
NUREG/CR 1827
EGG-2072

Distribution category: R3

LOSS-OF-COOLANT ACCIDENT
TEST SERIES-RESULTS OF

TC-1 TESTS

Tom R. Yackle
Michael E. Waterman
Philip E. MacDonald

Published March 1981

EG&G Idaho, Inc.
Idaho Falls, Idaho 83415

Prepared for the
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555
Under DOE Contract No. DE AC07-761DO1570

FIN No. A6041

//s f 2 3 d M'E
- -- - -- - - . - - .- _ _ _ -. . -



. . _ -_ . - _ _ . _ _ _ - . - _ . . _. _ _

: ,

!

1

:

.

4

ABSTRACTi

1

i The results of an in-pile nuclear blowdown test couples slightly reduces local cladding tempera-
| series, derignated TC-1, are presented in this - tures by delaying the onset of critical heat flux,
t report. The primary objective of thi< ast series increasing cladding surface heat transfer, and

was to investigate the influence of external clad- promoting premature quench /rewet behavior.
ding thermocouples on fuel rod thermal response - These results provide fundamental insight into the2

'

during high pressure blowdown and subsequent - interpretation of results from previous in- and ~
; . Iow pressure reflood conditions..Results indicate out-of-pile experiments in which external cladding

that the presence of external cladding thermo- thermocouples were included.
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SUMMARY

A series of tests has been conducted in the cladding temperatures during both the blowdown
Power Burst Facility (PBF) at the Idaho National :.nd renood phases of a LOCA. During
Engineering Laboratory to evaluate the induence blowdown, the surface thermocouples caused a
of external cladding thermocouples on the thermal delay in the initial occurrence of critical heat Oux
and mechanical behavior of nuclear fuel rods dur- (CilF) and improved the cladding surface heat
ing loss-of-coolant accident (LOCA) conditions. transfer, subsequently reducing the cladding
These tests were performed with four Loss-of- temperatures. Peak teriperatures measured during
Fluid Test (LOIT) type fuel rods contained in blowdown were generally about 60 K lower for
individual Dow shrouds. The fuel rods were sym- each second of delay in CilF. An additional
metrically positioned within a test train in the PDF reduction in measured peak temperatures of about
in-pile tube in an environment similar to the 50 K apparently resulted from the improved
LOIT experiment environment. Two rods were cladding heat transfer due to the surface
instrumented with four LOFT cladding surface thermocouples.
thermocouples, with junctions located near the
high power region of the fuel rods. The ex!ctral The measured cladding quench times and subse-

thermocouples were extended to the bottom of trie quent rewet times also varied, with the TC-1 fuel

fuel stack with dummy thermocouple wires. All r ds with external thermocouples quenching from

four rods were instrumented with internal ther. 3 to 12 s before the other rods. In addition, some
mocouples, with junctions at the same axial eleva, external thermocouples did not properly measure
tion as the external thermocouples. The internal the cladding temperature response, as was esident

thermocouples were fitted in slots on the surface by the momentary quenching and reheating of the

of the fuel pellets. Some of the thermocouple thermocouple prior to the actual rod quench. The
junctions were welded directly to the inside clad, momentary quenching of the TC-1 external ther-
ding surface and the remainder were fitted into m e uples apparently occurred as precursory

ling selectively quenched the thermocouplecholes near the surface of the fuel pellets. By com.
paring the response of internal thermocouples, the prior to the arrival of the cladding quench front.

behavior of fuel rods with and without external Determination of thermocouple effects during
thermocouples during a LOCA was examined. the TC-1 tests required similar thermal-hydraulic

conditions within the flow shrouds of the four test
The TC-1 Test Series consisted of four LOCA rods. Unfortunately, some shroud coolant

transients. Each test was subdivided into power leakages were found after TC-1 that could have
calibration, decay heat buildup, blow down, inDuenced the fuel rod cladding temperature data.
heatup, and renood phases. The system conJi- Total shroud leakages of Rods 01 and 04, the two
tions at the initiation of each blowdown were rods without external thermocouples, w ere
approximately 600 K inlet temperature,15.5 MPa similar; however, the thermocouple data indicated
system pressure, and 49.5 kW/m maximum rod that the Rod 04 temperatures may have been
power. Each test was designed to simulate the slightly reduced and the time-to-C11F slightly
LOFT L2 experiments as closely as possible. To increased by the leakages. The shroud leakage of
simulate LOIT conditions, the TC-1 tests Rod 03, a rod with external thermocouples, was
included (a) a system depressurization that was less than the other test rods; therefore, the com-
similar to LOIT, (b) preprogrammed rod powers parison of thermocouple data between this rod
to achiese blowdown cladding peak temperatures and Rods 01 and 04 is valid. Finally, a cracked
of about 1000 K,(c) preprogrammed hot and cold shroud weld of Rod 02, a rod with external ther-
leg valve sequencing that resulted in a two-phase mocouples, was shown to have significantly
liquid slug forced past each fuel rod early in influenced the cladding temperatures during three
blowdown to simulate the rod quench measured on the four TC-1 transients. The data for this rod
during the LOFT experiments, and (d) a reflood during these transients have not been considered
rate to simulate the core renooding that occurred in the conclusions of this report.
in LOIT.

