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ABSTRACT

Results of the Power Burst Facility / Loss-of- rods to subsequent testing would result in rod
Fluid Test (PBF/ LOFT) Lead Rod sequentia: failure. The estent of mechanical deformation
blowdown test series conducted in the PBF are (buckling, collapse, or wais ing of the cladding)
presented. The tests were performed to esaluate was es aluated by comparison of cladding
the estent of mechanical defctmation that would temperature and pressure measurements with out-
be espected to occur to low pressure (0.1 MPa) of-pile esperiment data, by comparison of steady
light water reacter design fuel rods w hen subjected state fuel centerline temperature response, and by
to a series of large, double-ended cold leg break postrest sisual esaminations and cladding
lou-of-coolant accident (LOCA) tests, and to diametral measurements.
determine whether subjecting these deformed fuel
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SUMMARY

The PBF/ LOFT Lead Rod (LLR) Test Program flow, temperature, and pressure conditions. The
provided evidence that unpressurized pressurized blowdown portion of the experiment began with

,
water reactor (PWR) type fuel rods deformed by isolation of the PCS from the IPT. Next,

prior loss-of-coolant experiments (LOCEs) will blowdown was initiated by opening the high speed
not fail w hen subjected to successive precondition- blowdow n vah es to the blowdow n tank in the cold

* ing cycles, large break LOCA transients, and leg, followed by reactor scram. The system
reflood and quench cycles. depressurized in approximately 30 s. Redood and

quench followed the system depressurization for
The PBF/LLR Test Program was conducted by cooling of the fuel rods.

the Thermal Fuels Behavior Program of EG&G
Idaho, Inc., to provide experiment information on The PBF/LLR Test Series originally consisted
the behavior of nuclear fuel under normal and of three tests, designated LLR-3, LLR-5, and
loss-of-coolant accident conditions. The tests in LLR-4, that were designed and performed to
this program were conducted in the Power Burst simulate the behavior of LOIT design fuel rods
Facility reactor at the Idaho National Engineering during the LOFT Power Ascension Test Seriesb
Laboratory. The program was conducted for the Tests L2-3, L2-5, and L2-4, respectively. Each test
U. S. Nuclear Regulatory Commission under was performed with four, unpressurized, sepa-
funding provided by the Japanese Atomic Energy rately shrouded LOFT design fuel rods. A total of
Research Institute. seven fuel rods were tested in the program. The

fuel rods consisted of a 0.914-m-long stack of
The results of the PBF/LLR tests have direct fresh, 93% theoretical density, UO2 fuel pellets

application to evaluating the extent of fuel rod clad with zircaloy-4. The fuel was enriched with
deformation that would be expected to occur dur- 9.5 wt% 235U and the rods were prepressurized to
ing the LOFTa Power Ascension Test Series and 0.103 MPa. Test conditions at initiation of the
the consequences of continued operation of the LLR-3, LLR-5, and LLR-4 system depressuriza-
LOFT core with deformed fuel rods. The PDF/ tions were approximately 595 K inlet coolant
LLR Test Program focused on fuel rod behavior temperature,15.5 MPa system pressure, and 41,

.

rather than on the total system behavior as in the 46, and 57 kW/m peak linear power, respectively,
case of LOFT. in the test rods. Each test involved a power cycling

phase and steady state operation phase to precon-
,

In the PBF reactor, the test fuel rods are con. dition the fuel and build up a fission product
tained within an in-pile tu'oe (IPT) loca ed at the inventory. The rods were then exposed to a
center of the PBF core. The experirnent hardware blowdown similar to that expected in LOFT dur-
is composed of the IPT and its contents, the ing a simulated PWR double-ended cold leg break

primary coolant system (PCS), the blowdown LOCA. Thermal-hydraulic parameters and fuel
system, and the rencod and quench system. rod pressures, temperatures, and coolant flow

conditions were monitored throughout the tests.

The sequence of events during the LLR tests
was as follows. Initially, the PCS was providing Prior to the performance of the PBF/LLR tests,
coolant to the IPT at typical commercial PWR expectations were that Test LLR-5 wculd result in

waisting of the cladding and that Test LLR-4
would be performed to provide the desired infor-
mation on the effects of pellet-cladding interac-a. The Lowof Fluid Test facihty is the major testing facihty

for esaluatmg the systems response of a P% R oser a wide tion during subsequent testing with deformed fuel
range of lowof-coolant esperiment conditions. As such, the rods. However, the measured fuel rod cladding
LOFT core is intended to be used for sequential LOCEs, pro- temperatures during Tests LLR-3 and LLR-5 were
sided n significant fuct r d failures occur. During the LOFT lower than anticipated, and the maximum desired

*

large break LOCE transients, a system depressurization (30 s fuel rod cladding deformation may not haveduration) typical of that espected during a double-ended cold
leg break in a PW R is maintained. Since the fuel rods are

* fabricated unpressurized, the claddmg is subjected to a com-
prewise stress during most of the blowdown. which causes b. The LOFT test series includes fise successise 200re cold leg

cladJmg cnilapse onto the fuel column as cladding break LOCEs, with initial core powers ranging from 34.2 to
temperatur.s approach 1050 K at a system pressure of 7 MPa. 52.5 k%'/m.

iii
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occurred until the highest power test (Test LLR-4) three rods probably occurred during this test, on
was performed. Since a major objective of the the basis of out-o$ pile deformation criteria. Max-
LLR tests was to insestigate the effect of waisting imum measured cladding temperatures during
on rod behavior during subsequent power ramps Test LLR-4A ranged from 1070 to 1260 K. Subse-

,.,nd blowdow n transients. Test LLR-4A was quent examination of the four rods from this test
added to the test program. This experiment was rescaled that all four had achieved either the
performed at the same test conditions as collapse or the waisting regime of mechanical
Test LI R-4. deformation, but none of the rods failed. *

Maximum measured cladding temperatures dur. During the postirradiation examination, all the
ing Test LLR-3 ranged from 880 to 990 K. rods were found to be uniformly covered with a
Rod 312-3 failed during the test due to a waterlog- black layer of zirconium dioxide. The cladding on
ged condition that occurred sometime prior to the all the rods (excluding Rods 312-3 and 312-4 from
blowdown. On the basis of the cladding tempera- Test LLR-3) collapsed onto the fuel pellets, with
tures attained during this test, no mechanical waisting evidenced at a nominal distance of 30 to
deformation is expected to have occurred to the 60 cm from the bottom of the heated length.
remaining rods. Maximum measured cladding
temperatures ranged from 985 to 1015 K during The coolant data obtained in the measurement
Test LLR-5, which probably resulted in two-point spools, the fuel rod flow shrouds, and the IPT
buckling of the cladding at the thermocouple loca- during Test LLR-5 (representatise of all the tests)
tions. Ilowever, the cladding elongation were esaluated and compared with calculations
measurements obtained during this test and the from the RELAP4 computer code. Good agree-
subsequent tests of the LLR series indicated that ment between test data and calculated coolant
departure from nucleate boiling (DNil) occurred pressure, temperature, and mass flow rate in the
earlier than indicated by the thermocouples, and hot and cold leg blowdown measurement spools
probably at lower elesations. liigher cladding was achiesed. Ilowever, the RFLAP4 pretest and
temperatures and cladding collapse may have posttest calculations of cladding temperature were
occurred at rod elevations lower than the ther- significantly higher than the measured cladding
mocouples during Test LLR-5.a Maximum temperatures throughout the blowdown portion ,

measured cladding temperatures during of the transients.
Test LLR-4 ranged from 1065 to 1165 K. When
Rod 312-1 was removed after the test for postir- Fuel centerline temperature measurements

*

radiation examination, the rod exhibited collapse made during the tests were also compared with
and waisting 35 to 55 cm above the bottom of the FR AP computer code calculations.The code over-
fuel stack. Comparable deformation of the other predicted the steady state centerline temperature

of a fresh rod and underpredicted the temperature
of a collapsed fuel rod. Transient centerline

a. Preliminary results of the Thermocouple Effects Test Pro- temperatures were underpredicted in all cases,
gram, recently performed at the PDF for the specific purpose
of evaluating the effect of claddmg esternal surface ther- The reflood dynamics witnessed during Test
nepin on fuel rod rnponse dunng Nowdown uandents, LLR-5 were compared with FLOOD 4 computermdicate that the (laddmg thermocouples may mdced delay the
onset of DNB. resultmg in lower measured cladding surface code calculations. The code overpredicted the fuel
temperaturn. rod quench times recorded during the test.

.
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PBF/ LOFT LEAD ROD TEST SERIES
TEST RESULTS REPORT

-

1. INTRODUCTION

The behavior of light water reactors (LWRs) the 100To power LOCA test. During most of the.

following a postulated loss-of-coolant accident blowdown, the cladding will be subjected to a
(LOCA) must conform to operating criteria compressive stress that causes uniform cladding
specified in the Code of Federal Regulations. To collapse onto the fue! column as cladding temp-
ensure that the behavior of both the cooling cratures approach 1050 K at a system pressure of
system and the nuclear core is understood and 7 MPa. At slightly higher temperature. (1100 K),

properly modeled, in-pile experiments are being cladding waisting (cladding collapse into gaps
conducted in the Loss-of-Fluid Test (LOFT) formed at pellet interfaces) may also occur. In
Facility and Power Burst Facility (PBF) at the preparation for a subsequent experiment in the L2
Idaho National Engineering Laboratory by series, the LOFT core will be subjected to a series
FG&G Idaho, Inc., for the U.S. Nuclear of preconditioning power ramps and steady state
Regulatory Commission (NRC). operation for 20 to 40 h. Pellet-cladding

interaction (PCI) during the power ramps could
The LOFT facility is the major testing facility

p tentially cause cladding failures at waisted loca-
for evaluating the systems response of an LWR ti ns throughout the high power region of the
over a wide range of loss-of-coolant experiment

.. 1300-rod LOFT core.
(LOCE) conditions. The LOFT core is intended to
be used for sequential LOCEs. The LOFT Power
Ascension Test Series is a series of 200To cold leg The extent of the mechanical deformation and
break LOCEs with an initial core power of 50,75, the piopensity for failure of the LOFT fuel during
and 100To of full power (52.5 kW/m) as shown in this series of nuclear blowdown tests has been of
Table 1. A system depressurization typical of that concern because of the necessity to develop cri-
expected during a double-ended cold leg break in a teria for fuel replacement. Therefore, a series of.

pressurized water reactor (PWR) is simulated. The special tests, designated the PBF/ LOFT Lead Rod
as-built internal fuel rod pressure will be (PBF/LLR) tests, were conducted by the Thermal
0.103 MPa for all the experiments except Fuels Behasior Program in the Power Burst Fac-.

LOCE L2-6, in which the central bundle will be ility to provide in-pile information on the thermal
prepressurized. Cladding peak temperatures are and mechanical deformation behavior of low
calculated to rise to approximately 1300 K during internal pressure, LWR-type fuel rods subjected

TABLE 1. LOFT L2 POWER ASCENSION TEST SERIES PROGRAM PLAN

Power Break
Level Size Break

Test (kW/m) (%) Type Fuel Condition

!

| L2-2 26.3 200 Cold leg Unpressurized

L2-3 39.4 200 Cold leg Unpressurized

| L2-5 39.4 200 Cold leg Unpressurized

L2-4 52.5 200 Cold leg Unpressurized.

L2-6 39.4 200 Cold leg Pressurized center module

I



to a series of multiple LOCA blowdowns and sub-- the preconditioning phase for each test, blowdown
sequent power ramps from a wide range of initial was initiated by opening the high speed valves in
power levels. The LLR Test Program examined the cold leg, simulating a 200% double-ended cold
the consequences of continued operation of a leg break. Cladding temperatures during the tests
nuclear core with deformed fuel rods, ranged from 880 to 1260 K. .

The PBF/LLR tests were specifically designed Table 2 lists the maximum measured cladding
to simulate the test conditions during the LOf~r temperatures of the fuel rods used for the LLR ,

Power Ascension Tests L2-3 through L2-5. The tests. In general, the measured cladding peak
tests provided an evaluation of the LOFT fuel temperatures increased when the initial rod power
over a wide range of initial fuel rod powers. Thus, was increased and were higher at low er axial eleva-
an assessment of the state of the LOFT core tions. In Test LLR-3, two of the rods (Rods 312-3
before any one L2 test and the antic, pated effect and 312-4) were at a lower power density than thei

of the next test can be obtained by utilizing a other two rods. The high power rods were encased
combination of LLR test data and analytical in zircaloy-4 How shrouds and the low power rods
predictions, were encased in stainless steel flow shrouds to

m del the LOFT center and peripheral fuel rods,The primary objectives for the PBF/LLR tests
were to (a) experimentally evaluate the extent of respectively. For the subsequent tests, all the rods

were encased in zircaloy-4 shrouds.cladding collapse that would be expected to occur
during the LOFT LOCA transients; (b) evaluate

A brief discussion of the test hardware and thethe effects of collapsed cladding and pellet-
test conduct is presented in Section 2. A detailedcladding interaction on the mechanical response
description of the fuel rods, test assembly, andof deformed fuel rods subjected to subsequent
blowdown system is presented in Appendix Apower increases, long-term preconditioning, and
(presented on microfiche attached to the inside ofloss-of-coolant conditions; (c) provide experi-
the back cover). The thermal hydraulic responsemental data to evaluate the Fuel Rod Analysis
of the coolant during the blowdown transients isProgram (FRAP) computer code for use in
described in Section 3. The data from Test LLR 5requalification of the 1.0FT core; and (d) evaluate

the accuracy of the LOFT fuel rod thermocouples. (typical of the LLR tests) are described and com-

The PBF/LLR Test Program consisted of four pared with pretest analyses conducted with the *

RELAP42 code, included are discussions of the
tests: LLR-3, LLR-5, and LLR-4, corresponding

system depressurization, coolant temperature,to the planned LOFT L2-3, L2-5, and L2-4 break flow, and coolant solumetric flow through .

experiments, respectively, and Test LLR-4A, a
the fuel assembly. The behavior of the fuel rods i<follow-on test to the original program. Each of the
described in Section 4 and compared with postrestLLR tests was performed with four, separately 3

shrouded, LOFT design fuel rods with active fuel analyses conducted with the FRAP T5 code, and
pre- and posttest analyses with the RELAP4 code.

lengths of 0.914 m. Included are discussions of steady state behavior
Each of the four LLR tests involved a power as a function of rod power, transient cladding sur-

cycling preconditioning phase and a steady state face and fuel centerline temperatures, cladding
operation phase to precondition the fuel and build axial elongation, and cladding circumferential
up the fission product inventory. The power cali- strain. S'ection 5 presents a scenario of the reflood

bration phase consisted of several power cycles to phenomena that occurred in the LLR tests. The
provide fuel preconditioning and calibration of conclusions pertinent to the tests results are
the test rods with the PBF core power. The rods discussed in Section 6. A detailed experiment
were then further preconditioned at a test rod description is contained in Appendix A and a
peak power density of 41 kW/m during Test discussion concerning the pretest steady state fuel

LLR-3,47 kW/m during Test LLR-5, 57 kW/m rod power is given in Appendix B. The RELAP4
during Test LLR-4, and 56 kW/m during Test computer code models are described in Appen- -

LLR-4A. For each test the system condition < prior dix C, the FRAP-T models in Appendix D, and
to blowdov n were aporoximately 595 K in'.n cool- the FLOOD 4 models in Appendix E. All of the
ant temperature, 0.584 L/s coolant flow rate appendices to this report are presented on micro- .

2through each flow shroud (3412 kg/m .s) for fiche attached to the inside of the back cover.
Tests LLR-3 and LLR-5 and 0.78 l /s (4557 Companion reports ,5 present the data taken dur-4

kg/m s) for Tests LLR-4 and LLR-4A, and ing the tests and the detailed postirradiation2

15.5 MPa system pressure. Upon completion of analyses of the test rods,

2
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TAB LE 2. HAXItfUM MEASURED CLADDING TEMPERATURES OF LLR FUEL RODS.

Temperature
(K)

Rod Test LLR-3 Test LLR-5 Test LLR-4 Test LLR-4A

312-la 950 1000 1125 --

312-2b 920 1015 1165 1150

312-3a 990 -- -- --

312-4a 880 -- -- --

345-18 -- 1000 1060 1070

345-2C -- e e c

399-2d -- -- -- 1260

.

a. Measured at 0.533 m from bottom of heated length.

'
b. Measured at 0.457 m f rom bottom of heated length.

c. Not instramented with cladding thermocouples,

d. Measured at 0.314 m from bottom of heated length.

.

O

3
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2. EXPERIMENT DESIGN AND CONDUCT

The PBF/LLR LOCA experiments were blowdow n valves in each leg, two Henry nozzles in
designed to study the LOFT fuel rod behavior each leg, the header, the blowdown tank, and the +

expected to occur during the LOFT L2 F9wer associated piping.
Ascension Tests. The performance of LOCA
experiments in the PBF differs from similar The reflood system is composed of piping from .

blowdown experiments performed in the the quench system; a high speed, high flow valve;
Semiscale6 and LOFT Programs in that only the a high speed, low flow vahe; and the test train
core portion of the experiment is depressurized in center hanger rod. Du ing reflood, coolant from
the PDF, whereas the entire systems are depres- the quench tank i injected directly down the
surized in the Semiscale and LOFT facilities as center hanger rod t.to the panum volume beneath
would occur during a LOCA in a commerical the lower particle screen.
PWR. In the PBF, the core portion of the experi-
ment (that is, the four test fuel rods) is contained The quench system is composed of a high speed
wit! in the in-pile tube loca':d at the center of the cold leg blowdown isolation valve, a high speed
core, which provides a test environment with quench activation valve, pump, quench tank,
typical PWR coolant pressures, temperatures, and water storage tank, and water makeup tank. The
flow rates. quench system provides long-term cooling of the

experiment and IPT.

2.1 Experiment Design 2.1.1 Fuel Train. The fuel train consisted of the
four test fuel rods, flow shrouds, and associated

The PBF/LLR LOCA experimental hardware is instrumentation. Figure I presents an illustration
composed of the loop coolant system, the IPT
(which contains the test train), the blowdown Internal
system, the reflood system, and the quench pressure

system. transducer Coolant
/ thermocouple -

and

thermocouple \ m . FlowThe PDF primary loop coolant system, which
IN shroudprovides a steady state flow path for the system ,

' ' 'coolant, contains high speed isolation valves in
both legs, a high speed loop flow bypass valve, a

pressurizer, a heater, and heatpump, Cladding surface,.

e u h nScrs. thermocouples s
Centerline

h thermocouple
The four test fuel rods used for the LLR tests, y

Coolant flowthe separate flow shrouds for each test fuel rod, ,
I l

and the associated instrumentation formed the % path

fuel train. The fuel train was contained within the /
ftest train, which was in turn contained within the Bypass

i

IlOW
'

IPT. The test train was designed to support the
fuel train, such that the four test fuel rods were region

positioned symmetrically about the central axis of
the IPT. The test train also supported the
instrumentation for measurement of coolant Elongation

conditions within the IPT. Bottom of / sensor (LVDT)
-

*
fuel rod- Turbine flowmeter

The blowdown system contains the effluent Oj
'

'

infet flowfrom the IPT during the blowdown transient. The niet thermocouples
system is composed of an mitial coolant condi-

_
INEL A 15 641

tions instrument spool, a blowdown coolant con-
ditions instrument spool in each leg, tw o Figure l. PBF/LLR test eonfiguration schematic.
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of a test fuel rod within a circular shroud, and the designations for each test, and fuel and cladding
associated instrumentation. The dimensional thermocouple locations for each rod are listed in
characteristics of the four LLR fuel rods were Table 3. The nominal dimensional characteristics
typical of LOFT and 15 x 15 PWR fuel rods, for the fuel rods are summarized in Table 4.

