladding temperature response from this control seaquence is
shown in Figure 43 (TDC-1B test).
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for the TC-1 Test Series

66



emperature (K)

~

EGG-LOFT-5244

e T L I Ty
LOFT refiood
simulation
-5
£
3
-14§
8
&
2
O
-3 g
O
500 |- ~—— Fuel peripheral temperature 42
=== = Inside cladding temperature N
400 = - =-= Cladding elongation (LVDT)
ey SRS (NN SULE SONE S S SRR S W ST SEEN N S T PR 7
-10 0 10 20 30 40 S50 60 70 80 90 100 110 120 130 140
Time (s) INEL-A-15 714

Figure 43. General Cladding Response from the PBF TC-1 Tests
(TC-18)

67



i

R NS

EGG-LOFT-5244

Four successive LOCA transients were conducted in this manner with the
differences being in the plowdown valve cycling times and rod transient
power. Unfortunately, tne test section coolant flow, resulting from the
blowdown valve cycling was predominantly steam, or very high quality
two-phase flow, and did not simulate the rapid cladding quench observed in
the LOFT tests. During the valve cycling time (LOFT quench simulation), a
maximum steam cooling of ~20 K/s was measured by the cladding surface and
internal thermocoupies, compared to a 200-300 K/s cooling rate measured
during tne LOFT quenches.

The tests showed a time-to- INB delav on rods with surface
thermocouples, although care must be taken in quantifying the time delay
because of a large variability in DNB times due to non-uniform flow between
tne individual test rod shrouds. The tests provide data to characterize
the etfect of time-to-DNE on the peak cladding temperature since different
time-to-UNB and peak cladding temperatures were observed on tne test rods.
Figure 44 presents the time-to-ONB vs peak cladding temperature data; by
comparing the dats from rods with and without surface thermocouples, the
cocling influence of the surface thermocouples on the peak c¢’adding
temperature is estimated to be approximately 50 K.

All four tests show very clearly tne cooling influence of the surface
thermocouples during the final reflood cooling (~ 10 cm/s reflood rate).
Figure 45 snhows the internal rod tnermocouples response during reflood for
the TC-1B test, which 1s representative of the response from all four
tests; notice that the rods with surfece thermocouples are seen to quench
5 to 10 seconds earlier and at higher cladding temperatures than tne bare
rods. However, tne cooling rates of all rods .’ ‘or to quenching are nearly
the same. Fiqure 46 compares surface thermocouple and internal rod
thermocoup le response during reflood, and indicate that the cladaing
surface thermocouples aquench at nearly the same time as the internal
cladding and fuel thermocouples. Tnese results suggest that during reflood
cladding surface tnermocouples do not appreciaply affect cooldown rate but
enables the cladding to quench at higher (50 to 100 K) terperatures.
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Anotner series of PBF tests (designated TC-3) will be conducted during
1980, similar to tne TC-)1 sequence except that tne aquencn simulation will
be more representative of the initial quench conditions observed in the
LOFT tests.

5.5 Summary of Possible Thermocouple Effects During L2-2 and L2-3

Tne effect of tne surface thermocouples on initial DNB are somewhat
controversial. The LOFT transient DNB tests, indicate surface
thermocouples affect DNB occurrance by less than 0.5 seconds, while the PBF
TC-1 tests indicate the time-to-DNB may pe affected by as much as 1-2
seconds. As noted earlier, care must be taken in interpreting the PBF
results because of di‘ferences in flow conditions between each of the flow
snrouds and differences in hydraulic conditions between LOFT and PBF.
Since initial DNB occurred pefore 1.5 seconds in the LOFT tests and
correlated with the core flow stagnation, 1t is likely thatl time-to-ONB in
LOFT was affected py less than 0.5 seconds as suggested by the transient
DNB tests on simulated LOFT pundles.

