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ABSTRACT

Fuel rod cladding surface temperatures have
been estimated in Loss-of-Fluid Test (LOFT)
Facility and in Power Burst Facility loss-of-
coolant accident (LOCA) tests using data obtained
with thermocouples welded to the cladding outer
surface. These cladding temperature estimates
have been questioned because cladding surface
thermocouples may act as cooling fins and local
sites of cladding rewet, thereby delaying the time
of occurrence of critical heat flux (CHF) and
providing increased surface heat transfer. This
report presents the results of three series of light
water reactor fuel behavior tests (Thermocouple
Effects Test Series TC-1, TC-3, and TC-4) that

were performed in the Power Burst Facility to
specifically evaluate the influence of cladding
surface thermocouples on the thermal behavior of
nuclear fuel rods under LOCA conditions. Twelve
tests were performed in the three test series.
Differences between tests included variations in
system thermal-hydraulic conditions and in the
initial test rod power leve!, as well as differences in
design of the internal cladding thermocouples.
This latter difference provided data for calibration
of the surface thermocouples and evaluation of
the influence of surface thermocouples on the time
of occurrence of critical heat flux and post-CHF
heat transfer.
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POWER BURST FACILITY THERMOCOUPLE
EFFECTS TEST RESULTS REPORT,
TEST SERIES TC-1, TC-3, AND TC-4
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What correction factor should be applied
to cladding surface thermocouple measure-
ments to obtain the correct peak cladding
surface temperature of uninstrumented
rods; and how is the correction factor
influenced by fin cooling and by delay in
the time-to-CHF?

3. Whai is the effect of surface thermocouples
on LWR fuel rod thermal behavior during
a large break LOCA blowdown quench,
and how is that effect influenced by the
slug coolant conditions and the initial rod
power?

thermocouples
rod

4. Do cladding surface
significantly influence [WR fuel
thermal response during reflood?

In addition, two of the test rods in the TC-4
Test Series emploved an embedded thermocouple
to measure cladding internal surface tempera-
tures. An objective of the TC-4 tests was to
evaluate the behavior and durability character-

ro

Cladding peak temperatures for LOFT Tests 1.2-2 and 1.2-3.

istics of the cladding embedded thermocouples
under in-pile LOCA conditions.

The results from the TC-1 Test Series have been
reported previously.' and it was concluded that
surface thermocouples do influence fuel rod clad-
ding temperatures during both the blowdown and
reflood phases of a LOCA. However, the per-
formance of Test Series TC-3 and TC-4 signifi-
cantly expanded the range of thermal-hydraulic
conditions and the amount of internal and
external cladding temperature data, including
the response of embedded internal cladding
thermocouples. The results from the TC-1 tests
are included in this report along with the results
from the TC-3 and TC -4 tests to provide a broader
basis for evaluating the effects of surface thermo-
couples and to emphasize the effect of improved
measurement techniques (embedded cladding
thermocouples) on the interpretation of the test
results.

Subsequent sections of the report provide (a) a
description of the PBF Thermocouple F tfects tests
design and conduct, as well as a description of the






EXPERIMENT DESIGN AND CONDUCT

Four LOFT-type fuel rods were tested in each
test, all of which were instrumented with internal
fuel rod thermocouples (some directly attached to
the cladding inner surface and some in the fuel
near the pellet outer surface), and two of which
were also instrumented with cladding external
surface thermocouples. Detailed descriptions of
the test rod and test train instrumentation for each
test series are provided in Appendix A.

The fuel rods were symmetrically positioned
within a test train in the PBF in-pile tube. Each
test rod was surrounded by a flow shroud to direct
coolant flow to the individual rods. A cross-
secticnal diagram of the TC-4 test train, illus-
trating the relative locations of the fuel rods and
flow shrouds and the relative orientations of the
fuel and cladding thermocouples, 15 shown u
Figure 2. The axial position of all fuel rod
thermocouple junctions was 0.53 m above the
bottom of the test rod fuel stack, the elevation of
peak power within the PBF.

All cladding surface thermocouples were
grounded-junction Type K (Chromel-Alumel)
thermocouples with a 0.1168-cm-diameter
titanium sheath and magnesium oxide insulator,
flattened to a thickness of 0.067 cm at the
junction. The thermocouples contained a
tantalum barrier between the thermal element and
the sheath to provide a thermal conduction path
from the sheath to the junction and to provide a
ground. The cladding surface thermocouples were
laser welded to the cladding at the junction and at
several locations along the fuel rods. Dummy
thermocouple wire extensions were provided
below the thermocouple junctions to ensure an
equal distribution of mass along the length of
the fuel rods and to minimize coolant flow
perturbations in the vicinity of the thermocouple
junctions.