., except for the active length (0.91 m) and plenum
volume. LOFT cladding was used to fabricate the
fuel rods. The plenum volume was scaled propor- Circular flow shrouds were used in the LLR

, - tionally to the active fuel length of a PWR. All tests to encase each fuel rod. Thus, a typical
seven of the test rods used in this series were LOFT bundle configuration was not modeled;
backfilled with helium to atmospheric pressure, however, the flow area of the flow shroud was
which corresponds to the backfill pressure used relatively close to the LOFT stipulated flow area.
for the LOFT L2 Test Series fuel rods. The fuel The orientation of the fuel rods within the IPT is
rod pellets were fabricated by Exxon Nuclear shown in Figure 2 (the rod numbers shown are for
Company using the typical LOFT technique. Test LLR-3 only). In Test LLR-3 two of the rods
Except for pellet enrichment and centerline holes, (Rods 312-3 and 312-4) were encased in stainless
the fuel pellets were identical to LOFT pellets. steel shrouds, whereas the other two rods (Rods
Centerline holes permitted the insertion of the fuel 312-1 and 312-2) were encased in zircaloy-4 flow

235U enrichment shrouds to obtain a power tilt of 0.87 to 1.0, whichcenterline thermocouples. The
(9.5%) for the four PBF rods was higher than that represents the ratio of power between the LOFT
for the LOFT rods (4%) to obtain the desired peak peripheral and central rods. Zircaloy shrouds were
linear heating rate in the PBF. The fuel rod used for all four fuel rods for the subsequent tests.

TABLE 3. FUEL ROD DESIGNATIONS AND CLADDING SURFACE TilERM0 COUPLE LOCATIONS
FOR PBF/LLR TESTS

Thermocouple Location
(m)

.

LLR 1800 Cladding 00 Cladd ing Centerline
Rod Tests Shroud Thermocouple Thermocouple Thermocouple b

.

312-1 3,4,5 Zircaloy 0.533 0.533 0.533 yes

312-2 3,4, 5,4 A Zircaloy 0.533 0.457 0.457 no

312-3 3 Stainless 0.533 0.533 0.533 yes
steel

312-4 3 Stainless 0.533 0.533 0.533 no
steel

345-1 4,5,4A Zircaloy 0.533 0.533 0.533 yes

345-2 4,5,4A Zircaloy -- -- 0.457 no

399 -2 4A Zircaloy 0.457 0.314 0.457 yes
|
I .

a. From bottom of active fue l . All rods were unpressurized (0.1034 MPa).
.

b. Instrumented with three bulk coolant thermocouples and three flow shroud
thermocouples at fuel midplane and 120 mm above and below the midplane.

5
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TABLE 4. PBF/LLR TEST FUEL ROD DESIGN CHARACTERISTICS

f
Charac te r is t ic s Nominal Value

Fuel -

Material 00
2

Pe lle t outside diameter 0.9294 + 0.00127 cm
Pellet length 1.524 + 0.0635 cm
Pellet enrichment 9.5 + 0.5 wt%
Dens it y 93.0 ; 1.5% theoretical density (nondensifying)
Fuel stack length 0.9144 m

End con figurat ion Dished

Burnup 0 mwd /t

Centerhole diameter 0.185 cm

Insulator Pellet

Material A1 02 3 (99 pure, ASTM D2442)
Length 0.508 1 0.0254 cm
Liameter 0.889 3 0.005 cm .

Cladd ing

~

Material Zi calcy-4c

Tube outside diameter 1.07 + 0.0038 cm

Tube inside diameter 0.948 + 0.0038 cm
Th ick ne s s 0.061 cm (nominal)
Ove ra ll length 99.06 cm

Fue l Rod

3Plenum void volume 2.95 cm

Fill gas He

Fill gas purity 94.9% He, 5% Ar, 0.1% impurities
Initial gas pressure 0.1034 MPa

.

Diametral gap 0.0191 cm

overall length 99.8601 cm
.
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Stainless Zircaloy exit of each shroud. These orifices were designed
steel # ' '[ to increase the steady state pressure drop across

'4 7 the flow shrouds during blowdown.

' N 2.1.2 Test Train. An illustration of the LLR test

Rod [ C \ train is shown in Figure 3. The test train was
312 4 Rod.

312-1 IPT< +

upperhead

\*

Rod Rod 1
312-2 \ 312-3 Filler piece C -+-- In-pile tube

. ., ,

\hNN%%NNb
- N y p

Zircaloy Stainless 1%-

y Upper plenum
^

'
Outlet ' Metered flow

bypasssteel aIMI I 3 - Upper particle
'

INEL A 15 603
*enter hangerFigure 2. Test train orientation for LLR tests.

\Check valse / ( ) Flow tube
The instrumentatio n associated with each fuel Fuei rod. -i

rod consisted of or.e strain gage type pressure Bypass Schne g' -

and flow
'

transducs:r to mearure fuel rod plenum pressure; f + shroud
two LOFT-type c'. adding surface thermocouples Filler piece

J Lower supportlaser welded (LOFT technique) to de cladding j 3'1Catch basket(except Rod 345-2, which was not instrumented y plate

with cladding thermocouples to provide a com- Lower plenum Lower particle
parison to study the effects of external ther- screen,

mocouples); one centerline thermocouple; one INEL A 15 629
plenum temperature thermocouple, which was
unshielded from thermal radiation; and one linear Figure 3. Test train assembly for LLR tests.

*
variable differential transformer (LVDT) to
measure the fuel rod axial elongation. designed to support the four fuel rods sym-

metrically about the central axis of the IPT. The
The instrumentation associated with each fuel center hanger rod provided the principal structural

rod flow shroud consisted of two turbine support and the flow path for the reflood water,
flowmeters located at the shroud inlet and exit to The fuel trains were primarily supported by the
measure the coolant volumetr;c How, ther- lower support plate and were positioned at the top
mocouples mounted in the coolant flow stream to by a spider. A particle screen was mounted in the
measure coolant bulk temperature at the flow !swer and upper plenums of the test train to con-
shroud inlet and exit, coolant thermocouples in tain fuel particles in the event of a fuel rod failure.
selected shrouds at three locations along the fuel Filler pieces were inserted in the IPT exit volume,
rod to measure the axial coolant temperature the upper plenum, and the downcomer region to
distribution, differential thermocouples to reduce the large volumes of water in the test train.
measure the coolant temperature increase from Check valves were located at the exit of each fuel
inlet to exit, three thermocouples mounted on the rod flow shroud to prevent atypical coolant fall-
shroud outside surface to measure the axial back from the upper plenum during the blow-

'

temperature distribution for selected shrouds, and down. A metered now bypass path between the
aluminum-cobalt alloy flux wires located on the IPT inlet and the upper plenum was provided
outside of each shroud to give the time integrated across the IPT flow tube to control the system
axial power distribution in the rod. thermal hydraulics during blowdown. The LLR"

test train included a direct injection, constant flow
Top hat orifices were mounted on the fuel rod rate reflood capability to simulate the reflood

side of each of the turbine mcters at the inlet and portion of the LOFT transients.

7
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During preblow dow n steady state reactor 2.1.3 PBF-LOCA Test System. The PBF-
operating conditions, the coolant enters the PBF LOCA test system, illustrated in Figure.t. ;
IPT, where approximately 75re of the coolant includes the PBF IPT (discussed in the presious !

flows upward through the metered bypass Dow two subsections), the loop coolant system, the
,

path from the IPT to the upper plenum. The blowdown system, the reflood system, and the
remaining 25re of the coolant passes downward quench system. The loop coolant system provided j
outside the IPT flow shroud to the vicinity of the steady state cooling of the test fuel rods during
catch basket. The coolant then enters each of the preblowdown operation. The two high speed i

*

four test rod How shrouds, passes each fuel rod, isolation sahes provided the means of isolating i
and exits through a tube to the common upper the loop coolant system from the rest of the PBF-
plenum region. The total IPT How then passes LOCA test sptem. Isolation was necessary for
through the upper particle screen where it mixes protection of the loop coolant system, which was
with the metered bypass flow and then exits not designed to withstand blowdown conditions.
through the outlet nonle. The test train was After isolation, the loop continued to operate
designed to minimize coolant leakage between the through the high speed bypass sahe.
IPT inlet and the upper plenum.

The bkswdown system includes the high speed
w wn va es, n es, ea er, Nowdown

During transient blow dow n conditions, the
** '*" '' E 5' "I ' ns t

check sahes located on top of each flow shroud
. . to blowdown were measured m the m. . l conds-itta

close instantaneously with the differential pressure tions instrument spool, and durine and followingresersal from the lower to upper plenum. The ~

blowdown in the hot and cold leg instrument
pressure differential forces the fuel rod coolant t spools. A small line connected the hot and cold
reserse direction and pass downward to the lower blowdown piping legs with a controllable vahe
plenum and up the dow ncomer. All of the coolant (warmup line and sahe). This line prosided a
abose the lower support plate passes through the dl 6 m & to 5 at a mmtmetered bypass flow path to the downcomer, temperature prior to blowdown. The blowdown
where it mixes with coolant from the lower header and tank collected and contained the
plenum and flow shrouds. The coolant then Dows coolant ejected from the IPT and piping durina .>ut the mlet nonie, in transit to the blowdown

blowdown, reDood, and quench.
tank.

The quench system prosided the coolant for
,

Instrumentation for measurement of coolant posttest cooling of the t:st fuel rods. Quenching
parameters in the IPT included three ther- was accomplished by opening the quench vahe
mocouples located in the IPT upper plenum and closing the cold leg bbwdown isolation vahe
region to measure bulk coolant temperature, one to permit coolant from the quench tank (pressur-
thermocouple located in the coolant solumetric ized by a nitrogen gas system) to enter the IPT.
bypass volume at the midplane of the acthe fuel After the quench tank was emptied (in about
length, tuo coolant thermocouples lecated in the 60 s), coolant was pumped from the storage tank
tower plenum to measure bulk coolant tempera- for up to four hours to proside long-term cooling.
ture, one pressure transducer to measure IPT
oserpressure in the catch basket, two pressure Instrumentation for the measurement spools
transducers to measure system pressure in the included a resistance temperature detector (RTD)
upper plenum, one pressure transducer to measure to measure the preblowdown temperature of the
the system pressure in the lower plenum, sesen coolant; an exposed ribbon thermocouple to
neutron detectors spaced along the length of the measure the coolant temperature during the tran-
acthe core region to measure neutron flux and sient; a flush-mounted pressure transducer to
determine the axial Dux profile, three gamma measure the preblowdown and subcooled decom- .

| detectors to neasure the gamma ilus located at pression; a water cooled, stand-off mounted
! core centerline, six liquid lesel detectors (two pressure transducer to measure the preblowdown

below the lower support plate, and one in eac' and saturated decompression; a full flow turbine
'

flow shroud below the rod) to measure water lesci, dowmeter to measure preblowdown coolant velo-

and a turbine Dowmeter located in the metered city to the IPT in the inlet condition spool and in
bypass piping to measure solumetric dow. the blowdown leg spools during the transient; a

5
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Figure 4. PBF-LOCA blowdown loop.

drag disk in the blowdown leg spools to measure vided coolant to the IPT at typical LOFT flow,
,

the coolant momentum flux during the transient; a temperature, and pressure conditions. The tran-
three-beam gamma densitometer on the blow- sient portion of the experiment began with the
down leg spools to measure coolant density; and a opening of the loop bypass valve, and then isola-
pressure difference transducer to measure the tion of the loop coolant system from the IPT.'

preblowdown pressre difference across the test Next, blowdown was initiated by opening the two
train and the blowdown leg spool-to-spool high speed blowdown valves in the cold leg.
pressure difference during the transient. Each of Converging-diverging nozzles with cylindrical
the multibeam densitometers located in the cold throat diameters equal to their length formed the
and hot legs was used to measure coolant density break plane during blowdown. The IPT
along three chords through the piping and to depress'trized in approximately 35 s. The
determine the flow regime within the piping. following subsections describe the preblowdown

operation, pretest conditions, and the blowdown
The instrumentation designation, location, operation.

range, response time, and signal conditioning are
detailed in Reference 4. 2.2.1 Preblowdown System Operation. The

preblowdown operation consisted of a nonnuclear
heatup phase to bring the system pressure and2.2 Experiment Conduct temperature to near test conditions. The reactor
was then brought to criticality and stabilized at

The LLR rest Program consisted of four low power to achieve the desired temperature and'

j separate blowdowns from nuclear power opera- pressure. During this period, the measurement
tion. The order of the tests (Tests LLR-3, -5, -4, transducers were evaluated and problems
and -4A) was chosen to match the LOFT schedule corrected to qualify them prior to blowdown.*

for the L2 Power Ascension Test Series. The
<

scquence of events during the LLR tests is as Tests were also conducted to quantify flow
follows. Initially, the loop coolant system pro- leakage between the IPT and upper plenum. The

9
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blowdown system warmup line valve was closed to 2.2.2 Transient System Operation. Transient
stop coolant bypass flow external to the IPT test operation was initiated with isolation of the
primary cooiant loop. The total measured coolant IPT and experimental hardware from the PBF
flow rate entering the IPT was then compared primary coolant system, and a simultaneous

,

with the sum of the coolant flow rate passing system blowdown. Blowdown commenced with
,

through the four fuel rod shrouds. The the opening of the two high speed (- 100 ms) cold
approximate leakage during the LLR tests was less leg blowdown valves, shcan in Figure 1, to

*than 7% of the total shroud flow. Potential simulate a 200% double-ended cold leg break
primary leakage locations included the test LOCA. Approximately 3.75 s after initiation of
assembly lowei support plate, a labyrinth seal at blowdown, the large cold leg blowdown valve was
the top of the IPT between the IPT and flow closed until 22 s, at which time it was reopened.
shroud, and two zircaloy-to-stainless-steel joints This valve sequencing was necessary to match the,

in the flow shroud. LOFT L2 Test Series predicted depressurization
.. . rates. Valve operation was controlled by a time

Steady state test conduct was mitiated with the sequential programmer. The break planes were
preconditiomng phase for each test, which con- formed by converging-diverging nozzles, with a,

! sisted of (a) several power ramps from low powers cylindrial throat section iioing equal length and
to successively higher powers to provide data for

diameter. The throats were sized to control the
calibration of the test rods with the PBF core blowdown flow and depressurization rates. The
power by means of an energy balance on the coolant ejected from the IPT was collected in thecoolant flowing through the fuel rod flow system blowdown tank. Reflood was performed
shrouds, and (b) steady state operation (for 2 h) at by injecting coolant from a quench tank directly
a peak linear power consistent with the LOFT into the IPT. After reflood, additicaal posttest
counterpart test to provide approximately 80% of quench cooling was provided to comrletely flood
the maximum decay heat buildup for an infinite

, the fuel rods and terminate the test.reactor time. This decay heat buildup initiated fuel
pellet cracking and restructuring and allowed the

. Fuel rod maximum cladding temperatures were| pellet-cladding mechanical interaction to stabilize.
After power calibration and decay heat buildup, '."C'. eased by contmued reactor operation after1

fuel rod power and coolant conditions were mitiation of blowdown. Approx,mately 1-s of fis-i -

adbisted to the desired initial values for the tests. smn heat is estimated to provide up to 10% of the

The measured initial conditions for the LLR tests imtial steady state stored energy m the fuel rods.

prior to blowdown are shown in Table 5. Table $ presents the time after blowdown at which ,

3 the PBF reac'ur was scrammed for each test. The
Details of the power calibration procedure and PBF reactor power was essentially maintained at

results, and the power histories for the four tests the steady state power level for these time periods
are presented in Appendix B. after initiation of blowdown.

!

!

i
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TABLE 5. MEASURED INITIAL CONDITIONS FOR Tile LLR TESTS PRIOR TO BLOWDOWN.'

Average Shroud Fission
Maximum , System Inlet Dif ferential Shroud Heat

Rod Power Pressure Temperature Temperature Flow' Period"
Test (kW/m) (MPa) (K) (K) (L/s) (s)

LLR-3 41 15.6 595 11.1 0.58 0

LLR-5 47 15' 5 598 10.5 0.50 2.0.

LLR-4 57 15.6 600 10.1 0.80- .2.67

LLR-4A 56 15.5 600 11.5 0.78 2.85

a. Fission heat period re fers to the time following initiation of blowdown that the PBF core power was
maintained in an effort to provide higher cladding temperatures during blowdown.



1

|

3, SYSTEM THERMAL-HYDRAULIC RESPONSE
DURING BLOWDOWN

The LLR system thermal-hydraulics were The coolant thermal-hydraulic behavior during
influenced by thecore heat transfer, neutronics, the blowdown of each of the PBF/LLR tests was

'

and system component interactions. Since similac. For this reason, only the results from
,

thermal hydraulic measurements within the flow Test LLR-5 are described in this report as being I

shrouds were not sufficiently detailed to permit typical of the thermal-hydraulics observed during *

direct deter nination of the fuel rod boundary con- all the tests. Measurement accuracy and resolution
ditions,11 t RELAP4/ MOD 6 code was used to of the data are not sufficient to distinguish minor
confirm the expected system thermal-hydraulic differences from test to test.
behavior and calculate the coolant behavior in
each fuel rod flow shroud. The variables that 3,1 System Depressurization

t affect system response and, thus, fuel rod
behavior, include coolant pressure, density,

During a large cold leg break LOCE at LOFT,temperature, and now. The system pressure, in
the loss of coolant rapidly depressurizes theconjunction with the fuel rod internal pressure
system, the core coolant reverses flow direction,and cladding temperature, govern fuel rod clad-

ding deformation. The pressure distribution nd the core eventually experiences a critical heat

within the system provides the driving potential flux (CifF), resulting in a rapid increase in fuel
r d cladding temperatures,

for coolant flow through the fuel rod flow

shrouds. The coolant temperature and density Several modifications to the PBF-LOCA system
define the Guid state of the mass flow leaving the and the typical PBF-LOCA test train were
system. The system break How rate, and hence the required for the LLR experiments. These
fuel rod shroud mass flow rate, directly mfluence

modifications included (a) installation of differentthe claddiig surface heat flux, the cladding sized converging / diverging blowdow n nozzles and
temperature, the system depressurization, and the selective blowdown valve sequencing in the system
coolant mass ejection. to define the system depressurization, (b) check

valves located at the outlet of the fuel rod flow -

in the following sections the coolant break flow
ree, system depressurization, fuel rod shroud shrouds to prevent coolant flow from the upper

volumetric flow rate, coolant temperature, and plenum during blowdown, and (c) an inlet
coolant density are evaluated and discussed. The metered flow bypass from the downcomer to the .

data are also compared wah pretest and posttest upper plenum to control the system hydraulic

calculations performcJ with RELAP4. response.

RELAP4 is a code that can predict the transient Depressurization of the IPT during the LLR
behavior of water cooled nuclear reactors (or tests was influenced primarily by the system
simulators) subjected to postulated accident con. coolant temperature distribution and the metered

| ditions, such as those resulting from a LOCA. It is bypass now rate. The pressure distribution within

i a program that predicts the interrelated effects of the IPT from the upper to lower plenum during
coolant thermal-hydraulics, system heat transfer, the LLR tests varied from that witnessed in
and core neutronics. The code solves the govern- earlier Loss-of-Coolant Test LOC-Il blowdowns.7
ing conservation equations for mass, momentum, The following diser,~ on encompasses an evalua-

and energy using homogeneous now theory and tion of the sycem depressurization in the hot and

thermal-equilibrium conditions. Detailed descrip- cold leg n ;asurement spools, the upper and lower

tions of the RELAP4 nodalization and models are plenums, and the volumetric bypass.

discussed in Appendix C. This calculational model
of the PBF blowdown loop configuration was Figure 5 illustrates the measured and calculated ,

achieved using a special version of RELAP4/ system depressurization obtained with the flush-

MOD 6/ UPDATE 4.a A description of this special mounted pressure transducer in the cold leg spool

| version is also provided in Appendix C. piece during Test LLR-5. The RELAP4 prediction
'

! also represents the LOFT required depressuriza-
tion for this test. As shown in the figure, good

s, RELAP4/ MOD 6, l'pdate 4, Version 111. Idaho National
agreement was obtamed between the LLR dataEngineerins Laboratory confisuration Control Nurnber

um4 tin. and the LOFT required depressurization.

12
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; Figure 5. Comparison of calcuiated and measured system depressurization in the cold leg blowdown spool during
' Test LLR-5.