An attempt was made durirg the TC-1 tests to
On the basis of the TC-1 tests, surface ther- simulate the LOIT L2-2 and L2-3 blowdown con-

mocouples were found to influence the fuel rod ditions in which a two-phase coolant slug was

iii



forced past the fuel rods during the early portion surface thermocouples. Assuming the TC-1 results
of blowdown. Understanding the effects of exter- are applicable, the rods with cladding ther-a

nal thermocouples during the LOFT L2 experi. mocouples may be cooler (by about 50 K) than
ments, with a core rewet, is extremely important in uninstrumented rods, due to enhanced surface
interpreting the LOFT data. Generally, all the heat transfer associated with the external ther-
TC-1 thermocouples measured rod cooling during mocouples. Therefore, the peak temperatures of
the slug period, but the cladding did not quench as the LOFT fuel rods with external thermocouples
measured during the LOFT L2 experiments. The may have been between 80 and 110 K lower than
two-phase slug apparently consisted of high adjacent, uninstrumented rods.
quality vapor that could not rapidly quench the
TC-! rods. To more closely simulate LOFT condi-
tions, the liquid content of the two-phase slug The TC-1 rods with surface thermocouples also

st ould be increased. A means of attaining this quenched between 3 and 12 s earlier than the rods

condition in the PBF has been established and a without surface thermocouples during the 4-cm/s

second test series, TC-3, is planned to investigate reflood. On the basis of these results, it is possible

possible thermocouple effects during a blowdown that during the LOFT L2-2 and L2-3 experiments,

quench. the rods without surface thermocouples may have
quenched somewhat later than rods with surface

The LOFT L2 data and results of similar pro- thermocouples. In addition, some of the TC-1
grams can be adjusted on the basis of the TC-1 surface thermocouples did not measure the true
results. The thermocouples used in the LOFT L2 cladding temperature response (by momentarily
experiments measured CilF from I to 1.6 s after quenching and reheating prior to actual rod
blowdown initiation. If CIIF occurred between quench), a condition that has apparently occurred
0.5 and 1.0 s earlier on rods without cladding sur- in other test programs. Finally, all the fuel and
face thermocouples, then the claddmg peak tem- cladding thermocouples performed exceptionally
peratures could have been 30 to 60 K higher. The well during the TC-1 tests. Future in-pile pro-
cladding thermocouples may have also enhanced grams should consider internal rod temperature
the surface heat transfer and reduced the cladding mea urements in place of surface temperature
peak temperature of the rods instrumented with measurements.
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LOSS-OF-COOLANT ACCIDENT
TEST SERIES-RESULTS OF

TC-1 TESTS

INTRODUCTION

Several criteria must be satisfied before a light experiments are also currently being conducted at
water reactor (LWR) operating license can be the Karlsruhe Cosima blowdown facility' in
granted. One of these criteria is that the predicted Germany to investigate the effects of surface ther-
behavior of the reactor during a postulated loss- mocouples. A preliminary series of blowdown

4of-coolant accident (LOCA) must conform to tests are complete, and s,gnificant temperature
restrictions imposed by the Code of Federal differences between electric t xis with and without
Regulations.3 To ensure that the actual behavior the simulated LOFT therr.~ couples have been
of both the cooling system and the nuclear core is measured. Future tests are also scheduled with
accurately predicted in computer codes, in-pile actual LOIT thermocouples to better quantify
experiments, which provide data for the develop- these differences.
ment and improvement of existing computer code
models, are being conducted in the Loss-of Fluid The EG&G Idaho, Inc., LOFT Program has
Test (LOIT)2 Facility and in the Power ilurst also conducted a series of transient (blowdown)
Facility (PilF).3 The LOFT Facility was designed critical heat flux (CilF) tests 5 at the Columbia
to represent the behavior of a large pressurized University Chemical Engineering Research
water reactor (PWR) during a postulated LOCA. Laboratory. The purpose of these tests was to
The PIlF LOCA program is one of several pro- cvaluate the effects of cladding surface ther
grams that are providing in pile information on uocouples on the time-to-CliF and to develop a
the behavior of nuclear fuel rods subjected to nor- CilF correlatior, appropriate for use in LOIT.
mal, off-normal, and accident condi ions. Two electrically heated 25 rod bundles simulatingt

a portion of the LOTT nuclear reactor core were
In the LOIT and PilF tests, the fuel rod clad- tested. The tests were conducted as simultaneous

ding temperature data have been obtained with hot and cold leg break LOCAs, in which coolant
thermocouples welded to the cladding outer sur- st.ignation and CilF occurred rapidly. The max-
face. These data are used to assess the accuracy of imum difference in time-to-Cif F between bundles
computer models that predict cladding tempera- with ana without surface thermocouples was less
ture response, and to evaluate and interpret test than 0.45 s, and most differences were less than
train thermal-hydraulic behasior. The cladding 0.20 s. An analysis of the behavior of a het fuel
surface thermocouples, howeser, may be acting as rod during the LOIT L2-4 experiment indicated
cooling fins and loca sites of cladding rewet, and, that a difference in CilF of I s could result in a
hence, may be in0uencing fuel rod thermal 52-K difference in surface peak temperature. It
behavior. was therefore concluded that surface ther-

mocouples were not significantly influencing the
The influence of cladding surface ther- blowdown cladding peak temperatures in LOIT.

mocouples on fuel rod behavior during a LOCA is
currently being insestigated at several facilities. A number of other experiments are currently
The majority of these investigations are being con- being conducted to investigate thermocouple
ducted in out-of-pile tests with simulated nuclear effects during reflood. These experiments are
fuel rods. Illowdown experiments were recently being conducted in the llalden reactor in
conducted at the EG&G Idaho, Inc., LOTT Test ." vvay,6 the Swiss Reflood Facility, the Univer-
Support Facility with a single heater rod subjected sity of California at Los Angeles (UCLA), and the
to conditions designed to simulate the rewet of a Rebeka Reflood test facility in Germany. Final
nuclear fuel rod during blowdown and renood. results of these experiments are currently
Significant differences in rod quench times were unavailable; however, preliminary results from
measured between rods with and without surface the UCLA tests show that external thermocouples
thermocouples. A series of out-of-pile blowdown enhance cladding quench and that the quench

I
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front travels tp the thermocouple sheath faster calibration and fuel preconditioning phase, and,
than it travels up the cladding. Steam with as in Tests TC-1B, TC-IC, and TC-ID, a decay l

'

entrained liquid generated during reflood tended , heat buildup phase followed by blowdown,
to quench downstream surface thermocouples and heatup, and reflood phases. The four tests were
the adjacent cladding prior to the actual quench designed to simulate the LOFT L2 experiments as
front. closely as possible, with initial system conditions

of approximately 600 K inlet coolant temperature,
The results of a series of m.-pd.e tests conducted 15.5 MPa system pressure,0.8 L/s inlet flow rate,