The embedded internal cladding thermocouples
were grounded-junction Type K thermocouples
with a 0.076-cm-diameter zircaloy sheath and
aluminum oxide insulator, flattened to a thickness
of 0.025 ¢m at the junction. These thermocouples
also contained a tantalum junction barrier. The
thermocouples were embedded in the cladding
inside surface by removing an oval shaped section
from the cladding, cutting a groove into the inside
surface of a duplicate oval section, placing the

thermocouple in the groove and laser welding it in
place, and, finally, laser welding the duplicate
oval section in place in the cladding. The internal
welded cladding thermocouples were also Type K,
but were Inconel sheathed, with a diameter !
0.051 c¢m, and were resistance welded to the inside
surface of the cladding.

Figure 3 shows a diagram of the junction area
of a cladding surface thermocouple, and a
photograph of & cladding surface thermocouple
and dummy extension attached to a fuel rod.
Figure 4 shows a conceptual drawing of an
embedded internal cladding thermocouple and a
photograph of the cross section of an embedded
thermocouple.

In addition to the fuel rod thermocouples, the
instrumentation associated with each fuel rod and
coolant flow shroud in the TC tests included a
linear variable differential t.ansformer (LVDT) at
the bottom of cacn tuel rod to measure cladding
axial displacement, turbine flowmeters at the inlet
and outlet of each flow shreud to measure the
coolant volumetric flow rate, and inlet and outlet
thermocouples on each flow shroud to measure
coolant temperature risc over the fuel rod length.

Each test series consisted of a power calibration
and a fuel preconditioning phase, a decay heat
buildup phase, and from one to seven blowdown
and reflood phases. Initial system conditions of
approximately 600 K inlet coolant temperature,
15.5 MPa system pressure, and 0.8 L/s inlet
coolant flow rate were used in all the TC test
series. The initial (immediately prior to
blowdown) test rod peak power density was
50 kW/m during most of the tests. At about § to
7 s after initiation of blowdown, a slug of two-
phase coolant was forced past the fuel rods to
simulate the blowdown quench observed during
the LOFT tests. Slug {low? was terminated at 11 s,

a. The “'slug flow’" discussed in this report is not necessarily
the same as the flow regime characterized by a series of
individual large bubbles that almost fill the available flow area
of a given test apparatus and are separated by liquid, but is the
mass of two-phase coolant introduced int the test rod flow
shrouds at about § to 7 s after mitiation of the transient to cool
the fuel rods in a manner similar to the cooling observed during
the LOFT .2 Test Series
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Table 1. Test parameter variations for PBF Thermocouple Effects Test Series
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Figure 14 Comparison of Rod 03 internal (340°) and surface (340%) cladding thermocouple responses during

blowdown quench period of Test TC4A.

blowdown peak temperatuves obtained from all of
the tests in the TC Test Series are provided
in Table 2* along with the corresponding
differences. Only Rod 02 had both internal and
external cladding surface thermocouples during
Test Series TC-1, and the internal thermocouples
were welded to the cladding surface. Both Kods 02
and 03 had internal and external cladding surface
thermocouples during Test Series TC-3 and TC4.
The internal thermocouples were welded to the
cladding surface during Test Series TC-3. The
Rod 02 internal cladding thermocouples during
Test Series TC-4 were of a new design and were
embeddea in the cladding surface

4. The Rod 02 internal cladding thermocouples indicated a
time-to-CHF of greater than 3 s during Tests TC-1B, TC-I1C,
and TC-1D, which is sigmificantly later than that indicated by
the thermocoupies on any of the other rods during any other
tests. A cracked weld was found on the Rod 02 coolant flow
shroud during the posttest evaluation. We believe that the
cracked weld may have permitted bypass coolant to leak into
the flow shroud and influence the thermal response of Rod 02
Consequently, the Rod 02 data for Tests TC-1B, TC-1C,
and TC-1D were not inciuded in the analyses described in this
report

The thermocouple responses in all the TC tests
show the initial cooling of the fuel rods due to
rapid expulsion of the coolant following initiation
of blowdown, the occurrence of critical heat flux
at between 1 and 3 s, rapid heating of the cladding
due to the reduced heat transfer during film
boiling, and the injection of slug flow at approxi-
mately £.5 s, which terminates the temperature
increase and provides subsequent cooling of the
rods. The extent and duraiion of the rod cooling
during the slug flow period were influenced by the
slug flow characteristics and the initial rod powers
listed. Following the slug flow period, the fuel rod
temperatures rapidly increased, and then leveled
off at an equilibrium value between 900 and
1100 K, as determined by manual control of the
PBF core power.