I A steady state pressure of approximately With the onset of the blowdown, the coolant at
15.5 MPa was achieved prior to the LLR-5 the highest system temperature (in the shrouds and
blowdown. With the initiation of the transient, at the shroud outlet) flashed. Since the volume of*

- pressure waves propagated through the system at water involved was minimal, the volume of steam
,

j sonic velocities, and the system depressurized until produced was not sufficient to bring the total
the saturation pressure of the coolant was system to saturation conditions and, thus, the sub-*

|
reached. The coolant pressure decreased rapidly cooled depressurization was momentarily retarded
during this subcooled depressurization from the and this continued until the lower plenum flashed
initial value to a saturation pressure of 10.7 MPa, and again was momentarily retarded. This cascade
which corresponded to a system . saturation effect continued for 50 ms, until the system
temperature of 589 K. (The LOFT required inlet coolant generated enough vapor to attain satura-
coolant temperature for Test LLR-5 was 595 K.) tion conditions and the system pressure had drop-
The lower system saturation temperature (589 K) ped to the level of the coolant vapor pressure. The

,

resulted because of difficulties in keeping the sonic velocity was drastically reduced at this point,
,

isolated piping to the hot and cold leg blowdown the pressure waves propagating through the'

valves at system temperature. Prior to blowdown,' system were damped out, and choking at the break -4

I a warmup line was opened to elevate the water point occurred. After this ' initial decrease to
temperature in those lines from approximately 530 saturation conditions, the data show the

to 595 K, but once the warmup line was closed to depressurization to be slightly lower than the
conduct the transient, the temperatures in the LOIT required Jepressurization (as calculated by'

dead legs decreased approximately 2 K per minute RELAP4 pretest calculations) for 'he majority of
>

due to radiation and free convection heat losses to the saturated blowdown. The slight increase in*

: the ambient atmosphere. The IPT inlet tempera. measured system pressure at 3.75 s is attributed to
ture was maintained at 600 K prior to the test in an the closing of the large cold leg blowdown valve.
attempt to offset this occurrence. In spite of this The code calculations follow this trend closely.

| .

facility problem, the subcooled and saturated por- From this point, the data indicate a less rapid
tions of the blowdown matched the LOFT desired depressurization than the code calculations until
trends extremely well. 22 s, at which time the measured and calculated

,

13
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results coincide. This difference is attributed to the large cold leg blowdown valve was closed,
the difference in the calculation of the break flow resulting in a decrease in the pressure differential
rate. The effect of reopening the large cold leg to 0.05 MPa, at which value it remained until
blowdow n valve is evidenced at 22 s as the slope of 22 s. At this time, the large cold leg blowdown ,

the depressurization data increases for the va've was reopened, causing the pronounced
remainder of the transient. The changes in system increase in the pressure differential. The com-
pressure during the opening and closing of the parison between the RELAP4 pretest calculations

*
large cold leg blowdown valve correspond closely and the experimental data shows good agreement.
to the observed spikes in break mass flow rate data
discussed in Section 3.4. Figure 7 illustrates the measured pressures at

four different locations in the PBF IPT and
Figure 6 presents a comparison of the predicted blowdown loop. The pressure response in the cold

(pretest) and measured pressure differential leg spool piece, the lower plenum, the upper
between the cold and hot leg blowdown spools plenum, and the hot leg spool piece differ
(w hich is representative of the differential between significantly during the first 10 s of the transient
the IPT lower and upper plenum.O At steady due to the constricted flow paths in the IPT. Since
state, the cold leg spool pressure was approxi- the only flow path for the rod coolant during the
mately 0.18 MPa higher than the hot leg spool transient is out the cold leg, the fuel rods are sub-
pressure. When blowdown s is initiated, the jected to the pressure environment in the lower
pressure diffe.ential was resers,d, resulting in a plenum throughout the blowdown. The metered
0.55-MPa differential from the upper plenum to bypass region is the only major flow path in the
the lower plenum. This pressure differential IPT for the coolant around and above the flow
caused the check valves on the top of each flow shrouds and in the hot leg piping to leave the IPT.
shroud to rapidly close, resulting in coolant The depressurization in these regions would
voiding and a saturated steam environment therefore be expected to be retarded due to the
around each fuel rod. At 3.75 s into the transi:nt, high resistance flow path through the bypass.

.
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3.2 System Coolant piece during Test LLR-5. The fluid temperature
.

gradually decreases as the system pressureTemperatures presented in Figure 5 decreases, following satura-
tion until 22 s. The RELAP4 predictions are in

With the initiation of the blowdown transient,
'#"5 "* agreement wh the measumment kr-.

the system subcooled depressurization reduced the ng this period of time, slightly overpredictmg the
.

coolant temperature at the various locations in the data for the first 17 s. At 23.5 s, the data indicate
IPT and piping legs to saturation conditions. The a superheated environment in the spool piece.
local qualities continued to rise throughout the Calculations of the fluid state (Section 3.3) basedtwo-phase portion of the blowdown until n the density (Figure 12) m the spoo1 piece and
superheated conditions (quality = 1) existed at c lant temperature mdicate that quah, ties during

,

some of the locations in the system. The degree of t t me pe fr m 0 to 30 s range from
superheat at these locations was determined by the appr ximately 0.3 to 0.8. Therefore, this
energy transfer from the relatively massive IPT superheat spike is attributed to the mfluence of
structure and piping due to thermal radiation and radiation on the thermocouple, and a two-phase
convective heat transfer. Measurement of the

.
mixture is postulated to have existed for up to 30 s

actual coolant temperature m th.is superheated in the transient. The RELAP4 predictions for this
smgle-phase gas situation is complicated by the time also indicated a two-phase mixture would
effects of thermal radiation from surrounding sur- exist.
faces on the thermocouple. The subsequent
paragraphs discuss the coolant temperature-

response within the system spool pieces and IPT at Figure 9 illustrates the coolant temperatures in

several locations. the hot leg, cold leg, and initial conditions spool
pieces. As shown, the three measur ments follow

.

Figure 8 shows a comparison between the the same trends for the first 23 s o. the transient.
pretest RELAP4 calculation and the coolant The fact that the hot leg and initial conditions
temperature measurement in the cold leg spool thermocouples do not indicate any superheat for

15
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the first 30 s of the transient, further indicates that The calculations for coolant temperatures
the superheat spike recorded in the cold leg spool illustrated in Figure 1I in the upper plenum did
at 23 s is an instrument anomaly. not predict any superheating until 25.5 s. The

measured coolant temperature at the IPT exit in
Figure 10 presents the coolant temperature at the upper plenum indicated a significantly higher*

five different locations in the PBF system. The temperature than the RELAP4 calculations past
measurements in the lower plenum (catch basket), 15 s of the transient.
in the volumetric bypass at the fuel rod midplane,.

above the shroud outlet, at the IPT outlet nozzle, 3.3 System Coolant Densityand at the metered bypass mlet are compared with
pretest RELAP4 calculations in the lower and
upper plenum. The thermocouples all follow the The coolant density in the hot and cold leg spool
same saturation line decrease from the initial pieces was measured with three-beam gamma den-
steady state values, following the local pressures sitometers during the PBF/LLR experiments. The
for most of the blowdown transient. The changes cross-sectional average density is derived by
in slope at 3.75 and 22 s in all the curves is assuming a flow regime somewhere between
attributed to the sequencing of the large cold leg stratified and dispersed flow, and a linear density
blowdown valve. The coolant temperature in the profile in the pipe through the upper and lower
lower portion of the lower plenum follows a chordal densities. The gradient is then integrated
saturation line decrease for the entire blowdown. over the cross-sectional area, and then combined
I)uring this interval, the calculations slightly over- with the result from the middle beam density. The
predict the data. None of the thermocouples in the density obtained from integrating the gradient was
upper plenum indicated superheat until 18 s, at weighted by 2/3 and the center beam density was
which time the thermocouple located at the IPT weighted by 1/3.
exit indicated some separation. This condition
persisted for 5 s, and the measurement then Figure 12 provides a comparison of the den-
followed a saturation line decrease for the sities from the cold leg densitometer for the upper,
remainder of the blowdown. lower, and center beams. The density does not

.
, i i i i .u. i___,3o ..

Catch basket
---- Volumet ric bypass*

_ _ . .

- &"% --- Shrouct outlet
800 - \ -- I PT outlet -

S -- -- Cont rolic<l bypass intel
R El. A PI lower plenum-

g
,

-- RHl API upper plenums

'

g 560-
-

'

a ~.
% ,"

' Y ' '. % ;;._500 -
E m v u ~.. ...

-

x . . .

A qx ~~ m
\N ~

450 - -

.

MNy w

400 , , i i e i i.

-5 0 5 10 15 20 25 30 35

Time (s)
Figure 10. Coolant temperatures within the IPT during Test LLR-5.

17

_



' ' ' > ia00 g

RF:1.A Pl lower)
--- R F:1. A P l u pper) ,

- R F:1.A Pl miciclic),

_'N. - - I PT ex it I
Se0 - % ;

%.N., ~ .m
|4

Nv ,

s.3 % .~.
-

Y 500 - \ .

' 's N
\-~.%,

o
E-*

450 - _

's
N .,

400 , , , , .,

0 5 10 15 20 25 30

Time (s)
Figure II. Comparison of calculated and measured coolant temperature in the upper plenum during Test LLR-5.

.

[.

. . . . . i

.

t.*pper beam ; ,

Center beam y---700 - p,
- - - 1,0wer beam &N:-

g

c, t |^

$ M- t Y
N I
*8 I
.M -

500 - 1 -
w

h
It g

a 400 - -

C I
* i '

V
\

300 - -

-
as
t
6

$ _ 200 - ,

-

U \
*

\ .

100 -
-

%
'Tw_ W, -'

, '~_,- M--
-

0 , , , . , i

-5 0 5 10 15 20 25 30

Time (s)
Figure 12. Comparison of measured density from three beams of the cold leg densitometer during Test LLR-5.

18

- _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _--- __-_ _ _-____-_- _ _--______-__ - _ _ _ _ - - _ - _ _



appear to be uniform across the pipe for the entire There are several bends and one 90-degree
transient. The lower beam indicates a higher den- elbow just upstream of the cold leg spool piece in
sity than the other two beams during the first the PBF cold leg piping. Centrifugal forces would,
1.25 s of the transient. After 6 s, the upper and therefore, tend to separate the liquid and vapor

'

lower beams evenly bracket the center beam den- phases during the LLR blowdowns, complicating
shy, which suggests a linear density gradient. the flow patterns. These flow patterns in the cold
flowever, the gradient is opposite that seen in Test kg spool piece are important for two reasons.
LOC-I IC,7 in which the lower beam indicated the F.rst, because of their influence on the spool*

highest transient density of all three beams. i1strumentation, and second, due to the concern
Figure 13 presents the predicted (pretest) and regarding whether the RELAP4 code is predicting
average measured coolant density in the cold leg the correct flow conditions and, consequently,
spool piece as a function of time. The experimen- break flow rate for the system. The flow patterns
tal data compare well with the RELAP4 predic- observed in cocurrent two-phase flow in horizon-
tion. Ilowever, the average measured density is tal and inclined tubular channels are discussed in

detail by Alves.8 n general, the patterns are com.higher than the calculated density during the first I
second of the transient, and lower than the plicated by asymmetry of the phases resulting
calculated density from about 2 to 4 s. The fact from the influence of gravity. However, Alves lists
that the cold leg density remained constant for six generally accepted flow patterns: bubbly,
approximately the first second of the transient is plug, stratified, wavy, slug, and annular flow.
attributed to measurement error, since the BubbJy flow is characterized by the gas or vapor
pressure and temperature measurements indicated phase being distributed as discrete bubbles in the
saturation was achieved within 50 ms. Since the upper half of the pipe in a continuous liquid
RELAP4 model of the IPT blowdown and pri- phase. In plug flow the vapor bubbles are approx-
mary coolant system piping is coarse and does not imately the diameter of the pipe, while the liquid
allow the temperature and pressure distribution to flow is contained in liquid slugs. Stratified flow
be modeled, the density from 2 to 4 s is signifi- occurs only at very low liquid and vapor velocities.
cantly overpredicted, and past 12.5 s it is In this pattern the two phases flow separately,
underpredicted. with a relatively smooth interface. Once the vapor
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velocity increases, the interface becomes disturbed cold leg pressure, volumetric mass now, and
by waves traveling in the direction of flow; hence, average density in the cold leg are evaluated with
wavy Dow. A further increase in vapor velocity respect to this map at various time points during
causes the waves at the interface to be picked up to the blowdown transient, a flow pattern history can

*form a frothy slug pattern. Finally, a still higher be constructed. Both vapor and liquid specific
vapor velocity results in annular flow and the for- volume are derived by using state relationships.
mation of a gas core with a liquid film around the Quality is derived from Equation (5), and void
periphery of the pipe. Since the metal temperature fraction from Equation (6). *

of the PBF spool piece is initially in the vicinity of
600 K during blowdown, the presence of a heat X = v - (v /v ) (5)g gEflux from the w ll alters the flow pattern from
that which would have occurred in a long,
unheated channel at the same local flow condi- 0 = Xv /(vg + Xv ) (6)

tions due to departure from thermodynamic and
hydrodynamic equilibrium. If this consideration is Table 6 presents the derived quality and void frac-
assumed negligible, Collier 9 suggests a method of tion for the upper, lower, and middle beams of the
representing the various transitions from flow pat- gamma densitometer in the cold leg spool piece.
tern to Dow pattern in the form of a flow pattern These data indicate that the flow pattern in the
map. The respective patterns are represented as cold leg is annular flow with a liquid film on the
areas on a graph, the coordinates of which are the periphery of the pipe and a higher velocity gas
actual superficial phase velocities (jr or j ) or core. Figure 15 presents the average derivedg
generalized parameters containing these velocities. quality from these calculations and compares it

with pre- and posttest RELAP4 analyses. The
One flow pattern map, that of Bakerl0, has RELAP4 calculations reasonably predict the data

become generally accepted and widely used for for the first 10 s, then predict significantly higher
horizontal channels. Baker plotted the observa- qualities for the remainder of the transient.
tions of various workers for a steam-water system
in terms of the coordinates (G /A) and (Gr/d), By using the average derived density, void frac-g
where G and Gr are the superficial mass tion, and volumetric flow, the Baker How pattern

8
,

velocities of the vapor and liquid phases given by map can be constructed for the cold leg. As shown
in Figure 14, the now at I s is in the froth region

G =j p = GX (1) (wispy-annular). Sometime between I and 2 s the
*

E E E flow pattern changes to a dispersed flow (misty
type flow in which droplets are entrained in a

( steam environment). This flow pattern remains
G =j = G(1-X). (2) until approximately 16 s into the transient, at

g g g
which time it changes to an annular type flow for

,

i the majority of the remainder of the blowdown
The factors X and 4 are defined by transient, with one short transition to slug flow.'

-1/2-

/P}/P
3.4 System Flow Rateg (3)x,

-[a/ [w/
The flow leaving the PBF-LOCA blowdown~

system in transit to the blowdown tank during a
and LOCE is a difficult variable to calculate. The use

- 1/3 of specially designed converging-diverging noz--

2 zies, with cylindrical throat sections of length ,

$=U- j[- j![y) -
combination of th- Henry-Fauske (subcooled

4 g (pg

(4) equal to the diameters, optimized the capabilit) to
,

.

f w) f) calculate break flow. In the RELAP4 model a
-

'

flow) and homog ous equilibrium model

| Figure 14 shows the Baker flow pattern map for (saturated f?ow) correlations for critical flow was
'

horizontal flow for steam-water. If the observed used to describe the flow at the throats of the
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Figure 14. Baker flow pattern map for horizontal flow in the cold leg spool piece during Test LLR-5.

blowdown nonles. Results of previous PBF- forced the two-phase coolant in the volumetric
LOCA tests showed that a break flow multipliera bypass region (above the lower support plate) into
of 1.0 (RELAP4 default values) would provide the the uppen nienum and out the metered bypass flow
best agreement between the code calculations and path in transit to the blowdown tank. Figure 16
the LLR data. presents the measured and predicted metered

bypass volumetric flow rate. Approximately 3387.
The mass flow rate in the cold and hot leg of the total initial system fluid volume passes

measurement spools was determined from tne through the metered bypass during blowdown. As
average coolant density and coolant volumetric is evident, RELAP4 significantly underpredicted
flow rate obtained by combining information the volumetric flow rate through this flow path.
from the gamma densitometer and a turbine This flow constitutes several flow sources,

flowmeter. Because of the IPT differential including the hot leg piping to the isolation valve,
pressure reversal, shown in Figure 6, the check the hot leg blowdown piping, the upper plenum,-

valves on top of the flow shrouds shut instan- and the volumetric bypass volume. An under-
taneously upon initiation of the blowdown and prediction of the volumetric flow rate by such a

margin may be due to an error in the fluid state.

calculated by RELAP4. To more closely model
a. The multiplict is a constant selected to optimize comparison the relative water volumes in a PWR relative to the
tietween the code calculation and the esperimental data. core region for the LLR test train, f fler pieces
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TABLE 6. COMPARISON OF DERIVED QUALITY AND VOID FRACTION FROM DENSITY IN
COLD LEC SPOOL PIECE

*Time
U C(s) low low center " center upper opper

1 0.01 0.13 0.16 0.69 0.06 0.41 *

2 0.27 0.84 0.18 0.77 0.20 0.79
3 0.40 0.93 0.19 0.82 0.19 0.82
4 0.36 0.93 0.19 0.84 0.21 0.86

5 0.49 0.95 0.26 0.88 0.27 0.88
6 0.48 0.95 0.31 0.91 0.29 0.90
7 0.50 0.96 0.36 0.93 0.31 0.91
8 0.50 0.96 0.40 0.95 0.31 0.92

9 0.54 0.97 0.50 0.96 0.31 0.92
10 0.54 0.97 0.56 0.98 0.29 0.93
15 0.23 0.94 0.33 0.96 0.29 0.95
20 0.39 0.98 0.48 0.93 0.23 0.94
30 0.40 0.97 0.82 1.00 0.32 0.96

1.0 with the data. The agreement between the predic-,
7

, , ,,

Pretest tion and data is reasonable, except for the initial
0.8 - - measured flow spike.

_

l The volumetric flow rate at the cold leg
$

'6 - -

blowdown spool and the pretest RELAP4 calcula-0 ,

Posttest

0'4 -
* *

-
tion are shown in Figure 18. The initial flow spikeS / \.

P to 60 L/s occurred when the cold leg blowdown. .....---' " **~~~~.
O valves, located between the measurement spool

*

,,
0.2 ,/ RELAP4 - and the blowdown nozzles, were first opened. The

----- Derived data turbine flowmeter in the cold leg spool was sized
0* ' ' ' ' ' for only 50-L/s flow, and, with only a 120% over-

0 5 10 15 20 25 30 range capability, readings above 60 L/s are ques-
Time (s) tionable. A sng of fluid immediately filled theINEL.A 15 640

piping between the nozzle and the valve. and
Figure 15. Comparison o f analytical and d eriv ed quality resulted in choked flow at the break plane, as the

,

during Test LLR-5. reduced pressure at the nozzle throat resulted in
! rapid steam formation. The piping downstream of

were inserted in the IPT exit volume, the upper the nozzles was initially pressurized to the
plenum, and the downcomer region. By addmg blowdown tank pressure (0.14 MPa) and filled
this much mass to the upper plenum, the heat with air at ambient temperature (300 K). As the
transfer ire this region was further complicated, system pressure decreased to 4.8 MPa in 50 ms at

| thus disallowing the code to predict the correct the cold leg spool, the driving potential for flow
l phase separation in the volumetric bypass and out the break was reduced, resulting in a reduction

,

upper plenum volumes. A much higher quality in volumetric flow rate from 60 to 40 L/s within
water (lower density) existed in these two regions 0.5 s. The volumetric flow rate then increased to

,

| than was predicted in order for the code to 60 L/s during the interval from t.0 to 3.75 s. This
underpredict the flow. is attributed to an increase in coolant quality from '

0 to 0.28 during this time period, with a resultant
Figure 17 presents a comparison of the decrease in density and increase in void fraction to

RELAP4 calculated hot leg volumetric flow rate approximately 0.85. The severe drop-off in flow
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rate at 3.75 s is attributed to the closing of the resulting in a higher predicted mass flow. The
*large cold leg blowdown valve. The flow then mass flow rate then steadily decreased after this

gradually increased due to the constantly point, as the coolant density and pressure in the
increasing quality until 22 s, when the vahe was system decreased during blowdown.
reopened, resulting in high solumetric flow rates -

for the remainder of the blowdown transient. The An approximate insentory of the IPT, blow-
RELAP4 code predicted tne solumetric flow rate down piping, and PCS piping to the isolation
during both the subcooled and saturated portions salves is compiled in Table 7, as derived from the
of the blowdown extremely well, indicating that RELAP4 model. The total mass ajected from the
the code predicted the correct solume of two- system, obtained by integrating the cold leg mass
phase mixture leaving the system, which also flow measurement, was approximately 112 kg for
accounts for the good calculation of the system the first 35 s of blowdown. The initialinsentory,
depressurization. as estimated in Table 7, was 124 kg. The cor-

respondence betw een the integrated mass How and
The cold leg spool average mass now rate for mass :nventory indicates the measurements are

Test LLR-5 is shown in Figure 19 alon, with the s alid.
corresponding RELAP4 calculations. The mass
now rate was determined from the aserage 3.5 Fuel Rod Shroud Flow Rate
coolant density and coolant volumetric flow rate.
The oserall agreement between the predicted and
measured mass How rates is good. Closer The steady state inlet volumetric Dow rate to the -

examination of the mass now data in Figure 20 IPT during Test LLR-5 w as approximately
for the first 4 s of the transient indicates that the 9.35 L/s, as measured at the inlet spool piece. |

calculated coolant :nass How spike was slightly Approxim 'tely 6.7 L/s passed through the -

lower than that measured during the first 1.8 s of metered i, pass, with the remaining Dow passing
the transient. From 2 to 3.65 s the calculated den- through the four now shrouds ( ~ 2.4 L/s). A
sity was higher than the measured density, small amount of Gow (-0.25 L/s)is attributed to

|
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TABLE 7. PBF IN-PILE TUBE COOLANT VOLUMES AND MASS INVENTORY

Volume .