Tne plowdown facility accuracy tosts and the PBF TC-1 tests indicate
tnat tne LOFT cladding surface thermocouples accurately measure the
cladding temperature response under nearly adiabatic cooling conditions
characterized by high quality or steam cocling conditions.

fFor cooling transients characterized by low quality two-phase cooling,
the thermocouples may not indicate cladding temperatures, but rather
coolant temperatures. For tne early temperature quench during the L2-2 ana
2-3 tests, the Blowdown Facility nign pressure quench test: indicate tne

surface tnermocouples may be measuring the low quality coolant tewperatures,
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During final core reflood, it is clear from the PBF TC-1 tests that
the tnermocouples provide eerlier iuenching by as much as 10 seconds and
allow the rod quench to be initiated from higher (50-100 K) cladding
temperature. The PBF TC-1 test data are perhaps the best data showing this
effect. However, the data indicates that the precursory cooling rate
(before quench) is not affected by the surface thermocouples.

The effects of tnhese surface thermocouple cooling influences on the
LOFT nuclear rod response is addressed in the next section,
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6. UNCERTAINTY BOUNDS FOR LOFT L2-3 CLADDING TEMPERATURE RESPONSE

Because the cladding surface thermocouples ennance cooling of the rou,
the measured data represent a lower pound for the cladding temperature.
The upper bound temperature, representing a rod without surface
tnermocouples can be approximated by adjusting the measured data by the
known thermocouple cooling influences as summarized in the previous section,

The upper bound temperature response for the LOFT L2-3 test 1s
estimated based on the estimated possible thermocouple cooling effects.
These cooling intluences may not be as large for the LOFT tests as in the
separate effects tests, but in order to insure conservatism of the upper
bound, all known effects were chosen so as to maximize the LOFT estimate.
The following boundary conditions were utilized to estimate the upper bound
ciadding temperature for the L2-3 test:

1. Initial DNB occurred 0.5 seconds earlier than measured by the
thermocouples based on tne LOFT transient DNB tests.

2. From the time of DNB to the initiation of the early quench, the
heat transfer from the instrumented rods was assummed to be
increased by 30 percent due to the increased surface area for
heat transfer which aids in cooling tne rod (fin effect).

3. During tne auench time period as indicated by tne surface
thermocouples, the cladding thermocouples were assumed to pe
measuring coolant temperature. The cladding temperature decrease
during this time was assumed to be represented by the high
pressure quench test data (see Section 5.3, Figure 39) as
26 K/second.
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4. Tne early part of secondary heatup phase of the experiment is
also assumed to be characterized by thermocouple selective
cooling. Tnerefore, the heat transfer from the time of secondary
DNE initiation to onset of final core flooding 1s represented by
the averaige heat transfer during tne 25-35 second time interval
which is characterized by nearly adiapatic neat transfer.

5. During final reflood cooling, the measured LOFT precursory
cooling rates (5.5 K/second) are assumed to represent tne cooling
rate of the uninstrumented rods based on the data from the PEF
TC-1 test series. The upper pound cladding temperature was
assumed to cool at this rate until a cladding temperature of
750 K was reached, after which a rapid quencn was assumed.

Tne estimated upper bound temperature response calculated under these
assumptions 1s compared to the measured data in Figure 47. An uncertainty
of 100 K exists as reflected by tne peak cladding temperature envelope.
Also a difference of approximately 25 seconds exists in tne final reflond
temperature quench. Tne upper bound estimate is compared to tne
RELAP4/MOD6 pretest predictions in Figure 48, and shows the calculated
cladding temperature cooldown during the time period from six to
twelve seconds 1s similar to the estimated upper bound. The fuel rod
stored energy for the bounding cases are shown in Figure 49, which shows
the importance of the heat transfer during the first ten seconds of the
transient.