,m the Power Burst Facility to specifically evaluate and 49.5 kW/m rod peak power. As in the LOFT
the influence of cladding surface thermocouples experiments, the cladding temperatures reached
on nuclear fuel rod thermal and mechanical about 1000 K during the transient phase of the
behavior during PBF LOCA conditions are tests. Five to seven seconds after initiation of
reported in this document. These tests were per- blowdown, a two-phase liquid slug was forced
formed with four LOFT-type fuel rods contained past the fuel rods for varying time periods (2 to
in individual flow shrouds. The fuel rods were 6 s, depending on the test) to simulate the
symmetrically positioned within a test train in the LOFT L2-2 and L2-3 cooling that occurred during
PBF in-pile tube. blowdown. Finally, the fuel rods were quenched

Fuel tod instrumentation for the TC-1 tests during the reflood portion of the tests at condi-
consisted of a linear variable differential tions that best simulated a LOFT L2 reflood in the
transforcner (LVDT) at the bottom of each fuel PBF.
rod to measure cladding axial dig lacement, and
cladding and fuel thermocouples located near the A discussion of th'e TC-1 thermal. hydraulics
high power region of each rod. Twelve mternal

and the thermal and mechanical response of the
rod thermocouples were fitted m slots on the outer fuel rods a well as a comparison of selected
surface of the fuel stacks (three per rod). Eight of

results are presented, followed by a discussion ofthese thermocouples had junstions located in
the conclusions derived from the test series. Thesmall holes near the surface of the fuel pellets t
data presented in this report have not been fullymeasure fuel surface temperatures. The four qualified with normal corrections and offsets. A

remaining thermocouples had junctions welded t complete set of data for Tests TC-1B, TC-IC, and
the inner surface of the cladding of two of the four'

TC ID is provided in Appendix A (Test TC-1 A isfuel rods to measure internal claddmg surface
discussed extensively within the report). Thermal-

temperatures. Additionally, two of the fuel rods
, hydraulic and fuel rod characterization data arewere externally innrumented with four LOFT-

provided in Appendices B and C, respectively,
type cladding surface thermocouples, with junc- The design of the Test TC-1 test train and PBF
tions located at the same axial elevation as the blowdown system and the test conduct are
internal thermocouple junctions. described in Appendix D. (All of the appendices

Four LOCA transients were conducted during to this report are presented on microfiche attached
the TC-1 series. Test TC-I A consisted of a power to the inside of the back cover.)-

|

!

i

I

i

2

!

__ . - _ - - _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



:

TC-1 THERMAL-HYDRAULICS

The thermal-hydraulic response of the TC-1 did not function. Between 7 and 9 s, one hot leg
tests is characterized by the system depressuriza- valve was opened and the cold leg valve closed to
tion and the columetric flow within each fuel rod force a two-phase slug of liquid from the lower
flow shroud. Test TC-1 A results were selected for plenum and downcomer upward past the fuel
discussion in this section. A complete set of rods. The resultant two-phase slug reached a peak
experimental measurements from the ou.er three flow rate of 1.0 L/s during this period. The PBF
tests (Tests TC-IB, TC-IC, and TC-ID) are cold and hot leg valves were then recycled at 9 s to
provided in Appendix A. close the check valves and terminate the slug

phase. Reflood was initiated at 100 s with a brief

System Depressurization period of high flow reflood (1.6 L/s) to fill the
lower plenum, followed by low flow reflood
(0.95 L/s) until the rods rewet. The outlet

The measured coolant depressurization during volumetric flow was positive during reflood and
Test TC-I A is shown in Figure 1. After closing oscillated as reflood water quenched the cladding.
the warmup line prior to blowdown, the coolant in Cladding rewet was completed at about 125 s as
the cold leg was subcooled and essentially incom- the outlet volumetric flow rate became equal to
pressible at conditions of about 595 K and the inlet volumetric flow rate and single-phase
15.5 MPa. The PBF primary coolant loop was liquid filled each shroud.
isolated from the in-pile tube and blowdown
system at time zero. Both cold leg blowdown The lower turbine volumetric flow within each
valves were opened at 0.1 s, and subcooled shroud during Test TC-I A is presented in
depressurization began as the coolant was rapidly Figure 3. The volumetric flow became negative as
expelled through the converging-diverging the test was initiated and remained negative during
nozzles. This phase of depressurization lasted the early stages of blowdown Cycling of the hot
approximately 0.1 s, followed by coolant flashing and cold leg blowdown valves between 7 and 9 s
and choked two-phase flow in the converging- resulted in the two-phase slug period with a max-
diverging nozzles, which limited the decompres- imum positive flow rate of 0.7 L/s, similar to the
sion rate. The large (23.9 mm) cold leg valve was outlet turbines. The valves were recycled at 9 s to
closed between 4 and 22 s to further reduce the reestablish downward flow through the shroud
depressurization rate so that the entire inlet to the cold leg. The flows g1adually decreased
depressurization would be similar to that in the to about 0.1 L/s at 20 s. The large cold leg
LOFT L2 experiments. The system was fully blowdown valve was reopened at 22 s, and the
depressurized within about 27 s. Iower turbine volumetric flow increased (became

more negative) at this time. The reason for this
i""" ** iS " * C mpletely underst d, but it mayFuel Rod Shroud Coolant Flow
be assosiated w. h an mercased pressure dropit
across the check vah'e and shroud and a slight