(L)
a

Hot leg 31.89
.

Cold leg" 44.38

Downcomer 15.11

Volumetric bypass 16.43

Lower plenum 3.64

Upper plenum 11.10

Reflood line 48.08

Hanger rod 0.79

Shrouds (4) 7.47

178.89

Total system mass (initial conditions 15.5 MPa, 600 K) = (0.179 m3 x
3691.3 kg/m ) = 123.7 kg

a. Includes piping from IPT nozzle to isolation valve,

b. From top of IPT to flow control valves.
,

various leakages through the test train. The On initiation of blowdown, flashing first occur-
*

warm-up line from the cold leg to the hot leg was red in the fuel rod flow shrouds where the highest
closed until just prior to blowdown. enthalpy fluid was located. The volumetric flow

rate indicated by the upper turbine flowmeter
[ The flow rate in the fuel rod shrouds during the decreased sharply from the initial steady state

blowdown was primarily controlled by upflow of 0.58 Us, and reversed to a value of
depressurization of the lower plenum. Because of -0.25 Us. This small, initial, negative flow spike
the unique configuration of the PBF/LLR test lasted only momentarily, as the flow immediately
train, the upper and lower plenums depressurized stagnated in the upper portion of the flow,

I independently. Upon initiation of blowdown, the shrouds.
coolant in the flow shrouds reversed direction,
check valves located on the top of each flow Flashing of the high enthalpy fluid in the lower
shroud closed, and the shroud flow was isolated portion of the flow shrouds resulted in a large
from the upper plenum throughout the blowdown negative flow spike at blowdown initiation. With
transient, resulting in negative flow throughout this initial negative flow spike, the lower turbine
the transient. flowmeter was saturated at -1.5 Us. As choking

occurred at the blowdown nozzles, the flow
,

The shroud inlet and outlet volumetric flow decreased to -0.8 Us. Beyond this point the data
rates for Rod 312-1 during Test LLR-5 are shown indicate a significant amount of volumetric flow
in Figures 21 and 22, respectively, along with the until the large cold leg blowdown valve was closed
corresponding RELAP4 predictions. Both the at 3.75 s. The flow then decreased sharply and '

data and predictions for the other test rods for all gradually stagnated until 22 s, when the reopening
,

| the LLR tests generally follow the trends of the blowdown valve generated flow rates
| illustrated for Rod 312-1. comparable to those obtained during the first 5 s.

!

!
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The measured flow responses of all four of the volumetric flow rate. An indication of potential
fuel rod flow shrouds were essentially identical. differences in density was suggested by the dif-
This validates the modeling assumption of com- ferences between the calculated and measured
bining the four flow shroud paths into one for the onset of superheated vapor in the shrouds, as
RELAP4 nodalization. As shown in Figure 21, the discussed in Section 3.7. *

RELAP4 calculations do not predict the small,
initial, negative flow spike at the upper turbine 3.6 Fuel Rod Shroud Coolantflowmeter, but follow the measured data rather -

closely after this time period. The magnitude and Density
duration of the initial negative flow spike was
calculated well at the lower turbine flowmeter, The inability of the RELAP4 code to predict the
however. After the initial flow spike, the lower time to CHF (discussed in Section 4.3) for the
volumetric flow rate for the first 4 s was as much LLR tests can be directly related to the prediction
as 0.2 Ils greater than the calculations, as shown of density and the corresponding flow patterns in
in Figure 22. After 4 s the calculations follow the the shrouds.
measured trends extremely closely.

Since density measurements are not available
Accurate calculation of the magnitude of the in-core, the local thermal. hydraulic conditions

volumetric flow in the flow shrouds was com- throughout the core can only be approximated
plicated because of code modeling assumptions. with the pre- and posttest RELAP4 calculations.
The RELAP4 code is based on the assumption of Figure 23 presents the code calculations for den-
homogeneous flow with thermodynamic equi- sity at the 0.457-m elevation. The posttest calcula-
librium. In actuality, the conditions within the tions indicate the density decreases to 160 kg/m3
shrouds are nonhomogeneous and are not in ther- within 0.5 s. This decrease is due to the voiding
modynamic equilibrium. Also, small differences (X = 0.3) in the flow shrouds and the high heat
between the actual and calculated coolant pressure transfer rates from the fuel rods to the saturated
and density can result in large differences in the steam environment. The density then decreases to

.
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Figure 23. RELAP4 predictions for hot spot density.
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70 kg/m3 at 3 s as the calculated void fraction liquid film around the periphery of the shroud and
increases 10 0.9. From this point, the hc,t spot den- fuel rod. Prior to CHF, vapor that is formed at
sity linearly decreases to a value approaching zero preferred positions on the surface of the rods
at 25 s. The code predicted a superheated steam intermittently detaches with the high velocity
environment at 5 s into the transient. steam flow. With the production of more sapor,*

the bubble population increases with length, and
The flow patterns observed in vertical, cocur- coalescence takes place as CHF is attalvi and

rent flow are similar to those seen for horizontal propagated up the rod. The flow shroud probably.

flow. Thus, bubbly, slug (similar to plug from maintained a liquid film until 6.5 s to generate the
horizontal flow), and annular flow are observable, high volumetric flow rate for the lower turbine
as well as churn and wispy-annular flow. Churn flowmeter shown in Figure 22.
flow is formed by the breakdown of the large
vapor bubbles in slug flow. The gas or vapor flows 3.7 Fuel Rod Shroud Coolant
in a more or less chaotic manner through the Temperatureliquid, which is mainly displaced to the channel
wall. Wispy-annular flow takes the form of a
relatively thick liquid film on the walls of the pipe, As blowdown was initiated, the coolant

together with a considerable amount of liquid temperatures within the flow shrouds reached
entrained in a central gas or vapor core. Since the saturation within 50 ms. Local qualities continued
LLR shroud flow patterns are altered by the to rise during the first several seconds of the tran-
annular flow area resulting from the shroud / fuel sient until they reached unity between 6.5 and 7 s.
rod geometry and the presence of the fuel rod and The coolant temperatures then increased signifi-
channel wall heat fluxes, the problem of cantly above the saturation temperature through-
estimating the flow patterns is complicated. out the remainder of the transient. This
HewittII and coworkers have constructed the superheating was attributed to energy transfer by
flow pattern map shown in Figure 24 from their convection and radiation from the fuel rods and
observations of high-pressure steam-water flow in flow shrouds.
small-diameter (1 to 3 cm) heated vertical tubes.
The axes of the figure represent the superficial The coolant temperatures within the shroud of

2momentum fluxes of the liquid (pgjg ) and vapor Rod 345-1 at several axial elevations are shown in*

phases, respectively. These momentum fluxes can Figure 25. With the initiation of blowdown, the
also be expressed in terms of the mass velocity (G) coolant temperatures reached saturation condi-
and the quality (X) by tions and decreased as the system pressure-

decreased until 6.5 to 7 s. At this point, the three

2 W )2
coolant thermocouples at the fuel rod midplane

(7) and the thermocouple at the shroud inlet indicatedpj =

8E a superheated steam environment, which wasg
maintained throughout the remainder of the

i and transient.

;

' 2 The coolant thermocouple at the shroud outlet
2 , %%

(8) indicated a saturation temperature decrease withpj .g
P f pressure throughout the entire transient, decreas-'

ing to a value of 525 K at 30 s. Since this
If the density in the shrouds is assumed to be as thermocouple was isolated from the high radiation
given by the posttest calculation shown in environment in the active fuel length and recorded
Figure 23, the flow pattern map for the LLR flow no superheat, the validity of the readings from the
shrouds (shown in Figure 24) is obtained. Since midplane thermocouples during superheated
the highest enthalpy fluid is in the flow shrouds, conditions is questionable. These thermocouples'

this coolant flashes instantaneously at blowdown were not designed to accurately measure the
initiation. The flow map indicates an annular flow coolant superheat, since measurement of a single-
regime might have been maintained for the first phase gas temperature requires shielding from the-

6.5 s of the transient when superheated steam con. thermal radiation from surrounding surfaces.
ditions were attained. This flow regime suggests Thus, the indication of superheating by the
the formation of a high velocity vapor core with a thermocouples may have preceded the time at

29
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Figure 25. Coolant temperatures in Rod 345-1 shroud for Test LLR-5.

which the coolant actually exceeded the vapor Figure 26 presents an indication of the radial.

saturation temp:rature at the midplane. Selected temperature distribution from the cladding to the
flow shrouds were instrumented with ther- volumetric bypass during Test LLR-5 for the Rod
mocouples to measure the metal temperature. As 345-1 flow shroud. Radiation heat transfer from,

illustrated in Figure 26 for the Rod 345-1 shroud, the hot fuel rod to the flow shroud became domi-
the shroud metal temperature followed a satura- nant once superheated conditions were attained in
tion temperature decrease until 18 s, and then this shroud at 6.5 s. The RELAP4 prediction for
gradually achieved superheated temperatures the 0.533.m location coolant temperature shown
approximately 50 K higher than the saturated in Figure 26 indicated a quality of 1.0 would be
coolant at the end of blowdown. Thus, the shroud reached at 5 s into the transient. On the basis of
thermocouple probably indicated the correct RELAP4 calculations, when radiation becomes
coolant superheat. As shown in Figure 25, the dominant, the magnitude of the radiation heat
inlet thermocouple indicated superheated steam transfer coefficient is equal to that from convec-
temperatures only as high as 700 K at 15 s, tion. As shown, the temperature differe .ce
decreasing linearly to 665 K at 33 s. This measure- between the rod and the shrouds amounts to as
ment also indicates the midplane thercocouples much as 450 K. The volumetric bypass sur-
were probably biased by radiation effects. The rounding the flow shrouds is not influenced by the
RELAP4 prediction for the 0.457-m location heat transfer from the active core region.
coolant temperature shown in Figure 25 indicated Calculated heat transfer coefficients from this

,
a quality of 1.0 would be reached at 5 s into the region to the shrouds amount to free convection
transient. The analytical predictions indicated values. High water levels were probably main-
slightly increasing superheated steam tempera- tained due to the high resistance flow path to the
tures past this point for the remainder of the cold leg, thus resulting in a moderately decreasing

* transient, density for the majority of the transient.
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4, FUEL ROD BEHAVIOR

At normal PWR operating conditions, hun- portion of the tests were indicative of changes
dreds of hours of operation are required for clad- from test to test in the performance of the rods4 *

i ding collapse to occur. However, under severe during subsequent power excursions.
conditions, such as during a hypothetical LOCA,<

the high cladding temperatures and fuel rod dif- A detailed analysis of cladding deformation was.

ferential pressures could cause the cladding to performed for model and code development and
collapse onto the fuel pellets in a matter of evaluation. The FRAP-T5a computer code was

;

seconds. used to confirm the actual fuel rod dynamics that'

occurred during the LLR tests. The code was
! . The cladding deformation witnessed during the developed to predict the coupled thermal-
| LLR transients was of particular interest to the mechanical behavior of a nuclear fuel rod under

LOFT Program. The LLR fuel rods were simul- normal and accident situations. It is the latest,

taneously subjected to high cladding temperatures developmental model in the FRAP T series. The
and compressive stresses during the LOCA tran- code couples the major thermal and mechanical
sients. These conditions caused uniform cladding models that infinence both fuel pellet and cladding
collapse and waisting onto the fuel, with a responses. Subcodes are linked to FRAP-T to pro-;

decrease in the cladding diameter. The differential vide material properties for the fuel, cladding, and
'

axial and radial thermal expansion between the gap, and the 1%7 ASME Steam Tables.
fuel and cladding possibly exaggerated the pellet-
cladding interaction (PCI) during the subsequent Specific capabilities modeled in FRAP-T5
preconditionmg operational period. Since collapse include (a) radially varying energy generation,

near the pellet interfaces (waisting) was severe, the within the fuel pellet, (b) radial and azimuthal
cladding may have become permanently mecham- heat conduction, (c) fuel-cladding mechanicali

; cally mterlocked with the fuel. In the case of interaction, (d) elastic-plastic cladding deforma-
LOFT testmg, if reactor cooldown or subsequent tion, (e) transient fuel rod internal pressure,

; startup occurs too rapidly at this condition, the (f) dynamic gap conductance calculation,
stress at the waisted pellet interface could cause a (g) using cladding surface heat transfer boundary' .
PCI-type of cladding failure. However, such conditions as predicted from thermal-hydraulic
failure was not witnessed m the LLR tests. codes, and (h) cladding metal-water reaction. Of

The mechanical deformation that was witnessed particular importance in LOCEs,-the code has*

i in the LLR tests can be directly compared with the state-of-the-art fuel rod thermal models to predict

{ fuel rod cladding temperature and pressure defor. stored energy. In addition, FRAP-T5 has models

12 from to account for radiation heat transfer to the sur.| mation criteria developed by Olsen
1 investigations of zircaloy tubing deformation rounding test rod shrouds, which was important in

! under isothermal, isobaric conditions. These tests the LLR tests. A detailed description of the FRAP

1 by Olsen were conducted on LOFT-type cladding code and the LLR model are included in
! to determine the pressure-temperature loci for the Appendix D.
'

deformation boundaries between two-point buck-
ling (cladding contact at two points on the fuel 4.1 LLR Test Discussion4

pellet circumference, which results in an ovality of
'

the cladding), uniform circumferential cladding
collapse onto the fuel pellets (uniform loss-of- During the LLR tests, the fuel rods experienced

diameter of the cladding), and waisting (plastic critical heat flux (CHF) early in the blowdown and

i flow of zircaloy cladding into small axial pellet maximum measured cladding temperatures ranged

gaps). from 880 to 1260 K. Table 2 presents the max-
.

} imum measured cladding temperature for each'

I The results of the postirradiation examination fuel rod during the LLR tests. The maximum
j

. and cladding microstructural changes) also pro-
(visual appearance, extent of cladding collapse, temperature of l260 K was attained at the 0.314-m

' -

vided information to evaluate the LLR test rod
'

damage. In addition, the fuel centerline a. FRAP-T5 Idaho National Engineering Laboratory

; temperature measurements during the steady state conrisuration Control Number H000$83B.
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location on Rod 399-2 during Test LLR-4A. The used in Test LLR-5. Nicasured cladding tempera-
RELAP4 predictions indicated that the hot spot tures of 1060 to 1165 K resulted in mechanical
should have been at the 0.457-m elevation. deformation to the fuel rods. At approximately
flowever, these calculations did not consider the 15.4 s into the transient, the cladding surface ther- -

effect of the centerline thermocouple depressing mocouples indicated quenching from inadvertant
the heat Hux. loop isolation valve cycling. This, however, did

not affect the overall test rod thermal and .

Test LLR-3, a 41.kW/m experiment, was con- mechanical response, as the maximum cladding
ducted February 28,1979 with four fresh fuel temperature had been attained prior to the valve
rods. The measured cladding tempera ures for this cycling. On the basis of comparisons with Olsen's
test ranged from 880 to 990 K. Although the mea- data, the mechanical deformation of the fuel rods
sured fuel rod cladding surface temperatures were would be expected to include waisting. Subsequent
lower than expected (990 K as compared with postirradiation examination (PIE) of Rod 312-1,
1080 K), the cladding temperatures achieved on which was removed after this test, confirmed this
the zircaloy shrouded rods were close to those deformation.
expected on the peripheral LOFT rods, indicating
that the data are appropriate for evaluating the .

expected response of the LOFT rods. On the basis Since a m j r bjective of perform.mg the
PBF/LLR Test Series was to evaluate the effect ofof the maximum measured cladding temperature,
el dding collapse and waisting on rod behaviorno mechanical deformation is assumed to have
during subsequent power ramps and depressuriza-occurred to the fuel rods during Test LLR-3. ,

tion transients, an additional LLR test. Test

LLR-4A, was performed hiay 18,1979 at thein keeping with the planned test sequence for
same test conditions as Test LLR-4. Rod 312-1LOFT, Test LLR-5, a 47-kW/m experiment was
was rem ved prior to Test LLR-4A and replacedconducted h1 arch 24,1979. Two fresh rods (one
with a fresh rod (designated 399-2). This allowedwithout thermocouples) were installed for this
determmation of the mechanical deformation of atest. The measured cladding temperatures ranged

from 985 to 1015 K. On the basis of measured [ .d subjected to a single blowdown transient
imtiated from a power level of approximatelycladding temperature and rod pressure com- .

56 kW/m. During the power calibration and pre.parisons with Olsen's data, buckling is believed to
C" d ng power ramm, dere were no obsemhave occurred at the thermocouple locations on
able . dications that the deformed condit,on ofin ithe instrumented Test LLR-5 rods. Recent clad- ,

th cladding on the other tnree test rods affectedding surface thermocouple evaluation tests con- ,

their behavior. Cladding temperatures for Testducted at the PBF (Thermocouple Effects Tests)
ranged kom E to M L nesehave shown that surface thermocouples act as

temperatures resulted m mecham, cal deformation
,

cooling fins, delaying CHF and reducing the clad-
t the fuel rods, including collapse and waisting.ding temperatures at instrumented locations dur-
A program objective of subjectmg deformed fueling a LOCA. Thus, on the basis of the responses

s to subsequent preconditiomng and LOCAof the elongation sensors and cladding ther-
cycles was achieved, and no fuel rod failures weremocouples during Test LLR-5, the fuel rods could
bserved. Subsequent posttest examination

have first reached CHF as an elevation below the revealed that all four Test LLR-4A rods hadthermocouples at 0.5 s and then reached CHF at a eved the waisting regime of mechanicalthe thermocouple junctions at 1.9 s, despite the ,

deformation.fact that the thermocouples were located at high
pow er elevations. This delay in time to CHF at the
thermocouple junctions could have resulted in less in subsequent sections details of the steady state
stored energy at the time of CHF and measured and transient performance of the LLR fuel rods
temperatures possibly 60 K lower than at lower are discussed. This discussion is presented in terms "

elevations. Therefore, the Test LLR-5 rods may of fuel rod steady state centerline temperature
have experienced buckling and incipient collapse response, the CHF phenomenon witnessed during
at axial elevations lower than the thermocouples, the transients, and fuel rod thermal-mechanical .

responses during each test. Comparisons with
Test LLR-4, a 57-kW/m experiment, was per- RELAP4 pretest and posttest calculations and

formed hlarch 30,1979 with the same fuel rods FRAP posttest calculations are also included.
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4.2 Fuel Rod Steady State 2200 , , , , ,

Thermal Response .
2000 Calculated data - fresh, * 8-

'f'

A major objective of the LLR tests was to unirradiated fuel- **
investigate fuel rod behavior during power ramps {1800 - (Test LLR-5,-4) e -

following conditions in which the cladding had ; e'p
been deformed. The measured and predicted fuel 3 1600 - 4 -

*

rod thermal behavior for selected LLR test rods & ,
for the power ramping portion of each test are

[ 1400 -

,, ,e Rod 345-1 ~
,a

presented in the following sections. Predictions ;
are provided for Rods 345-1 and 345-2 for -5 [," a Test LLR-4A
centerline temperature versus fuel rod powe . The $ 1200

- pe e Test LLR-4 -
calculations were obtained from the FRAP-T5 g ,e,E a Test LLR-5
code, with the thermal boundary coaditions 3 1000 -

!*4 *
-

derived from the data (that is, from fuel rod tr

power and coolant conditions). Calculated data -
800 - eP fuel with collapsed -

f cladding (Test LLR-4A)The preconditioning power history conditions
prior to each LOCE are shown in Appendix B. 600 ' ' ' ' '

The fuel rod analyses were performed in sequence 0 10 20 30 40 50 60
following the LLR test procedure. For each test, Rod peak linear heat rate (kW/m)
the fuel was subjected to power ramps through INEL A.15 630
preconditioning, then exposed to the LOCA
blowdown conditions, and finally, to reflood Figure 27. Comparison of steady state response of

conditions. Rod 343-1 with FRAP-T5 calculations
during Tests LLR-5,-4, and -4A.