Oa the basis of the comparisons shown in
Figures 11 through 14, and the data provided in
Table 2, the measured temperature drop across
the cladding at the time of the blowdown peak
temperature varies between 23 and 108 K over the
three test series. Comparisons vetween test rods in
which the internal thermocouples were welded to
the cladding surface, at the same azimuthal



Table 2 Comparisons of internal and external cladding peak temperatures during ‘ dowr Series
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Figure 17, Comparison between interna! cladding thermocouple responses in Rod 01 (bare) and Rod 03
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Effects of Cladding Surface
Thermocouples on Large
Break LOCA Blowdown

Quench Behavior




Table 3. Average measured time-to-CHF and cladding peak temperature during

blowdown, TC Test Series
TC-4A TC-4B TC-4C TC-4D
Rod 02 (instrumented)
Average time-to-CHF (s) 1.6 1.3 1.55 1.3
Average peak temperature (K) 1123 1034 1034 1047
Rod 04 (bare)
Average time-to-CHF (s) 0.85 0.5 0.85 0.75
Average peak temperature (K) 1124 1140 1143 1162
Rod 02 - Rod 04 [average time to CHF(s)] 0.75 0.85 0.7 0.55
Rod 04 - Rod 02 [average peak temperature 101 106 109 11§
(K)]
Predicted reduction in cladding peak 55 62 51 40
temperature (K) during blowdown based on least
squares fit of data in Figure 19
Relative contribution of delay in time-to-CHF to 4 58 47 3s
surface thermocouple effect (")
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Comparison between embedded internal cladding thermocouple responses in Rod 04 (bare; and Rod 02
(instrumented) during blowdown quench period of Test TC-4F.
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Influence of System
Thermal-Hydraulic
Conditions on Surface
Thermocouple Effect
During Blowdown Quench
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Figure 21.  Comparison between thermal responses of an embedded internal cladding thermocouple in Rod 02
(instrumented) and an embedded internal cladding thermocouple in Rod 04 (bare) during blowdown
quench under conditions in which the cladding peak temperatures of the two rods during blowdown are
similar (Tests TC-4E and TC-4G).
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Figure 22.  Calculated coolant qualities at the axial midplane of the test space as a function of time during the slug
period of Tests TC-1A, TC-3A, TC4A, TC-4D, and TC-4F.

25






R R RN RRE..

‘:m.ly-.-_u_a.__o_i.“‘A_L_;_L_.._.L“_L ) N i — A Dnadiarath e e el
. Rod 04 (bare) E
:
----- - R e it s g
[ !
- "
¢ . e e ot
= \,-—*" - i
2 04 [/ O N m———— -
[ Lt [
8. ,// r
£ ;
[}_’. L
FLOW QUALITY |
-~ TC—-1A 08 L/s 35 % i
---TC-3A 10 L/s 17 % 1
~~~~~~ TC-4A 04 L/s 45 % i
-~ TC-4D 12 L/s 3% |
; —~— TC-4F 12 L/s 10 % i
BB ey e ——p R g gy
] 8 10 13 20 25 30
Time (s)
TF20021-02
Figure 23, Internal cladding thermocouple responses, showing the influence of variations in coolant quality and
flow rate on the thermal response of Rod 04 (bare) during the TC Test Series.
m* . . 0 A " P W Y . — F— I i A e T | )
1 Rod 02 (instrumented) [
1100 ‘. 3
1 L ieampeas s sEcde ey eyt s ST e s ha b 3
: F o o s
1000 J i o .
’ f \____________—-—?
o~ 14 # /A,:( | "
5 1 ..// / \’ \ I‘\\ :
wol 27/ NN\ R -
g ‘0// \ N S T -
& /[' W T e [
E m:\ /. \W\l / .-—-"“‘"’—'.J.'
& 1 \ ‘\ __,_,.-"-“"‘" """"
W g [/ e -
E 700 - ? ' \; \vv;/ = o // -
e N \ |'f ST~ s r
] . v "4 FLOW QUALITY [
e ~eeo. /] —— TC-1A 08 L/s % I
1 --- TC-3A 10 L/s 17 % [
g - TC-4A 04 L/s 45 %
500 —-—TC-4D 12 L/s 35 % 9
] —— TC-4F 12 L/s 10 % -
m:'—-w—‘v- S SEu— v e Yy e o " > w . . 4 e ol T T A Y a4 4
0 S 10 15 20 25 30
Time (s) TF20021- 01

Figure 24, Internal cladding thermocouple responses, showing the influence of variations in coolant quality and

flow rate on the thermal response of Rod 02 (instrumented) during the TC Test Series.
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Effects of Surface
Thermocouples on
LWR Fuel Rod Thermal
Response During a
LOCA Reflood
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