The fuel rod coolant volumetric flow response leakage of steam through the shroud leakage
was measured at the shroud outlet (upper turbine paths. Ilowever, the increase in inlet volumetric
meters) and shroud inlet (lower turbine meters) flow at 22 s may also be associated with expansion
and is shown in Figures 2 and 3. The outlet of the steam within the flow shrouds. The
volumetric flow rates shown in Figure 2 rapidly depressurization was completed by about 27 s and
decreased from 0.8 L/s to zero at initiation of the the volumetric flow was essentially zero between
blowdown transient due to the closure of the 50 and 100 s in all shrouds. After 100 s, the flow
check valves. Since the flow was negative for most oscillated as reflood water entered the flow
of the blowdown, the check valves remained shrouds.
closed and the shroud outlet flow was near zero
(except from 7 to 9 s when the blowdown valves The positive volumetric flow spike at the inlet
were cycled). A comparison of the upper turbine during the two-phase slug period was nearly iden-
volumetric flows for Rods 01,02, and 03 shows tical with the outlet volumetric flow spike,
that the flow was essentially the same in all of the flowever, as coolant was forced past the fuel rods,
shrouds, as expected. The Rod 04 upper turbine the volumetric flow should have significantly
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increased from inlet to outlet as the coolant the bypass region into the flow shroud through a
enthalpy increased. Since the flows measured by cracked weld (discussed in Appendix D) in the
the inlet and outlet turbines were similar, the slug upper portion of the shroud. The weld probably
flow through the shrouds apparently had little failad (or the failure became significantly larger)
effect on the fuel rod stored energy and tempera- after the first test. The Rod 01 inlet volumetric
tures. This conclusion is verified by the fuel rod flow was consistently the third largest of the four
thermocouple measurements presented in the next shrouds, but this rod reached the highest tempera-
section. tures. A cracked weld was also found in the upper

portion of the Rod 01 shroud; however, the
leakage through this crack apparently 64 not

The responses of the four inlet turbine meters significantly influence the rod therraal rewonse.
during blowdown provide a measurement of the The Rod 01 weld failure probably occurred during
relative degree of flow shroud leakage. The inlet or after Test TC-ID. The inlet volumetic flows of
volumetric flows of the four test rods were the other rods were similar durinn each TC-1 tran-
generally similar during Test TC-1 A, with the sient. On the basis of these results, the unex-
largest measured flow past Rod 02. The Rod 02 pectedly large flows past Rod 02 during Tests
shroud leakage apparently increased after the first TC-1B, TC-IC, and TC-ID probably influenced
blowdown since the volumetric flow at the shroud the cladding temperature and time of CHF.
inlet became significantly larger during Therefore, the Rod 02 data from Tests TC-1B,
Tests TC-1B, TC-lC, and TC-ID compared with TC-IC, and TC-ID are not considered in this
TC-I A. These unexpectedly large flows resulted report during blowdown. Data from this rod (in
from leakage of coolant, during blowdown, from all tests) are still applicable during reflood.

5



, . _ _ _

4

FUEL ROD THERMAL AND MECHANICAL RESPONSE
1

The thermal and mechanical response of each The LVDTs used in the TC-1 tests primarily
rod during Test TC-IA (and limited results of responded to the axial extension or elongation of,

Test TC-lC) is summarized. Data from selected the cladding and provided an indication of the
internal and external thermocouples and the linear average cladding temperature. The Rod 01 LVDT

,

variable differential transformers (LVDTs) of (Figure 5) measured a cladding extension follow-
each fuel rod are presented. Thermocouple data ing CHF, within the first second of blowdown,
not presented ia this section substantiate the and a continued elongation until the two-phase
trends of the thermocouple data selected for slug period. As the rod gradually cooled during
presentation. the slug period, the LVDT measured a decrease in

the Rod 01 elongation. This trend reversed after

i Behavior of Rod 01 11 s s the cladding continued to heat until about
! 50 s.

The Tests TC-1 A and TC-IC data from one The fuel rod gradually cooled during the two-

internal cladding and one fuel thermocouple and phase slug period early in the transient rather than

! the LVDTa (Test TC-lC only) on Rod 01, a rod rapidly quenching as observed in the LOFT L2

| without external thermocouples, are presented in experimuits. The gradual cooling during the TC-1

i Figures 4 and 5. The LVDT did not function tests was apparently caused by the flow of high

! properly during Tests TC-I A and TC-I B. The fuel quality vapor past the fuel rods. In comparison,

and internal cladding temperatures at the the coolant quality in the LOFT core during the
4

thermocouple locations were 1128 and 855 K, blowdown quench has been estimated to be"

i respectively, prior to the Test TC-I A blowdown between 0 and 30%. Therefore, the hydraulic con-

- transient. Similar temperatures were measured ditions of the two-phase slug during the TC-1 tests

prior to the Test TC-lC blowdown (1030 and did not accurately represent the conditions that
ccurred in LOFT.'

810 K, respectively). During the first second of
each TC-1 blowdown, both the fuel and internal Details of the Rod 01 thermal response during
claddmg temperatures gradually decreased until the blowdown phase of Test TC-lC are presented
CilF occurred at about 0.8 to 0.9 s, and then in Figure 6. Critical heat flux was measured at
rapidly mereased until about 7 s when the 0.9 s by both internal thermocouples and the

i blowdown two-phase slug passed the rods. A LVDT. The internal cladding thermocouple indi-
rewet of the cladding occurred during Test TC-1C cated the occurrence of a momentary rewet,

i at about 1.5 s, which momentarily reduced the between I and 2 s, a phenomenon previously
mternal cladding temperature to about 800 K. The observed in PBF LOCA tests. The internal clad-
Rod 01 internal temperateres during Test TC-I A ding thermocouple that indicated the momentary
(Figure 4) reached a maximum value at about 7 s

rewet was welded to the inner surface of the clad-
and then decreased by about 60 K between 7 and ding. Similar rewets were not measured by the fuel
9 s, the time of the two-phase slug injection. In thermocouples located near the outer surface of
companson, the measured temperatures during the pellets of this rod, indicating that the fuel and
Test TC-lC (Figure 5) decreased by about 190 K cladding thermal behavior were apparently
between 5 and 1I s, the time of the two-phase slug decoupled during the momentary quench.
mjection. The reactor operator mtentionally

|
adjusted the core power after 20 s to establish Details of the Rod 01 thermal response during

j cladding temperatures at about 1000 to 1100 K the reflood phase of Test TC-lC are presented in
prior to reflood. Figure 7. The rod thermal response during reflood

can be divided into several time periods. First, a

| relatively slow temperature decrease of approx-
I imately 15 K/s occurred between about 104 and

a. The LVDT measured the relative chante in length of the 115 s. This decrease was associated with gradual
fuel rod and flow shroud. When the data are corrected for the ; pshroud thermal expansion and the effects of the instrument