The objective of the steady state analyses was
tw ofold: first, to determine whether cladding 2200. . . . . .

deformation coeld be detected by monitoring the
centerline temperature; and second, to evaluat

2000 - Calculated data- fresh.the capability of FRAP-T5 to calculate centerhne . f -* n ra a 'temperatures on deformed cladding.

,[y' ,5

Figures 27 and 28 present the centerline E
temperature versus fuel rod power data and j 1600 - ,af -

the FRAP-T5 calculations for the preconditioning g
portions of Test; LLR-5, -4, and -4A for E as
Rods 345-1 and 345-2. The calculated data were S 1400 - $ -

$ deP Rod 345-2obtained using FRAP-T5 in a quasi-steady-state
-j 1200 - 45 e Test LLR-4 -mode. The power was ramped to various levels

and held for several minutes to obtain steady state g ,,e a Test LLR-5
results. Coolant conditions measured during the ,u

ramps were input to the FRAP-T5 program. 2 1000 - ,? -

Nominal, beginning-of-life fuel rod dimensions ** Calculated data -
were used for fresh fuel calculations, whereas the 800 fuel with collapsed -

appropriate end-of-test conditions calculated for / cladding (Test LLR-4A)
''

. the previous transient were used for irradiated
, , , , ,

fuel. This method of analysis attempted to con-
0 10 20 30 40 50 60

sider the effect of loss of gap width, which occur-
red in the tests due to cladding deformation, and Rod peak linear heat rate (kW/m)

INEL A 15 634*

the initial rod condition for the following test.
Figure 28. Comparison of steady state response of

The centerline temperature versus fuel rod Rod 345-2 with FRAP-T5 calculations
power data obtained from Rod 345-1 during during Tests LLR-5 and -4.
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Tests LLR-5, -4, anc' -4 A are illustrated in In conclusion, FRAP-T can be used to estimate
Figtire 27 with the corresponding FRAP predic- the centerline temperature response of LOFT-type
tions. For linear heating rates less than 30 kW/m, fuel rods before and after being subjected to
the measured centerline temperatures for Tests LOCA conditions. However, the effects of fuel
LLR 5 and -4 agree closely. At heating rates of pellet cracking and relocation (and possibly *

about 30 kW/m, the data for the two tests begin measurement error) may prevent the detection of
to diverge. This temperature divergence is not cladding collapse with fuel centerline ther-
attributed to significant cladding deformation mocouples during steady state operation before -

occurring during Test LLR-5, since Olsen's and after the LOCA transient.
criteria indicated that only buckling occurred at
the thermocouple locations The difference may 4,3 The Critical Heat Flux
be due to sigmficant pellt relocation during
Test LLR-5 that resulted in an increase in the Phenomenon .in the LLR
radial thermal resistance across the fuel rod, or to Tests *

measurement error. The centerline temperature
data for Rod 345-2, shown in Figure 28, does not

The cr. ical heat flux condition is characterizedit
. .

show this divergent trend.
by a sharp reduction of the local heat transfer
coefficient, which results from the replacement of

Comparison of the steady state centerline liquid by vapor adjacent to the heat transfer sur-
temperature data from Tests LLR-4 and -4A for face. For th: case in which the surface heat flux is
Rod 345-1 indicates that Test LLR-4A data are the independent variable, the CHF condition is
consistently lower than Test LLR-4 data. Since manifested by a sharp increase in surface tempera-
waisting was verifed on Rod 312-1 after Test ture as the critical heat flux value is reached.
LLR-4, cladding collapse probably occurred on
portions of all of the fuel rods during this test. The Table 8 presents the measured times to
lower centerline temperatures during the steady saturated departure from nucleate boiling for the
state portion of Test LLR-4A are probably an LLR fuel rods based on thermocouple and clad-
indication of collapsed cladding and a higher ding elongation sensor (LVDT) readings. This
gap conductance for Rod 345-1 prior to the Test table indicates the time at which the nucleate boil- -

LLR-4A blowdown transient. ing heat flux rapidly decreased into a film boiling
mode of heat transfer. At tlye point of critical heat

in general, the FRAP-T5 calculations shown in flux, the steam formed a local insulating layer .

Figure 27 indicate that the code slightly over- over the rod surface, resulting in a rapid increase
predicts the centerline temperature for a fresh rod in surface temperature. This blanket of vapor
and slightly underpredicts the temperature for a gradually propagated up (and possibly down) the
collapsed fuel rod. fuel rod, starting at elevations below the ther-

mocouple locations. The range of incipient time to

The centerline temperature versus fuel rod CHF at the thermocouple locations (near the axial

power data obtained from Rod 345-2 during Tests I cation of peak power) for the 41- and 46-kW/m

LLR-5 and -4 are illustrated in Figure 28. Rod tests was from 1.8 to 2.6 s, whereas the time to

powers were not calculated for Test LLR-4A, CHF in the 57- and 56-kW/m tests ranged from

since the coolant differential thermocouple for 1.6 to 2.0 s. The cladding elongation sensors
indicated that CHF occurred at an axial elevationRod 345-2 failed early in the nonnuclear startup,

Generally, the centerline temperature data probably below the surface thermocouples at

obtained for Rod 345-2 are lower than the data about 0.25 s during Tests LLR-4 and LLR-4A,

obtained for Rod 3451. The measured centerline and at about 0.4 to 0.5 s during Test LLR-5

temperatures for Rod 345-2 agree closely for (46 kW/m), excluding Rod 345-1.a The responses
~

Tests LLR-5 and -4 for all rod powers, but are
relatively low, indicating that collapse did not
occur during Test LLR-5, or the effects of clad-

wnw h a me%
ding collapse w ere obscured by pellet crackmg and check sahe above the rod, which allowed upper plenum

*

relocation. The FRAP-T5 calculations for coolant to leak into the shroud now channel, resulting in a
Rod 345-2 follow the trends evidenced for Rod 345-1, premature quench for Tests LLR 5 and LLR4A.
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TABLE 8. MEASURED TIMEa (seconds).TO SATURATED DEPARTURE FROM
NUCLEATE BOILING

Test LLR-3 Test LLR-5 Test LLR-4 Test LLR-4A*
Rod (41 kW/m) (46 kW/m) -(57 kW/m) (56 kW/m)

312-1

! TC --O , 0.533 m# 2.4 1.8 1.7
TC--180 , 0.533 m 2.8 2.0 1.7 --

1.
LVDT- 2.8 0.5/1.5 0.25/1.5

312-2

.
TC--0 , 0.457 m 2.6 2.0 1.6 1.9

|' TC--180 , 0.533 m 4.5 2.3/3.3 2.0 2.1
| LVDT 2.0 -- -- 0.25/0.8/1.5

312-3

,
TC--O , 0.533 m 2.5

| TC--180 , 0.533 m 2.5 -- -- --

| LVDT 2.0

312-4

TC--O , 0.533 m 2.4
TC--1800, 0.533 m 2.4 -- -- --

1

LVDT 1.8,

i 345-1

TC--O , 0.533 m 1.8/3.9/4.7 1.7/4.0 2.0*

; TC--180 , 0.533 m -- 1.9/3.9/5.0 1.7/3.6 2.00

LVDT 1.4/2.1/3.8 0.25/1.4/2.6 0.25/1.5
i

j 345-2
1

i LVDT -- 0.40 0.25 0.25/1.5

399-2

TC--O , 0.314 m 1.6
0 1.8| TC--180 , 0.457 m -- -- --

| LVDT 0.25/1.5

.

Multiple times denote successive indications of departure from nucleate
| a.

boiling. (The LVDT is probably indicating DNB at different locations on| .

j the fuel rod. The thermocouples are indicating successive rewets and
dryouts.)

b. TC = thermocouple,*

c. Distance in meters is elevation above bottom of rod heated length.
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of the cladding elongation sensors during Test ment of high void fraction. These included reduc-
LLR-3 (41 kW/m) ranged from 1.8 to 2.8 s. Sin.r ing the code transition mass Hux, changing the slip
the elongation sensor detects CHF at any location velocity in-core, modifying pre-CHF heat transfer
along the length of the rod, and the surface ther- modes, and using various other CHF correlations. .

mocouples only indicate the time when the ther- Reducing the transition mass Oux between the two
2mocoup|c junction experiences CHF, the only correlations from 271 to 68 kg/m .s had little

time when the two measurements should coincide effect. It was postulated that phase separation
,

is when the initial CHF condition occurs close to a would be inhibited and that the fluid state would
thermocouple junction. Since the locations of the possess a lower quality by applying a multiplier to
thermocouples were chosen to correspond to high the slip velocity. This application resulted in a
power elevations, and the cladding elongation sen- small effect on the time to CHF, but not enough
sors indicated CHF at 0.5 and 0.25 s rather than at to warrant its usage. Modification of pre-CHF
2.6 to 1.6 s, the surface thermocouples possibly heat transfer only changed th. film temperature
delayed CHF in the instrumented portion of the distribution. The use of the General Electric Com-
fuel rods because of fin cooling, thus, subse- pany transient CHF correlation 2 resulted in a
quently affecting the local temperature measure- slight (0.2 s) delay in CHF, but not enough to be
ment during Tests LLR-5, -4, and -4A. However, significant. The Biasi correlation, as used in the
the effect of the centerime thermocouple on the TRACl3 code, offered no potential for the low
Gux profile must also be considered. The now conditions in the LLR analyses, because the
centerline thermocouples used for the LLR tests Zuber correlation was used in the low flow mode.
may have depressed the heat flux by as much as Finally, for posttest analysis, CHF was forced to
Sr in the upper half of the test rods. occur at the times witnessed in the tests in ano

attempt to more closely match the data, but clad-
The time to CHF for the RELAP4 pretest cal- ding temperatures were again substantially higher

culations was in the vicinity of 0.5 s. Critical heat than the data.
flux was calculated to occur when the shroud now
rate decreased to a magnitude at which the code For the period from 1.5 to 2.5 s, the mass flux
logic switched from the high flow saturated depar- estimates in the now shrouds ranged from 203 to

2ture from nucleate boiling (DNB) correlation of 271 kg/m .s. These calculations are based on the -

Hsu and Beckner2 to an interpolation between predicted density shown in Figure 23. Thus, the
2Hsu.Beckner and Zuber's 10w flow CHFcorrela- modified Zuber correlation, which applies for

2tion. The Hsu-Beckner correlation is normally mass Huxes less than 271 kg/m .s, would be most .

evaluated for mass fluxes greater than applicable for the prediction of CHF in the LLR
21356 kg/m .s whereas the modified Zuber cor- tests. In Section 3.6 an annular flow regime was

relation is applicable for mass fluxes less than postulated to exist within the LLR flow shrouds
2271 kg/m s. The calculated mass Oux at the time during the first 6.5 to 7 s of the transients. At the

2of CHF was in the vicinity of 678 kg/m .s. The point of critical heat flux, the steam formed a
actual experimental mass flux at 0.5 s could have local insulating layer under the liquid film over the

2ranged anywhere from 475 to 950 kg/m .s on the rod surface, resulting in a rapid increase in surface
basis of the shroud volumetric flow and density temperature. This blanket of vapor gradually prc
estimates from RELAP4 calculations. The pagated up (and possibly down) the fuel rod, start-
RELAP4 heat transfer logic evaluates the local ing at elevations other than the thermocouple
void fraction, and if it exceeds 0 96, dryout locations. The boiling crisis mechanism for the
occurs. These dryour critieria arise from the Hsu- LLR tests could possssibly have been an annular
Beckner DNB correlation. The underprediction of flow dryout, as suggested by Tong.14 In this case,
the measured time to CHF is attributed to this a liquid film covers and cools the heating surface.
code logic, since at 0.5 s the hot spot quality was The boiling crisis occurs when the liquid film
approximately 0.4, which resulted in a corres- becomes too thin, and breaks into dry patches due -

ponding void fraction greater than 0.96. This to disruption of the annular liquid film from the
underprediction of time to CHF would contribute high velocity vapor core. The characteristic of this
to Ngher predicted cladding temperatures than crisis is a retarded wall temperature excursion,

,

meured. which was evidenced in the LLR tests at the clad-
ding surface thermocouple locations. As noted by

In posttest studies, several analyses were Tong, several parametric effects, which were
attempted to delay CHF by delaying the develop- evidenced in the LLR tests, can contribute to a
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decrease in CliF. These effects include high nucleate boiling environment removed the internal
pressures which reduce bubble diameter, high stored energy until CliF. The temperatures then
mass fluxes which induce downstream dryouts, contir.ued to decrease during the transient as the
and cold wall effects. stored energy was redistributed toward the

periphery of the fuel pellet. Selected results of fuel*

In summary, the difference between the cal- centerline temperature responses are presented in
cut 'ed and measured times to CilF for the pretest subsequent subsections. Several of the centerline
calculations can be attributed partially to the temperature responses have been categorized ase

bunderprediction of solumetric flow, as shown in trenda information. Qualified data are compared
Figure 22, and a corresponding void fraction with FRAP-T5 calculations.
overprediction in the period from 1.5 to 3 s, which
results in the use of hydrodynamic mechanisms Measured cladding temperatures followed the
that govern the RELAP4 CliF calculation. This coolant saturation temperature until CIIF occur-
combination forces the code logic to change from red. After CliF, measured cladding temperatures
a high flow correlation to an interpolation rose rapidly, reaching maximums in the period
between the high flow and low flow correlations. from 8 to 20 s. After the maximum values were
The code assumption of homogeneity in-core, reached, the measured cladding temperatures
when an annular flow regime quite possibly exists, decreased slowly until test termination. During
further complicates the situation. The RELAP4 steady state operation, heat transfer was by forced
code is not capable of predicting an annular flow convection to the coolant, resul'ing in a coolant
regime dryout. Finally, the use of steady state temperature increase of approximately 10 K from
CilF correlations to define the transient CilF shroud inlet to shroud outlet. After initiation of
situation evidenced in the LLR tests may not blowdown, measured coolant temperatures fol-
be valid. Iowed the coolant saturation temperature until

approximately 6.5 s, at which time the coolant
qu lity was appr ximately unity and the rod was4.4 Transient Thermal and surrounded by superheated steam. The fuel rod

Mechanical Response of sarface heat transfer during this period can be
LLR Fuel Rods derived from the coolant conditions described in

.
Section 3 and the RELAP4 pretest calculations.
Prior to CilF, a nucleate boiling environment was

The transient response of the fuel rods is experienced. After CHF, film boiling conditions
described with respect to the transient thermal and were established and cladding temperatures'

mechanical behavior during the LLR tests. The rapidly increased. As the coolant quality
transient thermal response of the fuel rods is approached unity, the mode of surface heat
defined by the cladding surface temperature and transfer changed to a combination of forced con-
fuel centerline temperature behavior. The clad- vection to steam and radiation to the flow shroud,
ding temperature history, in combination with the which was maintained for the remainder of the
pressure differential across the cladding, controls blowdown transient. This change in the heat
the type and degree of cladding deformation. The transfer mode resulted in gradually decreasing
fuel centerline temperature indicates the stored cladding temperatures for the remainder of the
energy redistribution throughout the transient. blowdown transient. The RELAP4 predicted
The mechanical response of the fuel rods is range of the heat transfer coefficient during this

2discussed with respect to the cladding axiat elonga- period is from 50 to 100 W/m .K. After 15 s,
tion and the postlest diameter measurements. The radiation heat transfer was dominant, as the
cladding axial clongation provides a direct indica- decreased coolant mass in the shrouds resulted in a
tion of CilF and the total axial strain incurred by reduction n. convective heat transfer. RELAP4
the fuel rod cladding. At the elevated tempera- predicted that radiation would come into
tures attained during the transients, the*

unpressurized rods experienced cladding collapse
and waisting. The details of these observations are

a. mnd data-suitable only for illustrative purposes and not
discussed subsequently.- for numerical analysts.

During the transients, centerline temperatures b. Qualified data-represents the variable being measured
decreased immediately after reactor scram as the within specified uncertainty limits.
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t.

dominance at approximately 5 s into the transient, thermocouples on fuel rod response, an investiga.1

'

equalling the convective heat transfer coefficient tion is currently in progress in the Thermal Fuels'

for the remainder of the transient. The decay heat Behavior Program to quantify these thermocouple'

contribution to the stored energy amounted to effects. A series of five experiments, designated, * '
1 approximately 3to of the initial power, which the Thermocouple Effects Test Program, has been

helped maintain the elevated chdding conducted with nuclear fuel rods to evaluate fin
temperatures. cooling effects during the blowdown and reflood;

portions of a LOCA. These effects were evaluated' -

The pre- and posttest data and the cladding
by using four test rods per test with cather surfacetemperature responses calculated by RELAP4 are
m unted (LOFT technique) or embedded ther-presented for each fuel rod in subsequent subsec-, ,

m c uples I cated at the same elevation. The ther.
; tions. The cladding temperatures at the ther-

mW uple responses were then compared and
| mocouple locations were overpredicted in all

c trelated to the test thermal-hydrauhe condi.cases. RELAP4 predictions of cladding tempera-
ti ns. On the basis of the results of these tests, the

} ture ranged from 170 K (for Test LLR-3) to 305 K
e nelusi n re ched was that surface ther.

: (for Test LLR-4A) higher than measured. Since
m C uples do influence fuel rod thermal response

I CHF was predicted to occur at the thermocouple
during a LOCA. As blowdown was imtiated, rods'

locations at approximately 0.5 s for all cases, the
code predicted a more rapid initial temperature wjth embedded thermocouples exceeded CHF*

wit h,m I s, whereas rods with surface ther.rise rate than measured. For posttest calculations, ,

m c uples reached CHF withm I to 5 s. The
- although CHF was forced to occur at the times

measured cladding temperatures ach,eved duriag
I witnessed in the tests, cladding temperatures were

i

w wn wem generah W K lower W de1 again overpredicted. For these calculations, the
rise rates were comparable, but the maximum '".rface instrumented fuel rods than the fuel rodswith embedded thermocouples for each second of
predicted ten.peratures ranged from 120 K (for delay in CHF. During reficod, fuel rods with theTest LLR-3) to 310 K (for Test LLR-4A) higher sudace m unted thermocouples quenched
than the measured values. Since the cladding sigmficantly before rods with embedded
temperature response was overpredicted in both

I ''* " " #5'
the pre- and posttest calculations, either the stored

;

! energy model or the post-CHF heat transfer '

, During the postirradiation examination of the
models, or both, are considered inadequate for LLR fuel rods, several permanent changes were
LLR test analysis purposes. Also, the decay heat found to have occurred to the cladding. Visual

j history used in the calculation may be too high, or '

appearance, which provides an indication of the
the rod power may be overestimated due to thei gg ; ;
centerline thermocaple depressing the heat flux, were found to be uniformly covered with a
both of which wotJd contribute to the over- black layer of zirconium dioxide. Figure 29 is an

.

calculation of claddic4 emperature. For the gg g g
: calculated and obserd cladding thermal

LLR fuel rods. There was no visual indication of
responses to coincide, the magnitude and respons'

&W MhM4MM%&of the surface heat transfer coefficient must be in fuel rods did not exhibit any visually discernible
close agreement with the actual surfac'e heat deformation (bowing or loss of diameter). Clad-
transfer. Since the stored energy model causes thei

ding temperatures that result in the deformation
centerline temperature data to be underpredicted, and oxidation of the cladding were evaluated.