Resolution of the peak cladding temperatures from the LOFT tests are
not likely from metallograpnhic examination of the fuel rods, since for a
peak cladding temperature of less tnan 1100 K, accurate determination of
cladding temperatures from zircaloy microstructures or oxidation
Characteristics is not possible. Evaiuation of the cladding temperature
from posttest cladding deformation will also pe marginal, since, for the
L2-3 pounding cladding temperatures, little or no cladding deformation is
expected pased on out-of-reactor cladding deformation experimentsls, as
shown in Figure 50.
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Figure 47. Estimated Upper Bound Cladding Temperature for LZ2-3
Based on Corractions to the Thermocouple Data
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Figure 48. Comparison of L2-3 Peak Cladding Temperature Envelope
to RELAP4/MOD6 Pretest Prediction
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Figure 49.

Fuel Rod Stored Energy vs Time for Upper and Lower
Bound Fuel Rod Responses During L2-3
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Figure 50. LOFT Cladding Deformation Expected for Upper Bound
Fuel Rod Responses during L2-3
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Resolution of the true cladding temperature response is likeiy to
require replication of either, or both, the iL2-2 and L2-3 tests with
instruments specifically designed to measure the cladding temperature
during rapid cooling transients, Methods of improving the cladding
temperature measurements have been developed over the past several years in
support of the LOFT and PBF programs and for other NRL supported research
programs. [t 1s witnin the present technological capability to improve the
cladding temperature measurement. Recommendations are presented in the
next section for (1) additional analysis tasks and separate effect
experiments to evaluate the thermocouple perturvation effects during the
LOFT tests, and (2) improvements in tne LOFT fuel rod response measurenents,
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

LOFT Cladding Temperature Response.

The measured LOFT cladding temperature response during L2-2
and L2-3 was consistant and correlates with the measured

hydraulic response.

The measured early cladding quench was a result of a rapid
propagation (150-200 cm/s) of low density coolant through
the core.

Measured peak cladding temperatures occurred during the
first six seconds of the test.

Final core reflood (from ECCS) occurred in less than
15 seconds.

Estimated Effects of LOFT Surface Thermocouples on LOFT Fuel Rod
Response.

LOFT surface thermocouples affect time-to-DNB by less than
0.5 seconds.

LOFT, surface thermocouples do not significantly affect rod
tnermal response during film boiling conditions.

LOFT surface thermocouples can significantly affect rod
thermal response during two-phase cooling.
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d. Tne effects of LOFT surface the-mocouples on the [ 2-3 peak
cladding temperature are estimated to pe (1) a reduction 1in
cladding temperature just prior to the measured blowdown
quench of 60 K, (2) a reduction in cladding temperature just
prior to cere reflood by 175 K, and (3) a premature
reflooding quencn by as much as 25 seconds.

7.2 Recommendations for Reducing tne Uncertainty
in the LOFT Fuel Rod Response

The previouws sections discuss the measured cladding temperature during
the LOFT tests and the estimated fuel rod response based on these
measurements. Separate effect tests have provided a basis to quantify the
possible cooling effects of the surface thermocouples during tne |2-2 and
LZ2-3 tests and corrections to the measured LOFT data were made to estimate
an upper pbound for the [2-3 peak cladding temperature. To resolve the
difference between the measured (lower vound) and corrected (upper bound)
temperatures will require (1) additional analysis work to petter quantify
tne effects of tne surface thermocouples during the LOFT tests, and
(2) additional experiments in the PBF and LTSF to better quantify the
perturvatior effects of the LOFT surface thermocouples, and (3) additiovnal
LOFT tests witn improved fuel rod measurements., Recommendations in eacn of
tnese areas i1s discussed velow.

7.2.1 Analysis Tasks to Estimate LOFT Tnermocouple Perturbation Effects.

Resolution of potential tnermocouple perturbation effects can be
estimated from analysis of tne separate effect tests utilizing most recent
thermal-hydraulic computer codes. In addition, these analysis will provide
a basis to evaluate current neat transfer models,

The LTSF Quench test pruvides a simple geometry, well quantified inlet
coolant conditions to tne test section, and accurate cladding temperature
measurement, all of wnicn are necessary for cooe evaluation. The
recommended sequence of analysis tasks 1s shown schematically in
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