! temperature sensignity the general shape of the LVDT curves sory cooling passed along the hot cladding. Af:er

! corresponds well with that of the thermocouple, about I15 s, the internal thermocouples measured

6
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cladding quench (a rapid temperature decrease). temperature was 1060 K prior to the slug event.
The cladding surface heat transfer must have All temperatures then decreased between 7 and 9 s
significantly increased during quench to result in as the two-phase slug coolant improved the clad-
the large temperature decrease. Finally, the clad- ding heat transfer. Fuel and cladding temperatures
ding surface rewetted (liquid-surface contact) as increased after 9 s and were intentionally adjusted
the surface temperature dropped below the after 20 s, by reactor power adjustments, to an
Liedenfrost temperature. The calculated rewet average cladding temperature of about 1030.K
temperature is about 600 to 650 K for these test prior to reflood.
conditions. Ilowever, no inflection of the data
(Figure 7) is noted at this temperature to indicate The Rod 02 thermocouples indicated a time-of-
the exact time of rewet. Therefore, any increases CliF of 3 s, which was significantly later than the
in the surface heat transfer after rewet must not Rod 01 CIIF time. A cracked weld found on the
have significantly inDuenced the rate of cladding Rod 02 How shroud may have inDuenced the
temperature decrease that was established during time-to-CliF during some of the TC-1 transients.
the quenci , liowever, this leakage is not considered significant

during Test TC-I A. Evidently, the external ther-
As mentioned, the rod internal thermocouples mocouples of Rod 02 delayed CliF as compared

and LVDT measured several gradual oscillations with the occurrence of CliF on Rod 01. Both
in temperature as the rod cooled during reflood. ir.ternal and external thermocouples responded in
These oscillations are important in understanding a similar fashion during the two-phase slug
any surface thermocouple effects. Apparently, a period. The external thermocouples provided a
slug of steam with entrained liquid (precursory good measurement of the rod thermal response as
cooling) was expelled toward both ends of the the high quality coolant floweo past the
flow shroud as a portion of the cladding quenched thermocouples. The external and internal ther-
during reflood. The inlet turbine measured a mocouples also responded in a similar fashion
negative (or reversed) coolant flow as this steam during renood. As previously described, the
expanded. After sufficient time for steam expan- reflood water apparently entered the How shroud
sion, reflood liquid again flowed imo the shroud at the inlet and quenched the cladding slowly, then
and the quenching process continued. These slugs rapidly, sending low quality liquid slugs past the
of steam with entrained liquid were first generated thermocouple junctions early in renood. All ther-
at the lower portion of the rod and then moved mocouples measured the expected oscillating
past the thermocouples. Therefore, thermocouple temperature trends prior to cladding quench as
effects can be expected during renood when a slug these low quality slugs passed the surface ther-
of steam with entrained liquid moves past a ther- mocouples. Ilowever, the external thermocouples
mocouple location. measured large ( ~ 100 K) temperature oscillations

prior to quench due to the two-phase slugs. In

Behavior of Rod 02 e mp ris n, the internal thermocouples oscillated
by only about 50 K as a result of the same two-
phase slugs. The external thermocouples exten-

The thermal and mechanical response during ding into the coolant stream probably measured
Test TC-1 A of Rod 02, a rod with both external larger than actual cladding temperature
and internal cladding thermocouples, is presented oscillations during renood,
in Figures 8 through 10. Selected internal fuel and
internal and external cladding thermocouple data Behavior of Rod 03are shown, together with the LVDT data. The
Rod 02 measurements are presented for the entire
test in Figure 8. Blowdown and reflood results are The thermal and mechanical response of
highlighted in Figures 9 and 10, respectively. The Rod 03, a rod with three fuel thermocouples and
internal and external cladding temperatures at the four external cladding surface thermocouples, is
thermocouple locations decreased after initiation presented in Figures 11 through 13. Data from the
of the blowdown transient until CliF occurred at entire Test TC-1 A are presented in Figure 11 for
about 3 s. External and internal cladding tempera- two of the internal fuel thermocouples, one exter-
tures rapidly increased following CilF and nal cladding thermocouple, and the LVDT (the
reached a peak of 970 and 1010 K, respectively, internal fuel thermocouple of Rod 03 at the
prior to the slug period. The measured fuel surface 220-degree orientation did not function). Similar

9
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results for the first 20 s of blowdown and the 40 s are probably larger than the actual cladding tem-
of reflood are presented in Figures 12 and 13, perature oscillations because the external ther- |
respectively. The internal and external tempera- mocouples protruded into the coolant channel and
tures gradually decreased until about 2 to 3 s, were therefore preferentially cooled. Results of
when CHF occurred. External cladding and inter- each TC-1 test support this conclusion and, in
nal fuel temperatures rapidly increased following fact, when the internal thermocouples did not
CHF and reached 980 and 1050 K, respectively, measure cladding quenches, the external ther-
before the slug phase began at 7 s. The cladding mocouples sometimes completly quenched to the
temperatures gradually decreased during the slug coolant saturation temperature, followed by ther-

~

phase as the high quality two-phase coolant passed mocouple reheating. The external thermocouples
through the flow shrouds. Following blowdown, apparently indicated larger than actual cladding
fuel and cladding temperatures stabilized at temperature decreases as the two-phase liquid
1040 K and the reflood phase was initiated at precursory cooling passed the thermocouples dur-
about 100 s. ing reflood, and sometimes acted independently of

the cladding by momentarily quenching before the
The Rod 03 fuel and cladding temperatures cladding quenched.