{ post-CHF heat transfer models are not d6sipating Tw m Mnwmid h W-
; en ugh energy during the nucleate and film boil- lurgical samples (including the azimuthal and

mg modes of operation. Increased heat transfer longitudinal temperature gradients around the
during this time interval would cause lower peak thermocouples) were tabulated. Collapse of the
cladding temperatures, after which time the radia-i unpressurized fuel rods was also analyzed. The
tion heat transfer mode would dominate, resulting '

posttest diameter measurements indicated that the
i m gradually decreasmg temperatures for the cladding of all the rods (except Rods 312-3 and

remainder of the blowdown transient. 312-4 from Test LLR-3) had collapsed onto the,

The effect of fin cooling by the surface mounted fuel stack nominally from 30 to 60 cm from the -

;

thermocouples is a major concern in evaluating bottom of the heated length. These results are
LOCA-type experiments. Since the LLR tests did discussed in the following subsections for each

; not positively determine the effects of external fuel rod.
.
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4.4.1 Fuel Rod 312-1. Rod 312-1 was used for this time interval. The cladding temperatnre data
Tests LLR-3,-5, and -4. A maximum temperature indicate that the rod achieved DNB at approxi-
of 1125 K was recorded for this rod during Test mately 2.4 s at the 0-degree,0.533-m thermocou-
LLR-4. Removal of the rod after this test for pie location, whereas the 180-degree, 0.533-m ,

postirradiation examination provided the oppor- thermocouple indicated DNB at 2.8 s. The clad-
tunity to study the effects of three successive tran- ding elongation transducer indicated a sharp
sients on the LLR fuel rods. The rod exhibited expansion at 2.8 s, which suggests that CHF

,

collapse with some waisting as a result of Test occurred over a significant length of the fuel rod
LLR 4. On the basis of microstructural evidence, surface and indicates that the surface ther-
temperatures were estimated to be in the range of mocouples probably did not affect the transient
1100 to 1150 K at the thermocouple locations. response of the rods during Test LLR-3.
Details of the response of Rod 3121 during the

, The tem ' cature measurements at the twothree transients and postirradiation results are azimuthal r ations on the fuel rod indicate that
presented in the followmg subsections. CHF occurred within 0.4 s. The calculated dif.

fer:nce in rod power between the two orientations
u.r.r Tar Lin-3. nod ars.r--Figure 30 illustrates was approximately 5%, with the 0-degree

the cladding temperature, cladding elongation, quadrant (facing the center hanger rod) at the
and coolant midplane temperature response of highest power; thus, the temperature at 0 degrees
Rod 312-1 during Test LLR-3, for a 30-s dura- should have been s'ightly higher for the LLR tests
tion. The peak power was calculated from test if the fuel rod geometry and surface boundary
data to be 40.3 kW/m just prior to blowdown. conditions were axisymmetric. A small cir-
During the first 2.4 s, the measured cladding cumferential variation in cladding temperature
temperatures decreased approximately 15 and was also measured. The 0-degree thermocouple
20 K, at the 0- and 180-degree locations, respec- measu:ed a maximum cladding temperature of
tively, essentially following the coolant saturation 950 K at 10 s, whereas the 180-degree thermocou-
temperature. A decrease in cladding length, as ple measured 930 K at 20 s. These variations are
indicated by the cladding elongation sensor, coin- attributed to the initial rod power distribution
cided with the cladding temperature response for and, possibly, coolant thermal-hydraulics.
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Figure 30. Thermal and mechanical behasior of Rod 312-1 during Test LLR-3.
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Since the fuel rod clongation sensor is biased by the LLR tests, follows the depressurization satura-
attachment to the flow shroud, it can only tion line until approximately 6.5 s, after which a
measure relative changes in length of the flow superheated environment is indicated for the
shroud and fuel rod. For instance, an increase in remainder of the blowdown transient..

the length of the fuel rod produces a proportional
increase in output voltage of the sensor; however, The maximum measured cladding temperature
an increase in the flow shroud length produces a is plotted as a function of fuel rod differential

,

decrease in the sensor response. That is, a decrease pressure in Figure 31. The measured temperature-
in the length of the flow shroud produces the same pressure history falls below the cladding buckling
sensor response as if the fuel rod length increased region, as determined by Olsen, which indicates
by a corresponding amount. As shown in that no permanent cladding deformation would be
Figure 29, when the transient was initiated with expected to have occurred to Rod 312-1 during
the reactor scram, the rod experienced a slight Test LLR-3.
increase and then a slight axial contraction during
the first 2.8 s until CHF. The contraction was pro- The measured fuel centerline temperaturca at
bably due to a relaxation of the fuel-cladding 0.533 m for Rod 312-1 for Test LLR-3 is shown in
interfacial contact, which resulted during the final Figure 32. The initial centerline temperature was
preconditioning prior to blowdown. This relaxa- 2030 K. The temperature decreased to 1160 K at
tion is attributed to the decrease in power and the 10 s when the stored energy was finally

increase in heat transfer during the nucleate boil- redistributed toward the periphery of the fuel
ing mode of operation. During the rapid pellet. After this time, the centerline temperature
temperature increase following DNB, the rod increased gradually until fuel rod quenching
experienced an axial strain to approximately occurred at 37 s. After quenching occured, the
1.8 mm. The rod continued to elongate to 3.2 mm cladding temperatures decreased to 440 K for the
at 30 s. remainder of the experiment.

The fluid thermocouple response, which is the
typical coolant respoase witnessed during all of a. catesorized as trend information.
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4.4.1.2 Teer LLn4 nedst2-r-Figure 33 illustrates ever, since DNB was probably achieved earlier at -

the cladding temperature and elongation response lower elevations than the thermocouples,
of Rod 312-1 during Test LLR-5, for a 30-s dura- estimates of higher temperatures at lower eleva.
tion. The rod peak power of Rod 3121 was tions have been made. On the basis of the response .

calculated from test data to be 47.3 kW/m just of Rod 399-2 cladding surface thermocouples
prior to blowdown. The cladding surface ther- (Subsection 4.4.7) during Test LLR-4A, which
mocouple data at the 0-degree, 0.533-m ther- measured cladding temperatures of 1260 and
mocouple location indicated that the rod achieved 1205 K at the 0.314- and 0.457-m locations,
DNB at 1.8 s and reached a maximum surface respectively, and the response of the fuel rods of
temperature of 1000 K at 10 s. The 180-degree, Tests LLR-5 and -4, the temperature was esti-
0.533-m thermocouple indicated DNB at 2.0 s and mated to be 1030 K at the 0.314-m location for
a maximum surface temperature of 990 K at 10 s. Rod 312-1. This temperature would also result in
The elongation sensor first indicated a moderate local buckling of the fuel rod at the 0.314-m axial
increase in cladding length at 0.5 s, and then a elevation.
stronger indication at 1.5 s as DNB started at an
elevation probably lower than the cladding ther-

The measured fuel centerline temperature atmocouples and propagated up the rod. The dis-
0.533 m for Rod 3121 for Test LLR-5 iscrepency between the thermocouple measurements
illustrated in Figure 35. The measured

,

and the clongation sensor indicates that the sur-
temperature was 1950 K at steady state conditionsface thermocouples may have affected the tran- ,

pri r to blowdown.sient response of the rods by delaying CHF.

As shown in Figure 34, based on Olsen's cri- 4.4.1.3 reer LLn4 Rod 272-r-Figure 36 illustrates .

teria, the cladding surface temperature versus dif- the cladding temperature and clongation response
ferential fuel rod pressure indicates cladding of Rod 312-1 during Test LLR-4, for a 30-s dura-
buckling probably cecurred at the thermocouple tion. The rod peak power for Rod 312-1 was
locations for Rod 312-1 for Test LLR-5. How- calculated from test data to be 56.6 kW/m just
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prior to blowdown. The cladding surface ther- The measured fuel centerline temperature at
mocouple data at the 0-degree, 0.533.m ther- 0.533 m for Rod 3121 for Test LLR-4 is
mocouple location indicated that the rod achieved illustrated in Figure 38. The measured

DNB at 1.7 s and reached a maximum surface temperature was 2330 K at steady state conditions
*

temperature of 1125 K at 7 s. The 180-degree, prior to blowdown.
0.533-m thermocouple indicated DNB at 1.7 s and'-

reached a maximum surface temperature of 4.4.7.4 Postirredletion Eseminatican of Mod
* 1820 K at 10 s. The elongation sensor first st21-Permanent changes to the cladding of

indicated a moderate increase in cladding length at Rod 312-1 occurred as a result of the three
0.25 s, then a stronger indication at 1.5 s as DNB successive blowdowns. The visual examination
started at an elevation probably lower than the revealed cladding waisting 35 to 55 cm from the
cladding thermocouples and propagated up the bottom of the fuel stack,
rod. Again, a possible thermocouple effect on fuel
rod response is indicated. A maximum temperature of 1125 K was mea-

sured for Rod 312-1 at the 0.533-m location. The
As shown in Figure 37, based on Olsen's cri- cladding microstructure that corresponds to this

teria, the cladding surface temperature versus fuel temperature is the a + # transformation regime,
rod differential pressure indicates that the clad- which exists in the temperature range of 1100 to
ding at the thermocouple locations was subjected 1270 K. Figure 39 presents the cladding micro-
to temperatures slightly above those required to structure (transverse Section Mi-2) at the ther-
cause waisting at the thermocouple locations. This mocouple junctions located 0.533 m above the
was confirmed in the postirradiation examination. bottom of the fuel stack. Recrystallized, equiaxed
On the basis of the response of Rod 399-2 during a-zircaloy structure is present throtaghout the
Test LLR-4A, cladding temperatures as high as entire cladding thickness, including some #
1195 K may have been achieved at the 0.314-m precipitates at the grain boundaries, which indi-
location. These temperatures would result in cates temperatures in the range of 1100 to 1150 K.
collapse along the lower portion of the fuel rod. A longitudinal section (Section Mi 1) was pre-
This deformation was also confirmed in the pared from 0.50 to 0.511 m above the bottom of
postirradiation examination. the heated length in the 0- to 180-degree plane to
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characterize the axial temperature profile of the The location of maximum collapse did not corres-
tod. A microstructure similar to that witnessed on pond to the axial peak power location (45.7 cm),
transverse Section Mi 2 was observed at 0.50 to which corresponded to the maximum pretest
0.511 m. RELAP4 cladding temperatures. However, the

j decrease in diameter at this point was only slightly-

The measurement of oxide layer thickness, in less than the maximum decrease.
conjunction with applicable oxide layer growth
kinetics, provides an independent estimate of clad- An analysis of measured cladding deformation.

ding temperatures during testing. The oxide layer and cladding microstructure was performed and a
on the LLR fuel rods was evaluated to determine comparison of these quantities with calculated,

j the extent of oxide layer growth due to steady state values for cladding strain was made for all the
: operation and to the increased temperatures dur. LLR fuel rods. Permanent plastic radial enginect-
) ing the successive LLR transients. Rod 312-1 was ing strains of 0.001 to 0.006, were calculated by
j at reactor operating temperatures (600 K) for the relationship
i approximately 241 h. A calculation was pc
} formed to determine how much of the observed D -D

= -Pre postj oxide thickness resulted from this exposure. By E g
r Dusing oxidation kinetics, a zirconium dioxide pre

thickness of 0.7 pm was obtained for oxidation
i during the entire 2dl h of preconditioning. A total where
I thickness of 3 pm was measured after the three !

! transients for Rod 3121. Zirconium dioxide and D = pretest rod diameterpre
oxygen-stabilized e-Conium 'ayers due to thei

! steam-zircaloy .. action were measured on the Dpost = posttest rod diameter.
! external surf.ce of the cladding, and an oxygen
' stabilized r . zirconium layer due to the UO - The strain was 0.006 at 0.603 m and 0.0046 at2

zircaloy reas..on was measured on the inside sur- the peak power location (0.457 m), as shown in
face of the cladding for all the LLR fuel rods. Figure 41. At the ends of the collapse zones, at 2

1

i These measurements were made using photo- and 88.3 cm, the radial strains were zero.
' *

micrographs of the fuel rod. Cladding
! temperatures were determined from these layers 4.4.2 Fuel Rod 312-2. Rod 312-2 was the only

by using the BUILD 5a computer code, which fuel rod used for all four LLR tests. A maximum
! * relates the time at temperature to the thickness of temperature of 1165 K was recorded for this rod

atl e respective layer, and Leistikow's out-of-pile during Test LLR-4. Slightly lower cladding
! experiment data. These temperatures are tabu- temperatures were recorded for Test LLR-4A. On

lated in Table 9. As shown, the maximum estima- the basis of Olsen's deformation criteria, the rod

) ted temperatures Tg,b are in the range of 1140 to probably experienced waisting during the Test

)
1145 K, which are consistent with the maximum LLR 4 transient, and thus probably entered the

1 measured temperature of 1125 K. power ramping portion of Test LRR-4A with the
'

maximum deformation expected to occur to any
| Postlest diametral measurements were made at of the LOFT rods during the Power Ascension
i one orientation along the length of each LLR fuel Tests. During the postirradiation examination, the

rod. The data for Rod 3121 are plotted versus the rod exhibited collapse with some waisting. On the
fuel stack axial length in Figure 40. The rod basis of microstructure analysis, temperatures
exhibited collapse, with the maximum diametral were estimated to be in the range of 1200 to
decrease of 0.06 mm from 57.1 to 63.7 cm, and a 1270 K at lower (29 cm) elevations on the fuel rod,

nominal decrease of 0.05 mm from 29.1 ' to whereas at the thermocouple locations, tempera-
57.1 cm from the bottom of the active fuel stack, tures ranged from 1150 to 1200 K. Details of the

*
response of Rod 312-2 during the four transients
and postirradiation examination results are

a. A detailed esplanation of the BUILD $ code and,

! Leistikow's method is included in Reference 3. ;

b. combined layers of zro2 and osysen. stabilized alpha - the cladding temperature, cladding elongation,
E-tayer. and coolant midplane temperature response of
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Rod 312-2 during Test LLR-3, for a 30-s dura- As shown by the elongation sensor information
tion. Cladding surface temperature measurements in Figure 42, when the transient was initiated with
were made on Rod 312-2 at 0.457 and 0.533 m the reactor scram, the rod experienced an axial
from the bottom of the fuel stack at azimuthal contraction for approximately 2.0 s until CHF. .

orientations of 0 and 180 degrees, respectively. During the rapid temperature increase for the first
The calculated difference in rod power between 8 s following DNB, the rod experienced an axial
these two locations was approximately 6%, with elongation to approximately 1.6 mm. The rod
the 0.457-m location at the highest power, as continued to elongate to 3.0 mm at 30 s. *

calculated by RELAP4. The rod peak power for
Rod 312-2 was calculated to be 40.8 kW/m just The maximum measured cladding temperature
prior to blowdown. The cladding temperature is plotted as a function of fuel rod differential
data indicate that the rod achieved DNB at pressure in Figure 43. The measured temperature-
approximately 2.6 s at the 0-degree,0.457-m ther- pressure history falls below the cladding buckling
mocouple location, and 4.5 s at the 180-degree, region, as determined by Olsen, which indicates
0.533-m thermocouple location. This circumferen- that no permanent cladding deformation would be
tial variation m time to CHF, which also occurred expected during Test LLR-3.
for this rod during Test LLR-5,is attributed to the
initial rod power distribution, and possibly The measureda fuel centerline temperature at
coolant thermal-hydraulics. Flow channeling or 0.457 m for Rod 312-2 for Test LLR-3 is shown in
circumferential variations in flow may have Figure 44 with the corresponding FRAP-T5 calcu-
existed on the 180-degree side of the fuel rod, lated centerline temperature response. The initial
which would increase the cladding surface heat centerline temperature was 1870 K. The tempera-
transfer coefficient from that of the 0-degree loca- ture decreased to 1090 K at 10 s when the stored
tion. The 0.457-m thermocouple measured a max- energy was finally redistributed toward the
imum cladding temperature of 920 K at 20 s, and
the 180-degree thermoccuple measured 885 K at
23 s. a. categorized as trend information.
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Figure 44. Comparison of measured fuelcenterline temperature of Rod 312-2 with FRAP-T5 calculation forTest LLR-3.

periphery of the fuel pellet. At this point, the and reached a maximum surface temperature of
centerline temperature gradually increased to 1015 K at 10 s. The 180-degree, 0.533-m ther-

* 1200 K at 25 s, at which time the centerline mocouple indicated DNB at 2.3 s, rewetting at
temperature stabilized and remained essentially 2.35 s, a second DNB at 3.3 s, and a maximum
constant until the fuel rods were rapidly quenched surface temperature of 1005 K at 17 s. A com-
by the reflood system at 37 s. At quench, the clad- parison of the lower turbine flow rates for this rod*

ding temperatures dropped to 440 K for the with the lower turbine flow rates of the other rods
remainder of the experiment. The fuel centerline did not indicate any anomalous flow behavior in
temperature was calculated with FRAP-TS, using this shroud. The elongation sensor for this rod
the measured cladding temperature at the ther- failed sometime prior to the transient.
mocouple locations as the surface boundary con-
dition to obtain the internal rod dynamics. The As shown in Figure 46 based on Olan's
modified Ross and Stoute5 correlation was used criteria, the cladding surface temperature versus
for the unpressurized LLR fuel rods to calculate differential fuel rod pressure indicates cladding
gap conductance. The fuel centerline temperature buckling probably occurred at the thermocouple
was undercalculated for the entire transient. The locations during Test LLR-5. However, based on
uncertainties that are inherent in these calculations the response of Rod 399-2, since DNB was pro-
include initial fuel rod power, fuel-to-cladding gap bably achieved earlier at lower elevations than the
conductance, and UO thermal conductivity. thermocouples, estiinates of higher temperatures2

at lower elevations have been made. A
4.4.2.2 Tut LLR4 RodJf2J-Figure 45 illustrates temperature of 1030 K was estimated for the

,

the' cladding temperature and elongation response 0.314-m location of Rod 312-2. This temperature
of Rod 312-2 during Test LLR-5. for a 30-s dura- would also result in local fuel rod buckling at this
tion. The rod peak power of Rod 312-1 was elevation.
calculated to be 49.3 kW/m just prior to*

blowdown. The cladding surface thermocouple 4.4.2.3 Tur LtR4 Rodsf2J-Figure 47 illustrates
data at the 0-degree,0.457-m thermocouple loca- the cladding temperature and elongation

tion indicated that the rod achieved DNB at 2.0 s responses of Rod 312-2 during Test LLR-4, for a
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30-s duration. The rod peak power of Rod 312-2 prior to blowdown. The cladding surface ther-
was calculated to be 55 kW/m just prior to mocouple data at the 0-degree, 0.457-m ther-
blowdown. The cladding surface thermocouple mocouple location indicated that the rod achieved.

data at the 0-degree,0.457-m thermocouple loca- DNB at 1.9 s and reached a maximum surface
tion indicated that the rod achieved DNB at 1.6 s temperature of 1150 K at 6 s. The 180-degree,
and reached a maximum surface temperature of 0.533-m thermocouple indicated DNB at 2.1 s and

.

1165 K at 8 s. The 180-degree, 0.533-m ther- reached a maximum surface temperature of
mocouple indicated DNB at 2.0 s and a maximum 1065 K at 13 s. The LVDT first indicated a
surface temperature of 1120 K at 15 s. The moderate increase in cladding length at 0.25 s,
elongation sensor for this rod was not operable for with more pronounced increases at 0.8 and 1.5 s,

this test. as DNB started at an elevation probably lower
,

than the cladding thermocouples and propagated

.
up the rod. This indicates a possible thermocouple

As shown in Figure 48, based on Olsen's effect on fuel rod response.
cnteria, the cladding surface temperature versus

,

fuel rod differential pressure indicates that the As shown in Figure 50, based on Olsen's
cladding was subjected to temperatures slightly criteria, the cladding surface temperature versus
above those required to cause waistmg at the ther- fuel rod differential pressure indicates that the
mocouple locations. Cladding temperatures as cladding was subjected to temperatures above
high as 1205 K may have been achieved at the those required to cause waisting at the thermo-
0.314-m location, which would also result in couple locations. This deformation was not con-
waisting at this location. firmed in the postirradiation examination (PIE),

,

as only collapse was evident at the thermoccuple
4.4.2.4 rest LLa.44, Rod 312 2-Figure 49 locations. However, cladding temperatures as

illustrates the cladding temperature and clonga- high as 1205 K may have been achieved at the
tion response of Rod 312-2 during Test LLR-4A, 0.314-m location, which, based on Olsen's'

for a 30-s duration. The rod peak power of criteria, would result in waisting at this location.
Rod 312-2 was calculated to be 50.6 kW/m just This deformation was confirmed in the PIE.
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4.4.2.5 Post /rredlet/on Exem/nsrlon of Aod Rod 312-2 was at reactor operating tempera-
372J-Permanent changes to the cladding of tures (600 K) for approximately 264 h. A calcula-

.

Rod 312-2 occurred as a result of the four suc- tion was performed to determine how much of the
cessive blowdowns. During the visual examination observed oxide thickness resulted from this
the rod showed waisting 27 to 37 cm above the exposure. By using oxidation kinetics, a zirconium

bottom of the fuel stack. dioxide thickness of 0.7 pm was obtained for*

oxidation during the entire 264 h of precondition.
A maximum temperature of 1165 K was ing. A total thickness of 2.5 pm was measured at

measured for Rod 312-2 at the 0.457-m location, the thermocouple locations after the four tran-
The cladding microstructure that corresponds to sients for Rod 312-2. Cladding temperatures
this temperature is the a + # transformation determined from the oxide layers are tabulated in
regime, which exists in the temperature range of Table 9. The maximum estimated temperatures,

T , are in the range of 1135 to 1200 K at the 45-cm1100 to 1270 K. Figure 51 presents the cladding 4
microstructure (longitudinal Section M2-3) at the axial level.
thermocouple junction located 0.457 m above the
bottom of the fuel stack. The microstructure The posttest diametral measurements for Rod
showed an a + # zircaloy structure throughout 312-2 are plotted versus the it.el stack axial length
the entire cladding thickness, which indicates in Figure 52. The rod exhib:ted collapse, with a
temperatures in the range of 1150 to 1200 K. A maximum diametral decret e of 0.07 mm from
longitudinal section (Section M2-1) was made 59.8 to 64 cm and a remt 11 decrease of 0.06 mm

i from 0.275 to 0.29 m above the bottom of the from 12 to 54 cm from the bottom of the active
| heated length in the 90- and 270-degree plar.e to fuel stack. The location of maximum collapse did

'

characterize the axial temperature profile of the not correspond to the axial location of maximum
rod. The microstructure consisted of a high con- power (45.7 cm). The decrease in diameter at this
centration of prior # zircaloy, with a low concen- point was somewhat lower than the maximum*

tration of equiaxed a zircaloy. The approximate decrease. Rod 312-2 exhibited the permanent
temperature range for this structure is 1200 to plastic radial engineering strains [as expressed by
1270 K. Equation (9)] shown in Figurc $3. The strain was
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Figure 51. Rod 312-2 longitudinal cladding microstructure (Sample M2-3) at 0.457 m.
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0.0065 at 0.603 m, and 0.0055 at the peak power transducer indicated a sharp increase at 2.0 s. The
location (0.457 m). At the ends of the collapse 0-degree thermocouple indicated a maximum clad-
zones, at 2 and 88.3 m, the radial strains were ding temperature of %5 K at 8 s, whereas the
zero. 180-degree thermocouple indicated 990 K at

,

12.3 s.
4.4.3 Fuel Rod 312-3. Rod 312-3 was used for
Test LLR-3. Although only recording tempera- Rod 312-3 attained the highest measured clad-
tures as high as 990 K during the test, the rod ding temperature of all four rods in Test LLR-3.*

ballooned and failed during the transient due to Reactor physics pretest calculations had indicated
being waterlogged sometime during the power that the use of stainless steel and zircaloy
ramping portion of the test. The rod was visibly shrouded rods would provide a power tilt between
ballooned upon removal for postirradiation the rods of 0.87 and 1.0, respectively. During the
examination. On the basis of microstructure preconditioning portion of the test, the calculated
analysis, temperatures were estimated to be in the figure-of-merit for this stainless steel shrouded
range of 920 to 1100 K at the boundary of defor- rod had consistently indicated rod powers com-
mation. Details of the response of Rod 312-3 dur- parable to the high power (zircaloy shrouded)

| ing Test LLR-3 and postirradiation examination rods. Following the test, a high level of radiation
results follow in the subsequent subsections. was detected in the blowdown tank, indicating

possible failure of one or more of the test rods.
4.4.3.7 rest LLRJ, Rod 312J--Figure 54 illustrates Rod 312-3 was found to have failed during the

the cladding temperature and cladding elongation blowdown transient due to waterlogging, resulting
response of Rod 312-3 during Test LLR-3, for a in subsequent ballooning (up to 50% diameter
30-s duration. The peak power of Rod 312-3 was increase) and rupture at the 180-degree plane. The
calculated to be 39.5 kW/m prior to blowdown. plenum pressure in Rod 312-3, which had con-
The cladding temperature data indicate that the sistently indicated a high value (saturation of the
rod achieved DNB at both thermocouple locations sensor at 7.2 MPa), followed the system depres-
at approximately 2.5 s. The cladding elongation surization quite closely after the rod apparently

.
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Figure 54. Thermal and mechanical behavior of Rod 312-3 during Test LLR-3.
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burst at 12.3 s. A comparison of the Rod 312-3 The clongation sensor also indicated a subsequent
plenum pressure response with the svtem pressure increase at 22 s with the opening of the second
is shown in Figure 55. The response of the cold leg blowdown valve.
pressure transducer in Rod 312-3 indicated that *

the rod apparently failed when the system pressure The fuel centerline thermocouple at 0.533 m on

reached approximately 5 MPa. Apparently, Rod 312-3 failed prior to the transient.

Rod 312-3 had a small leak in the cladding *4.4.3.2 posr/riedlet/on examina r/on of nod
throughout the test, which would account for the 312-3-Rod 312-3 was visibly ballooned from 0.46
saturated (7.2 MPa) indication by the plenum to 0.54 m from the bottom of the rod.
pressure transducer and would permit waterlog-
ging, which resulted in ballooning and rupture A maximum temperature of 990 K was mea-
during the blowdown. Upon ballooning at 12.3 s, sured for Rod 312-3 at the 180-degree, 0.533-m
the gap conductance was significantly reduced, location. The cladding microstructure that cor-
resulting in a sudden decrease in cladding responds to this temperature is the high a-zircaloy
temperature. Figure 29 presents a photograph of regime, which exists in the temperature range of
Rod 312-3 that shows the ballooned region. 920 to 1100 K. Figure 56 presents the cladding

microstructure (transverse Section M3-2) at
When the transient was initiated with the reac- 0.54 m from the bottom of the heated length.

tor scram, the rod experienced a rapid axial con- Equiaxed a-zircaloy structure is present through-
traction for approximately 0.7 s. The fuel rod out the entire cladding thickness. The oxide layer
length then increased slightly until 2.0 s, when a on Rod 312-3 was not evaluated since the oxide
dramatic increase in cladding length was recorded thickness was extremely small. The posttest
until 7.5 s. At this time, the elongation sensor diametral measurements for Rod 312-3 are plotted
indicated a contraction until 12.3 s. This is versus the fuel stack axial length in Figure 57. The
attributed to the differential pressure across the rod exhibited ballooning, with the maximum dia-
rod causing ever increasing ballooning and, thus, metral increase of 5.7 mm along the rod midsec-
relaxation of the fuel-cladding interfacial contact. tion at 50 cm from the bottom of the active feel

.

' ' ' ' ' '

16

>

System pressure
'

--- Rod 312-3 plenum pressure
>

gg . -

'

-

$, *

2
. -o

E e- -

|3 .................. ......,

*
, .

t
'

P,
'
\ .

4- -

~~-._.....s. .

'

.

,

s' . . ,,_
>

.

0 . ., , . - , .
-6 0 S to 15 3D 25 3D

Time (s)
Figure 55. Rod 312-3 plenum pressure and system pressure versus time during Test LLR-3.

60

. _ . .- -



';E W T ;5 W 7 j i1 @ V f6 ?" T .;%. 4: : um,a y
;zg%Q7%p&+:

s-
>; . ~ ~gme >K; "*- a n

-; Gy%,C.:
.

*:~ ^ ? :9-u
5 ;;y' AfW%x.p .:~ Kg _ ff .o ,.m 4c . w..

Q R Q :~ ..Rifih+2.P'KY

-g .~ p.',.cmin m-

, ?-

3 - p x v.3 q-

c_ vary psg

y. m**
a . ;; . i.

-

-
~ ' -d y .t m' ; , Q. ~.ng '.. .. .? > n-

?-f'):. y , 1fff; n. & . jQ f.

4W.T_ :+R} t -.
Y ,;|4|N' *

.

V ; .; _ M(:
n,

,

9 - k* - + m +w, )s ;;-. m

{,su. s2 :( .~ ~
-- 4. ~

<, d & $ . Q &. P, ,- . f. ,"7:,

, t-f ' % _ .

.~ - j - S @ g ?.f T.w VI . E 'fi. ,1.p _ .;
.

g. . g . ,Ag.;,x; * q ,3
-

2
,.n - p - w-

.

# M ^3 e g: : y . g n4fMa M lji .]]9859

.

- ,z o,. - -, .

his. A..
a 1

' 10 pm'

Figure 56. Rod 312-3 transverse cladding microstructure (Sample M3-2) from 0.48 to 0.50 m.
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Figurc 57. Postirradiation examination measurements Figure 58. Circumferential strain from posttest
,

( of cladding diameter for Rod 312-3. diameter measurements of Rod 312-3.

!

! stack. Permanent plastic radial engineering strains was recorded for this rod during the transient.

| as expressed by Equation (9) are shown in Removal of the rod after this test for postirradia-
.

| Figure 58. The strain was 0.006 at 0.603 m, and tion examination provided the opportunity to

| 0.0046 at the peak power location (0.457 m). At study the effects of one low power test on LOFT-

|
the ends of the ballooning zones, at 2 and type peripheral rods. The rod exhibited minor

| 88.3 cm, the radial strains were zero. deformation as a result of the test. On the basis of*

! microstructure analysis, temperatures were esti-
4.4.4 Fuel Rod 312-4. Rod 312-4 was used for mated to be in the range of 866 to 920 K at the
Test LLR-3. A maximum temperature of 880 K thermocouple locations and on lower portions of
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the rod. Details of the response of Rod 312-4 dur- The measured cladding temperature is plotted
ing the test and postirradiation results follow in as a function of fuel rod differential pressure in
the subsequent subsections. Figure 60. The measured temperature-pressure

history falls below the cladding buckling region, *

4.4.4.1 Test Lin,3, nod Jr2-4-Figure 59 illustrates as determined by Olsen, which indicates that no
the cladding temperature and elongation permanent cladding deformation would be
responses of Rod 312-4 during Test LLR-3, for a expected to have occurred to Rod 312-4 during .

30-s duration. The peak power of Rod 312-4 was Test LLR-3.
calculated to be 34.3 kW/m just prior to
blowdown. The cladding temperature data The fuel centerline thermocouple for Rod 312-4
indicate that the rod achieved DNB at appror.i- failed prior to Test LLR-3.
mately 2.4 s at both thermocouple locations. The
cladding elongation transducer indicated a sharp 4.4.4.2 Post /trad/st/on Examina tion of Rod

increase at 1.8 s. The 0-degree thermocouple 312-4-Rod 312-4 showed no obervable deforma-
measured a maximum cladding temperature of tion. A maximum temperature of 880 L was
880 K at 22 s. The 180-degree thermocouple essen- measured for Rod 312-4 at the 0.533-m location.
tially followed the 0-degree thermocouple for the The cladding microstructure that corresponds to
entire transient, this temperature is the mixed stress-relieved and

preequiaxed a-phase, which exists in the
The cladding elongation sensor for this stainless temperature range of 866 to 920 K. Figure 61

steel shrouded rod was biased because of the presents the cladding microstructure (transverse
variation in thermal expansion between the stain- Section M4-3) in the plane of the 0- and

less steel and zircaloy interface junction. During 180-degree thermocouple junctions located
the rapid temperature increase for the first 8 s 0.533 m above the bottom of the fuel stack. Mixed
following DNB, the rod experienced a minimal stress-relieved and preequiaxed a-zircaloy struc-
axial strain. The rod elongated a total of 3.15 mm ture is present throughout the entire cladding
during the blowdown transient. thickness. A longitudinal section (Section M4-1)
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from 0.27 to 0.29 m in the 90- and 270-degree 10.80 , , , ,

plane above the bottom of the heated length was _

used to characterize the axial temperature profile h 10.75 -

of the rod at the most severely damaged region, r /- -

anti;ipated to be below the thermocouples. The 2
microstructure consisted of mixed stress-relieved E 10.70 - / -

and preequiaxed a-zircaloy. The approximate j ,

temperature range for this structure is also 866 to B 10.65 - -

920 K. The oxide layer on Rod 312-4 was not c-
visible, and therefore was not evaluated.

10.60 ' ' ' '

0 20 40 60 80 100
The postrest diametral measurements for Rod

312-4 are plotted versus the fuel stack axiallength stance kom bottom oMuel rodem)
EbA15 621in Figure 62. The rod exhibited a slight amount of

collapse, with the maximum diametral decrease of Figure 62. Postirradiation examination measurements
0.08 mm along the rod midsection from 0.34 to of cladding diameter for Rod 312 4.
0.64 m from the bottom of the active fuel stack.
The location of maximum collapse occurred at
40 cm. Permanent plastic engineering strains as 7 1.0 , , ,

expressed by Equation (9) are shown in Figure 63. 7
The strain was 0.0095 at 0.40 m, and 0.007 at the j 0.8 - -

peak power location (0.457 m). g
5 0.6 - -

4.4.5 Fuel Rod 345-1. Following Test LLR-3, 5
the two stainless steel shrouded rods (312-3 $ o.4 _ -

and -4) were replaced with two fresh, unir- 1

radiated, zircaloy shrouded rods, Rods 345-1 and {0.2 - -

345-2. Rod 345-1 was used for Tests LLR-5, -4, E
and -4A. A maximum temperature of 1070 K was 5 e ' ' ' -

recorded for this rod during Test LLR-4A . Dur-
-

o
0 20 40 60 80 100

ing the postirradiation examination, the rod Distance from bottom of fuelrod(cm)
exhibited collapse with some waisting. On the INEL A 15 622 -

basis of microstructure analysis. temperatures
were estimated to be in the range of 1150 to Figure 63. Circumferential strain from posttest

diameter measurements of Rod 312-4.1200 K from 25 to 45 cm from the bottom of the
heated length. Details of the response of ,

Rod 345-1 during the three transients and postir-
radiation results are presented in the following For the first 5 s of the Test LLR-5 trausient,
subsections. Rod 345-1 exhibited anomalous behavior com-

pared with the other rods in the test, rewetting at
4.4.K r Test LLA4 Aodass r-Figure 64 illustrates 3.8 and 4.3 s before drying out and reaching max-

the cladding temperature, cladding elongation, imum cladding temperatures. Comparison of the
and coolant midplane temperature response of lower turbine flowmeter for this rod with the other
Rod 345-1 during Test LLR-5, for a 30-s dura- rod flowmeters revealed larger flows for the Rod
tion. The peak power of Rod 345-1 was calculated 345-1 shroud during the first 5 s of the transient.
to be 41.9 kW/m just prior to blowdown. The This is attributed to a malfuctioning check valse,
cladding temperature data indicate that the rod which allowed flow to enter from the upper
achieved DNB at approximately 1.3 s at the plenum. Upon replacement of this check valve for .

0-degree,0.533-m thermocouple location, whereas Test LLR-4A, the rewet phenomenon esidenced
the 180. degree, 0.533-m thermocouple indicated in this test and Test LLR-4 was not witnessed.
DNB at 1.9 s. The cladding clongation transducer

,

indicated a sharp increase at 1.4 s. The 0-degree . During the rapid temperature increase for the
thermocouple indicated a maximt.m cladding first 8 s following DNB, the rod experienced an
temperature of 1000 K at 17 s, whereas the axial elongation of approximately 1.7 mm. The
180-degree thermocouple indicated 985 K at 22 s. rod continued to elongate to 2.2 mm at 30 s.
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.

The measured cladding temperature is plotted from a complete set of input describing a fresh,
as a function of fuel rod differential pressure in unirradiated rod. The fuel centerline temperature
Figure 65. The measured temperature-pressure was calculated using the measures cladding temp-

*
history indicates that the cladding was subjected eratures at the thermocouple locations as the sur-
to incipient buckling at the thermocouple face boundary conditions to obtain the internal

5 correlationlocations, as determined by Olsen, rod dynamics. The Ross and Stoute
i was used for the unpressurized LLR fuel rods to

The measured fuel centerline temperature at calculate gap conductance. The FRAP code
|

I 0.533 m of Rod 345-1 during Test LLR-5 is undercalculated the initial stored energy for the
shown in Figure 66 with the corresponding fuel rods. The uncertainties that are inherent in
FRAP-T5 calculated centerline temperature these calculations include initial fuel rod power,
response. The initial centerline temperature was fuel-to-cladding gap conductance, and UO ther-2
1825 K. The reactor was scrammed at 2 s during mal conductivity. Also, the FRAP model did not
Test LLR-5. As shown in Figure 66, after include the thermocouple between the centerline
blowdown was initiated, the centerline tempera- thermocouple and pellet hole; thus, thermal iner-
ture slowly declined during the first 2 s, indicative tia effects were excluded. The fuel centerline
of the delayed reactor scram. The fuel centerline temperature was undercalculated for the entire
temperature decreased immediately at 2 s and con- blowdown. FRAP calculated that the cladding
tinued decreasing to 1100 K at 15 s, at which time would collapse at the thermocouple location at

,

the stored energy was finally redistributed toward approximately 6 s. The code also calculated the
the periphery of the fuel pellet. The centerline thermal gas gap to be initially closed and to
tunperature then decreased gradually for the remain closed throughout the blowdown tran-
remainder of the blowdown transient. sient. At the time of cladding collapse, FRAP*

calculated the pellet-cladding interfacial pressure

i The FRAP-T5 centerline temperature calcula- to increase from 0 to 12.8 MPa with a consequent
I tion for Rod 345-1 for Test LLR-5 was initiated increase in the gap conductance from 24.7 to
I

i
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261.4 kW/m K. The interfacial pressure dropped the code to calculate lower interfacial pressures,
rapidly to approximately 4.0 MPa within 2 s after the ambient pressure input was arbitrarily reduced
the collapse, and approached zero at 25 s, whereas from the previous calculation to assure that clad-
the gap conductance remained high for the greater ding collapse would not occur. The centerline

*
portion of the transient. temrerature as calculated by FRAP for this

instance is shown in Figure 67. The code calcula-
In comparing the measured and calculated cen- ted the thermal gas gap to be initially closed, but

terline temperature data in Figure 66, the time to reopen at approximately 5 s for the remainder*

interval between 6 and 20 s brackets the time of the transient. During the time the thermal gap
interval when significant differences (as large as was closed. FRAP calculated that no interfacial
105 K) occur in the measured and calculated pressure existed; after the calculated gap opened
centerline temperatures. This difference implies the gap conductance remained below

2that the cladding may not have collapsed at the 25 kW/m K for the 6- to 20-s time interval.
thermocouple locations during Test LLR-5, as Comparison of the measured centerline
calculated by FRAP. As shown in Figure 65, temperature data with the calculated data for the
Olsen's criteria indicated that the cladding prob- noncollapse case indicates agreement within 40 K.
ably experienced incipient buckling and not col-
lapse at the thermocouple locations during Test On the basis of these analyses, the conclusion
LLR-5. The calculated gap conductance, there- reached was that cladding collapse did not occur
fore, appears to be too large. It is possible that during Test LLR-5, and, on the basis of this
better agreement between the measured and limited data base, FRAP transient analysis may
calculated centerline temperature would have been not be a reliable method for predicting cladding
achieved had the cladding not collapsed in the collapse. The cladding deformation threshold is
FRAP-T5 calculation. probably predicted by FRAP, but the code

requires correlations of deformation
To confirm this assumption, a second calcula- characteristics such as Olsen's data to guide it in

tion was performed with the FRAP code. To force specifying the quantity of deformation.
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4.4 5.2 rest LLn-4. nod.us-r-Figure 68 illustrates this rod exhibited slightly higher flows than the
the cladding temperature and elongation other flow shroud turbines during this time
responses of Rod 345-1 during Test LLR-4, for a period.
30-s duration. The peak power of Rod 345-1 was
calculated to be 58.4 kW/m just prior to As shown in Figure 69, based on Olsen's *

blowdown. The cladding surface thermocouple criteria, the cladding surface temperature versus
data at the 0-degree. 0.533-m thermocouple loca- differential fuel rod pressure indicates that clad-
tion indicated that the iod first indicated DNil at ding buckling occurred at the thermocouple loca- -

1.7 s and reached a maximum surface temperature tions during Test LLR-5. Ilowever,. <ince DNil
of 1060 K at 15 s. The 180-degree,0.533-m ther- was probably achieved earlier at elevations lower
mocouple first indicated DNB at 1.7 s and reached than the thermocouples (based on the cladding
a maximum surface temperature of 1045 K at clongation sensor response), estimates of higher
15 s. The cladding elongation sensor first temperatures at lower elevations have been made.
indicated a moderate increase in cladding length at An estimate of i140 K at the 0.314-m location was
0.25 s, and then stronger indications at 1.4 and made for Rod 345-1 by comparison with Rod
2.6 s, as DNB probably started at an elevation 399-2 data. This would result in waisting of the
lower than the cladding thermocouples and pro- fuel rod at this lower elevation.
pagated up the rod. This indicates that the surface
thermocouples may have affected the transient The measured fuel centerline temperature at
response of the rods by delaying CilF. As with 0.533 m for Rod 345-1 for Test LLR-4 is
Test LLR-5, Rod 345-1 exhibited somewhat illustrated in Figure 70 with the corresponding
anomalous bahavior during Test LLR-4, rewet- FRAP-T5 calculated centerline temperature
ting at 2.8 s before drying out and attaining max- response. The measured temperature was 2190 K
imum cladding temperatures. This behavior is at steady state conditions prior to blowdown.
again attributed to a slight amount of leakage When Test LLR-5 was initiated, the reactor was
through the check valve during the first 4 s of the not scrammed until 2.65 s after initiation of
transient. The upper and lower turbine meters for blowdown. The first stages of the centerline
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temperature response are typicat of that obtained for the next 3 s. As with the Test LLR-5 calcula-
from Test LLR-5. The temperature remains tions, the largest discrepancies in agreement
relatively constant until reactor scram and then between the calculated and measured data coin-
decreases rapidly during the establishment of film cided with the time interval at which FRAP -

boiling and the redistribution of stored energy. calculated large values for the gap conductance.
This implies that either FRAP calculates values of

The FRAP calculations for Test LLR.4 for Rod gap conductance that are too large when the clad-
.