began to decrease at 103 s (3 s into reflood).
Measured temperatures first decreased by about Behavior of Rod 04
15 K/s and gradually oscillated as the mlet reflood
rate oscillated until 112 s. Quench, or a rapid tem-
perature decrease, occurred at 112 s, which was The thermal and mechanical response during
earlier than the quench of Rod 01. As described Test TC-1 A of Rod 04, a rod with three fuel ther-
for Rod 02, the external thermocouples on Rod 03 mocouples but no cladding thermocouples, is
measured several rapid temperature oscillations in presented in Figures 14 through 16. The internal
excess of 100 K as the two-phase reflood precur- fuel thermocouple and LVDT measurements dur-
sory cooling passed the thermocouple junctions. ing the entire test are presented in Figure 14.
However, these measured temperature oscillations Similar responses for the first 20 s of blowdown
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and the 40 s of teflood are presented in Figures 15 slug phase was initiated. The cladding and fuel
and 16, respectively. The internal fuel tempera. temperatures gradually decreased after 7 s until
tures generally decreased for about 2.0 s until the end of the slug phase. Fuel temperatures
CilF occurred at the thermocouple junctions. The . stabilized at 1100 K prior to reflood.
LVDT measured an axial increase in length at
about I s, indicating an earlier occurrence of Cl!F The thermal and mechanical behavior of
at some other location on the fuel rod. Internal Rod 04 during reflood was similar to the behavior
fuel peak temperatures reached 1180 K before the of Rod 01, discussed previously.

1
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COMPARISON OF SELECTED RESULTS

Selected test data from rods with and without tioned above, the Rod 01 LVDT electronics did
cladding surface thermocouples aie compared in not function properly during Tests TC-1 A and
this section to better illustrate the effects of exter- TC-1B.) The LVDTs measured the length of the
nal thermocouples on the thermal behavior of fuel rod cladding; however, the base of the instru-
light water reactor fuel rods during a severe loss- ment was also attached to the test train flow
of. coolant accident. The internal fuel rod tem- shroud; hence, variations in the flow shroud
peiatures during the entire Test TC-l A transient dimensions also influenced the measurement. The
are first compared. The LVDT data from the first data shown in Figures 21 through 24 were cor-
30 s of all four TC-1 blowdown transients are then rected to eliminate effects associated with shroud
presented, along with the internal fuel and clad- length changes by estimating the shroud tempera-
ding temperatures of each rod during the first 10 s ture, based on results of other PBF LOCA tests,7
of Test TC-1 A. Finally, the internal fuel and clad- and then calculating and subtracting shroud
ding temperature data, from rods with and length variations from the cladding length
without cladding surface thermocouples. during changes.

the reflood phase of all four TC-1 blowdown
transients are compared. The LVDT measurements provide a good

indication of total fuel rod heating and cooling
Comparison of Selected Internal trends. The results are, however, sometimes dif-
Cladding and Fuel Surface ficult to interpret if the fuel rod heating trends are

Temperatures During Test not consistent along the entire length of the rod.
For example, CHF may not occur uniformly along

TC-1 A the length of a fuel rod during a LOCA; rather, a

The internal cladding and fuel surface tempera, portion of the cladding may have experienced

tures of the rods with and without external ther- CIIF and may be heating and expanding while the

mocouples are compared on a one-to-one basis in remainder of the cladding is cooling and contrac-

Figures 17 through 20. The time of CliF at the ting prior to CIIF. The total rod elongation might

thermocouple junct:ons within Rods 01 and N then indicate no (or only a small relative) change
in the average cladding length. The exact time of(rods without external thermocouples) wa
CilF would then be difficult to determine on theapproximately 0.9 and 2.0 s, respectively, com.
basis of LVDT measurements.pared with about 3 s for the two rods with external

thermocouples. The fuel stored energy rapidly
decreased during the time prior to CIIF, since the The measured CIIF times, based on the LVDT

initial heat transfer mechanism was nucleate responses during the different transients, are sum-

boiling. Therefore, the measured temperatures marized in Table 1. The cladding of Rods 01 and

within Rods 02 and 03, the rods with external N, which did not have external surface ther-

thermocouples, were about 100 to 150 K lower mocouples, generally began expanding due to

than the temperatures of Rods 01 and 04 rapid heating after C11F between 0.8 and 1.5 s

throughout blowdown. The temperatures within after initiation of the transient. In comparison,

all four TC-1 test rods prior to reflood converged the time of CHF an Rods 02 and 03, rods with

to within about 1050 to 1100 K. The cladding external thermoccupies, was between 2.4 and
2.5 s. The determiration of the exact time of CliFcooling trends during reflood were similar for

each rod; however the rods with external ther, on Rods 01 and 03 during all of the TC-1 tran-

mocouples quenched (experienced a rapid tem. sients is straightforward, and the Rod 01 CliF

perature decrease) before the rods without consistently occurred well before the Rod 03
CliF. The exact time of CilF on Rod 04 is moreexternal surface thermocouples.
difficult to determine. The Rod N LVDT mea-

Comparison of LVDT and surement was noisy, with small negative spikes

Internal Temperature Results occurring at various times during each test. These

During Blowdown neg tive spikes are n t c nsidered n accurate
measurement of rod elongation, but rather a result

Cladding axial extensions during blowdown are of electronic noise in the data system. Unfor-
compared in Figures 21 through 24. (As men- tunately, a noise spike occurred near the time of

16
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Table 1. Comparison of CHF timesa for all TC-1 rods

Test Rod 01 Rod 02 Rod 03 Rod 04

TC-1 A b 2.4 2.4 1.2

TC-1 B b c 2.5 1.5

TC-1C 0.9 c 2.5 1.2

TC-1 D 0.8 c 2.5 1.1
_

a. Times based on the LVDT response in seconds.

b. LVDT did not function.

c. Rod 02 shroud leakage occurred.

CHF during almost all of the TC-1 transients, of both rods should eventually converge ss the
making the exact time of CHF difficult to deter- Rod 04 shroud leakage decreased late in the
mine. However, the Rod 04 time of CHF was blowdown.
always at least I s before the Rod 03 CHF.
Therefore, on the basis of the TC-1 cladding The peak temperatures of each TC-1 transient
clongation measurements, external cladding ther- measured by all internal fuel thermocouples are
mocouples delay the time of CHF. compared with the CHF times in Figure 29. Four

data points, one for each test, are presented for
The internal fuel rod temperature responses each rod, except Rod 02 for which only Test

during the first 10 s of Test TC-1 A are presented TC-I A results are presented. In the case of
in Figures 25 through 28. These data were also Rods 03 and 04, in which more than one internal
used to determine the CHF time within each rod. fuel temperature was measured at the junction
Rods 01 and 04, without surface thermocouples, elevation, the data represent an average of the
should have had similar times-to-CHF and com. available thermocouples. The data were also cor-
parable temperatures since the rods were similar. rected to account for differences in stored energy
However, a review of the temperatures presented between each test resulting from cladding collapse
in Figures 25 and 2g shows a significant difference or fuel relocation,
in the time of CHF between these rods. Critical
heat flux consistently occurred at about I s on A CHF time of about I s at the thermocouple
Rod 01, which corresponded well with the LVDT junctions of Rod 01 resulted in a fuel peak tem-
response. The Rod 04 CHF consistently occurred perature of about 1225 K. In comparison, a 2.4-s -
at about 2 to 2.5 s at the thermocouple junctions. CHF time resulted in a Rod 04 peak temperature -
The a:<ial elongation measuremeras presented of about 1160 K. It should be noted that the
earlier indicate that the Rod 04 CHF spparently Rod 04 CHF time applies to the thermocouple
occurred at about the same time as the Rod 01 junctions only, since the LVDT-measured CHF
CHF and at about the same location on the rod. times (provided in Table 1) indi:ated that CHF on
The leakages found at the centering screws or at Rods 01 and 04 probably occurred at similar times
the upper turbine on the shroud of Rod 04 over most of the axial length. However, since a
possibly influenced the time of CHF or enhanced significant difference in CHF tin.es did occur at
momentary rewets at the thermocouple junctions. the thermocouple junctions of Rods 01 and 04, a
The cladding axial extension of Rods 01 and 04 comparison of temperatures reached during
consistently converged to the same value at about bawdown is possible between these rods and
15 s after initiation of blowdown. Since the reac- demonstrates the influence of CHF time on
tor power was maintained at a low level blowdown temperatures for rods without external
throughout blowdown, the cladding temperature thermocouples. A line was fit through the data
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from Rods 01 and 04 (Figure 29) and, generally, not, however, account for surface conditions or
each second of delay in CHF was found to result effects associated with geometry distortions due to
in a 60.1 K decrease in cladding peak temperature instruments such as surface thermocouples.
during blowdown. The one-sigma uncertainty in

: the data was calculated to be 11.3 K.
The coolant in the flow shrouds of the PBF

The internal peak temperatures during LOCA experiments was rapidly expelled from the
blowdown for Rods 02 and 03, rods with external shroud inlet during the first seconds of blowdown.
thermocouples, were, on the average, about 50 K Prior to CHF, the fuel rods were cooled by
less than expected from the Rods 01 and 04 curve coolant moving downward along the cladding.

I fits. The lower temperature is probably a result of This coolant was subcooled dur.'ng the first 0.1 s
fin cooling, which enhanced the cladding surface of the blowdown. As the system pressure
heat transfer during blowdown. Therefore, the decreased toward saturation, the coolant began to

,

external cladding thermocouples increased the flash and the fuel rods were efficiently cooled by
I time of CHF and improved the cladding surface nucleate boiling heat transfer. The flashing of

heat transfer, and both mechanisms reduced the liquid to steam continued as the liquid inventory
,

j cladding temperatures. The data fit shown in within the Dow shroud rapidly decreased over the
Figure 29 is based on limited data, and data from first few seconds of blowdown. Critical heat flux'

a future test series (TC-3) will be fit to this curve to was eventually exceeded and the fuel rod was then

substantiate these conclusions. blanketed by a vapor film. Fuel rods without
.

surface thermocouples reached CHF within 1.5 s.
| The mechanism for the delay of CHF due to the in comparison, CHF occurred at about 2.5 s on

cladding surface thermocouples can only be fuel rods with surface thermocouples. The ther-
speculated. A number of CIIF correlations have mocouples were spot welded at 2.54-cm intervals
been developed for use in LOCA analyses. These along the length of the cladding surface, and the
correlations are typically based on fluid properties configuration may have delayed the formation of
that relate CHF to coolant conditions, flow rate, a vapor film blanket or momentarily trapped-

i and quality or void fraction. The correlations do liquid on the surface of the rods. The vapor film

i
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formed only after the coolant quality had suffi- these data, fuel rods with external thermocouples
ciently increased. Additionally, the surface ther- consistently quenched 3 to 12 s before the rods
mocouples possibly provided efficient fin cooling without surface thermocouples, with an average
for the cladding. The TC-1 results indicate that difference in quench time of 7.5 s. Additionally,
CIIF correlations should account for unusual sur- rod quench times were slightly different between
face conditions such as thermocouples. each test. Thermocouple quench times of Rods 02

and 03, which were instrumented with surface
The reduction in cladding peak temperatures thermocouples, in Test TC-IC were between 108

due to delayed CHF in the TC-1 tests is consistent and 112 s. Rods 01 and 04, without surface ther-
with the LOFT Blowdown CHF Test 5 results. The mocouples, quenched shortly afterwards, between
LOFT out-of-pile CHF tests compared the behav- 115 and 118 s. In the repeat test, Test TC-ID,
ior of two electrically heated 25-rod bundles, one Rods 02 and 03 quenched at about the same times
with and one without surface thermocouples. as in Test TC-IC; however, Rods 01 and 04
These tests were conducted in hot and cold leg quenched somewhat later at 120 s. Since the con-
break LOCA environments in which the coolant ditions of both tests were essentially the same, the -

stagnated early in blowdown and CHF rapidly differences in quench times highlight the value or
occurred. The maximum difference in time-to- repeat tests, which provide sufficient data to - .

CHF between bundles with and without surface statistically verify the results.
thermocouples was less than 0.45 s, with most
differences less than 0.20 s. An analysis of the Two mechanisms are identified for early clad-
behavior of a hot fuel rod during the LOFT L2-4 ding quench of fuel rods with external
experiment indicated that a 1-s time difference in thermocouples. One, the thermocouple acts as a
CHF could result m a 52-K difference m cladding cooling fin, which quenches early, and then
peak temperature, in comparison, the PBF TC-1 quenches the cladding. This behavior has been
results shown m Figure 29 m, dicate a 60.1-K reported in out-of-pile experiments. Secondly, the
difference m cladding peak temperature for each TC 1 rods without surface thermocouples were
second of delay m CHF. generally at higher temperature:, tl.an the other

rods as reflood was initiated. As a result of theComparison of Selected ResultS higher temperatures, the cladding quench can be
,

During Reflood expected to take longer. The comparison of rod
temperatures provided in Figures 30 through 33

A comparison of all TC-1 internal rod ther- demonstrates that the rods without surface ther-
mocouple responses during reflood is provided for mocouples experienced about 50 K higher tem-
each transient in Figures 30 through 33. The com- peratures at the thermocouple location prior to
parisons in these figures provide a generai sum- reflood. Both mechanisms will contribute to the
mary of all thermocouple results without labeling resultant quench behavior observed during
the location of each thermocouple. On the basis of the TC-1 tests.
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CONCLUSIONS

! The purpose of the TC-1 tests was to investigate thermocouples measured rod cooling during the
.

the effects of external cladding thermocouples on slug period, but the cladding did not quench as
!- the behavior of PWR-type fuel rods during a loss- measured during the LOFT L2 experiments.

of-coolant accident. The test provided fundamen- There were no significant differences in the behav-
tal insight into the influence of external cladding ior of the TC-1 rods with or without surface
thermocouples at conditions designed to simulate thermocouples during this slug period. The TC-1
the LOFT L2-2 and L2-3 experiments. two-phase slug is belic. A to have consisted of

;
high quality vapor that could not rapidly quench,

; On the basis of the TC-1 results, we have con- the rods. To properly simulate LOFT conditions,
ciuded that surface thermocouples do influence the liquid content of the two-phase slug should be i

j the fuel rod thermal response during both the increased. A means of attaining these conditions
blowaawn and reflood phases of a LOCA. During in the PBF has been identified and a second test;

j the b!( wdown phase, it has been shown that exter- series, designated TC-3, is planned to investigate
j nal the mocouples can delay the tinie-to-CHF and thermocouple effects during a low quality

improve the cladding surface heat transfer. The blowdown quench.
'

| peak temperatures achieved during blowdown
; were about 60 K lower for each second of delay in Interpretation of the LOFT data and similar
j CHF. An additional reduction in peak tempera- programs (in which external thermocouples are

tures of about 50 K was measured, apparently a employed) should be viewed in light of the TC-1
j result of enhanced cladding heat transfer due to results. The thermocouples used in the LOFT
- the external thermocouples. experiments measured CHF within I to 1.6 s. If

| The surface thermocouples also abetted the CHF occurred on rods without cladding surface'

i cladding quench behavior during reflood. The thermocouples between 0.5 and 1.0 s earlier, the
4 reflood phase was characterized by (a) cladding cladding peak temperatures of those rods during

temperature turnaround, during which the tem- blowdown may have been 30 to 60 K higher. The
perature gradually decreased as steam with cladding thermocouples may also have enhanced
entrained liquid passed the thermocouples; the surface heat transfer characteristics after
(b) quench, during which cladding temperatures CHF, thus reducing the rod peak temperature.
rapidly decreased as the quench front passed the Assuming the TC-1 results are directly applicable,
thermocouple junction; and (c) rewet, wita liquid the LOFT rods without cladding thermocouplesi

contacting the cladding surface. For the 4-cm/s may actually have been an additional 50 K hotter
reflood rate of the TC-1 tests, no significant dif- than the rods with external thermocouples, which
ference in the turnaround cladding temperature or reached CHF at the same time. The total dif-
initial cooling rate was measured when comparing ference in cladding peak temperature between the

;

; the response of the rods with and without external LOFT rods with and without external ther-
thermocouples. Howeser, fuel rods with surface mocouples is, therefore, about 80 to 110 K.

,

| thermocouples quenched and rewetted between 3

|
and 12 s earlier than the other rods. Additionally, For the 4-cm/s reflood rate of the TC-1 tests,

; some external thermocouples responded by the external cladding thermocouples induced

! momentarily quenching and reheating during premature quench within 3 to 12 s before the other

! reflood prior to the actual rod quench. The rods. The actual time of cladding quench may also
; momentary quenching may hase been due to slugs have been influenced in a similar manner in the

of steam with entrained liquid passing the external LOFT L2 reflood. Additionally, some TC-1 sur-
thermocouple junctions during reflood. face thermocouples momentarily quenched and

; reheated prior to actual rod quench, a condition
! An attempt was made in the TC-1 tests to that may be possible in other program results.

simulate the LOFT L2 conditions by forcing a Finally, all the fuel and cladding thermocouples
two-phase coolant slug past the fuel rods early in are considered to have performed well during the
blowdown. Understanding the influence of exter- entirety of the TC-1 series. Future in-pile pro-

; nal thermocouples during the LOFT L2 grams may want to consider internal rod tempera-

|
blowdown, and subsequent rewet, is important in ture measurements in place of surface temperature

' interpreting LOFT results. Generally, all TC-1 measurements.

i
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