3451 were restarted from the Test LLR-5 calcula- ding has collapsed, or that cladding collapse did
tion that did not result in cladding collapse. The not occur, or collapse was calculated before it
system ambient pressure and the measured clad- occurred. However, in the visual postirradiation
ding surface temperature were used for the fuel examination for Rod 312-1, the rod was observed
rod boundary condition. FRAP calculated the to have achieved the waisting regime of
cladding to collapse early in the transient, between mechanical deformation and comparable defor-
6 and 7 s. At the time of collapse, the interfacial mation probably occurred to the other rods,
pressure increased from zero to approximately including Rod 345-1.
4.5 N1Pa, with the corresponding gap conductance

2increasing from 25.9 to 61.5 kW/m .K. A slow 4. 4. 5. 3 Tes t LLR-4A. Rod 345-7-Figure 71
decline in the interfacial pressure was then calcula- illustrates the cladding temperature, cladding
ted to occur until the first cladding rewet at elongation, and coolant midplane temperature
approximately 15.5 s. At this time, the interfacial response of Rod 345-1 during Test LLR-4A, for a
pressure increased to 36.8 N1Pa as the cladding 30-s duration. The peak power of Rod 345-1 was
responded to the quench. calculated to be 53.3 kW/m just prior to blow-

down. The 180-degree, 0.533-m thermocouple
Comparison of the measured and calculated reading overlays that of the 0-degree thermocou-

centerline temperature data in Figure 70 indicates pie throughout the entire blowdown transient. The
a significant divergence of the two curves at 6 s, cladding surface thermocouple data indicate that
with the calculations underpredicting the data. the rod achieved DNB at 2.0 s at both thermocou-
The calculation continues to diserge from the data pie locations and reached a maximum surface
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temperature of 1070 K at 15 s. The cladding the cladding surface temperature versus fuel rod
elongation sensor first indicated a moderate differential pressure indicates the cladding was
increase in cladding length at 0.25 s, with a more subjected to temperatures slightly above that
pronounced increase at 1.5 s as DNB started at an required to cause collapse at the thermocouple
elevation probably lower than the cladding ther- locations. This collapse was confirmed in the post-*

mocouples and propagated up the rod. This again irradiation examination, and waisting was evident
indicates a possible thermocouple effect on fuel at the thermocouple elevation.
rod response. During the rapid temperature.

increase for the first 8 s following DNB, the rod The measured fuel centerline temperature at
experienced an axial strain of approximately 0,533 m on Rod 345-1 during Test LLR-4A is
1.7 mm. The rod continued to elongate to 2.2 mm illustrated in Figure 73 with the corresponding
at 30 s. FRAP-T5 calculated centerline temperature

response. The measured temperature was 1920 K
The anomalous rewet behavior evidenced in at steady state conditions prior to blowdown.

Tests LLR-5 and -4 was not witnessed in When Test LLR-4A was initiated, the reactor was
Test LLR-4A for Rod 345-1. This prior behavior not scrammed until 2.85 s. The temperature
was attributed to a slight leakage through the decreased to 1245 K at 10 s, at which time the
Rod 345-1 check valve during the first 4 s of the stored energy was finally redistributed toward the
transient in these tests. This check valve was periphery of the fuel rod. After 10 s, the centerline
replaced prior to Test LLR-4A, and the new check temperature decreased gradually for the
valve apparently eliminated the rewet condition. remainder of the blowdown transient until the
The upper and lower turbine meters for this rod rods were quenched.
exhibited flow responses similar to the other flow
shroud turbines during this time period for this The fuel centerline temperature as calculated
test. with FRAP-T5 was initialized from the previous

calculation for Test LLR-4, which indicated col-
The measured cladding temperature is plotted lapsed cladding. The measured cladding tempera-

as a function of fuel rod differential pressure in ture at the thermocouple locations was used as the
Figure 72. As shown, based on Olsen's criteria, surface boundary condition to obtain the internal
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rod dynamics. The FRAP code undercalculates this temperature is the recrystallized a-zircaloy
the centerline temperature for the fuel rod for the regime, which exists in the temperature range of
entire transient. The pe!!ct.to-cladding interfacial 920 to I100 K. Figure 74 presents the cladding -

pressure was initially calculated to be 19 N1Pa, microstructure (transverse Section 515-3) located
which is the result of the collapsed cladding 0.533 m from the bottom of the heated length in
calculation from Test LLR-4 The pressure the plane of the O- and 180. degree thermocouple .

decreased rapidly to approximately 4.3 hlPa at junctions. Only equiaxed a-zircaloy structure is
4 s. Between 4 and 18 s, the interfacial pressure present throughout the entire cladding thickness.
remained essentially constant in the range of 4 to A longitudinal section (Section h15-1) from 0.25 to
7 N1Pa. Past this time, the interfacial pressure 0.27 m above the bottom of the heated length was
decreased slowly for the remainder of the tran- made in the 40- and 270-degree plane to
sient. The initial gap conductance as calculated by characterize the axial temperature profile of the

2FRAP was 61.4 kW/m K, which was calculated rod at the boundary of visible deformation on the
to remain constant until 37 s, at which time it fuel rod. The microstructure consisted of a high

2gradually decreased to 33.4 kW/m K at 46 s. concentration of equiaxed a-zircaloy, with 4
Again, undercalculation of the measured fuel precipitates mainly at the grain boundaries. The
centerline temperatures suggests that FRAP is approximate temperature range for this structure
calculating gap conductances that are too large for is 1150 to 1200 K. On the basis of these
a deformed cladding situation. microstructure estimates, cladding temperatures

were higher below the thermocouple locations.
4.4.5.4 Postirrederlon Esemine rlon of Aos This information supports the contention that in

ms.r-Permanent changes to the cladding of the higher power tests the LLR test rods first .

Rod 345-1 occurred as a result of the three suc- departed from nucleate boiling at a location below

cessive blowdowns. The rod was waisted 46 to the thermocouples.

65 cm from the bottom of the fuel stack. .

Rod 345-1 was at reactor operating tempera-
A maximum temperature of 1070 K was tures (600 K) for approximately 89 h. A calcula-

measured for Rod 345-1 at the 0.533-m location. tion was performed to determine how much of the
The cladding microstructure that corresponds to observed odde thickness resulted from this
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exposure. By using oxidation kinetics, a zirconium 10.80 , , , i
dioxide thickness of 0.5 pm was obtained for

_

oxidation during the entire 89 h of precondition. E
-

*

. E 10.75 -

mg. A maximum total thickness of 4 pm was -

obtained after the three transients for Rod 345-1. 5 N

10.70 - -Cladding temperatures determined from the oxide E-

layers are tabulated in Table 9. As shown, j
the maximum estimated temperature, Tg, is 3 10.65 - -

approx.uately 1155 K at the 26-cm elevation. t FRAP-T5
i e e i i

The posttest diametral measurements of 10.60
0 20 40 60 80 100

Rod 345-1 are plotted versus the fuel stack axial
length in Figure 75. The rod exhibited collapse, Distance from bottom of fuel rod (cm)

INEL-A-15 620with a maximum diametral decrease of 0.05 mm
along the rod midsection from 48.3 to 65.7 cm Figure 75. Postirradiation examination measurements
from the bottom of the active fuel stack. The loca- of cladding diameter for Rod 345-1.
tion of maximum collapse corresponded to the
axial region of maximum power (45.7 cm). The The strain was 0.0065 at 0.56 m, and 0.0057 at the
calculated response of the cladding diameter to peak power location (0.457 m). At the ends of the
Test LLR-4A is also shown in Figure 75. collapse zones, at 2 and 88.3 cm, the radial strains
FRAP-T5 calculates the fuel-cladding gap to be were zero. The same version of the FRAP code
closed and to remain closed throughout the tran- used in the cer.terline temperature calculations was.

sient. Strong pellet-cladding interfacial pressure used to calculate the strain of Rod 345-1 at the
was calculated, indicating severe pellet-cladding therniocouple locations. The calculated strains
contact, although only a partial UO -zircaloy include the strain calculated during the steady2,

reaction was evident from the microstructure. state operation and the transients. These calcula-
tions indicate FRAP is considerably over-

Permanert plastic radial engineer >g strains as calculating the measured strain. The maximum
expressed by Equation (9) are shown in IQure 76. calculated str.lin was 0.016 (1.6%).

.
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T 0 temperature decreased to 1165 K at 10 s, at which

I
'7 ' ' ' ' time the stored energy was finally redistributed

0.6 - -

toward the periphery of the fuel rod. At this point,3
E 0.5 - the centermine temperature decreased gradually for .

the remainder of the transient.
, ,

n
p 0.3 -

- - 4.4.s.2 rest LLA4 RodMs-2-Figure 78 illustrates .

E 0.2 - - the centerline temperature and elongation
response of Rod 345-2 during Test LLR-4, for a5

-

15-s duration. The peak power of Rod 345-2 wasg 0.1 -

$ 0 calculated from test data to be 55.5 kW/m just' ' ' '

0 20 40 60 80 100 prior to blowdown. The cladding elongation sen-
Distance from bottom of fuel rod (cm) sor first indicated an increase in cladding length at

INEL A-15 638 0.25 s, and continued to increase for the

I'**I" der of the transient. The measured fuelFigure 76. Circumferential strain from posttest
centerh.ne temperature at 0.457 m on Rod 312-1diameter measurements of Rod 345-1.
for Test LLR-5 is also illustrated in Figure 78.
The measured temperature was 1925 K at steady

4.4.6 Fuel Rod 346-2. One of the secondary state conditions prior to blowdown.
objectives of the LLR tests was to evaluate the fin
effects caused by instrumenting fuel rods with

4.4.s.2 rest LL A-4A, Rod 345-2-Figure 79
cladding thermocouples. To quantify this objec- illustrates the centerline temperature and elonga-
tive, Rod 345-2 was not mstrumented with clad- tion response of Rod 345-2 during Test LLR-4A,
ding thermocouples. Rod 345-2 was used for for a 30-s duration. The peak power of Rod 345-2
Tests LLR-5, -4, and -4A. During the postirradta-

, , was calculated to be 53.3 kW/m just prior to
tion exammation, the rod exhibited collapse with blowdown. The cladding clongation sensor first
some waisting as a result of the three transients. indicated a moderate increase in cladding length at
hiicrostructure temperature estimates ranged 0.25 s, with a second increase at 1.5 s. The
from 1150 to 1200 K from 25 to 45 cm from the *

measured fuel centerline temperature at 0.457 m
bottom of the heated length. Details of the on Rod 345-2 for Test LLR-4A is also illustrated
response of Rod 345-2 during the three transients in Figure 79. The measured temperature was
and postirradiation results are presented m the *2140 K at steady state conditions prior to
following subsections. blowdown.

4.4.s.1 rest LLA,s. Rodw2-Figure 77 illustrates
4.4.s.4 Postirradiation Esem/ net /on of Rodthe centerline temperature and cladding elonga.

m2-Permanent changes to the cladding oftion responses of Rod 345-2 during Test LLR-5,
Rod 345-2 occurred as a result of the three suc-for a 30-s duration. The peak power of Rod 345-2
cessive blowdowns. The rod was waisted 37 towas calculated with test data to be 50.9 kW/m just
47 cm from the bottom of the fuel stack.prior to blo.vdown. The cladding elongation

transducer indicated a sharp increase at 0.4 s,
which compares favorably with the cladding Figure 80 presents the cladding microstructure
elongation sensor response of Rod 312-1. During (transverse Section h16-2) located 0.43 m from the
the rapid temperature increase for the first 7 s of bottom of the heated length in the 210-degree
the transient, the rod experienced an elongation of plane. Niixed recrystallized a-zircaloy and limited
approximately 1.0 mm. The rod continued to prior #-rircaloy structures are present throughout
elongate to 1.2 mm at 30 s, the entire cladding thickness. This indicates temp-

eratures in the range of 1150 to 1200 K. A long- .

The measured fuel centerline temperature at itudinal section from 0.25 to 0.27 *n above the
0.457 m on Rod 345-2 during Test LLR-5 is also bottom of the heated length (Section Nf6-1) was (
shown in Figure 77. The initial centerline made in the 90- and 270-degree plane to

,

temperatme was 1735 K. The reactor was scram- characterize the axial temperature profile on the

med 2 s after Test LLR-5 was initiated. As shown fuel rod and to compare with the microstructure

in Figure 77, the fuel centerline temperature on Section h15-1. The microstructure consisted of i

decreased immediately after scram. The a mixed high concentration of recrystallized
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a-zircaloy and limited prior #-zircaloy. The 70.7 , , ,

approximate temperature range for this structure 736 - -0i31150 to 1200 K.
E 0.5 - -

.

Rod 345-2 was at reactor operating tempera- A 0
B

'4 - -

tures (600 K) for approximately 89 h. A calcula-
tion was performed to determine how much of the $ 0.3 - -

' observed oxide thickness resulted from this E "'

exposure. By using oxidation kinetics, a zirconium E
dioxide thickness of 0.5 pm was obtained for @0.1

- -

oxidation during the entire 89 h of precondition- lii ' ' ' ' l
0U-ing. A maximum total thickness of 7 pm was 0 20 40 60 80 100

obtained after the three transients for Rod 345-2. Distance from bottom of fuel rod (cm)
Cladding temperatures determined from the oxide INEL-A 15 628
layers are tabulated in Table 9. As shown, the
maximum estimated temperature, Tg, is Figure 82. Circumferential strain from posttest
approximately 1205 K at the 26-cm elevation, diameter measurements of Rod 345-2.

The posttest diametral measurements for Rod to study the effects of one high power blowdown
345-2 are plotted versus the fuel stack axial length on LOFT-type fuel rods. A maximum temperature
in Figure 81. The rod exhibited collapse, with a of 1260 K was recorded for this red during the

transient. The rod was collapsed and waisted as a
10.80 i i i i result of Test LLR-4A. Microstructure tempera-

tures were estimated to be in the range of 1200 to_

h 10.75| -
1270 K at several locations on the fuel rod,

r including the thermocouple locations. Details of
S the response of Rod 399-2 during the transient
y 10.70 - -

and postirradiation results follow in the

$ subsequent subsections.-

B 10.65 - -

1 4.4.7.1 Test L L R-4A. Rod 399-2-Figure 83
illustrates the cladding temperature, cladding' ' ' e

10~60-

0 20 40 60 80 100 elongation, and coolant midplane temperature

Distance from bottom of fuel rod (cm)
response of Rod 399-2 during Test LLR-4A, for a
30-s duration. Claddmg surface temperatureINEL A 15 627
measurements were made on Rod 399-2 at 0.314

Figure 81. Postirradiation examination measurements and 0.457 m from the bottom of the fuel stack at
of cladding diameter for Rod 345-2. azimuthal orientations of 0 and 180 degrees. The

calculated difference in rod power between these
maximum diametral decrease of 0.06 mm from two locations was approximately 2%, with the
33.2 to 69.6 cm from the bottom of the active fuel 180-degree,0.457-m thermocouple at the highest
stack. Permanent plastic engineering strains as power; thus, the temperature at this location
expressed by Equation (9) are shown in Figure 82. should have been slightly higher for Test LLR-4A.
The strain was 0.0037 at 22 m. At the ends of the The peak power of Rod 399-2 was calculated to be
collapse zones, at 0.5 and 70 cm, the radial strains 53.2 kW/m just prior to blowdown. The cladding
were zero. temperature data indicate that the rod achieved

DNB at approximately 1.6 s at the 0-degree,
Of interest is the fact that the deformation 0.314-m thermocouple location, whereas the,

witnessed on this uninstrumented rod was greater 180-degree,0.457-m thermocouple indicated DNB
than on its companion Rod 345-1, on the basis of at 1.8 s. The cladding clongation transducer
visual examination, diametral measurements, and indicated a sharp expansion at 0.25 s, which sug-

,

micrometer measurements. gests that CHF occurred at this time over a signifi-
cant length of the fuel rod surface, and a second

4.4.7 Fuel Rod 399-2. Rod 399-2 was only used indication at 1.5 s. This behavior indicates that
for Test LLR-4 A, which provided the opportunity the surface thermocouples may have affected the
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Figure 83. Thermal and mechanical behavior of Rod 399-2 during Test LLR-4A.

transient response of the rods during Test The cladding microstructure that corresponds to
'

LLR-4A, as previously discussed. The 0-degree this temperature is the a + # transformation
thermocouple indicated a maximum cladding regime, which exists in the temperature range of
temperature of 1260 K at 7.5 s, whereas the 1100 to 1270 K. Figure 85 presents the cladding
180-degree thermocouple indicated 1205 K at 10 s. microstructure (transverse Section M7-3) in the

-

The rod experienced an elongation of approx- plane of the 0-degree thermocouple junction
imately 3.3 mm during the first 30 s following located 0.314 m above the bottom of the fuel
DNB. stack. Prior #-zircaloy structure is present at the

.
225- to 30-degree 3rientation, bounded by I

The measured cladding temperature is plotted oxygen-stabilized u-zircaloy, which indicates|
!

as a function of fuel rod differential pressure in temperatures greater than 1270 K. Circumferen-
Figure 84. The measured temperature-pressure tial temperature gradients were also observed at
history is above the waisting regime, as deter- the 0.314-m thermocouple location.

,

i

mmed by Olsen. Waistmg was confirmed at both
' thermocouple locations during the postirradiation A I ngitudinal section (Section M7-1) was made

.

examination. from 0.26 to 0.28 m above the bottom of the
The fuel centerline thermocouple in Rod 399-2 heated length in the 0- to 180-degree plane to

failed during the preconditioning cycle prior to the characterize the axial temperature profile of the'

transient. rod at a severely damaged region below the ther-
'

4.4.7.2 Postirrediation Examina tion of Rod .

the microstructure coruisted of prior S-zircaloy
! assJ-Permanent changes to the cladding of

Rod 399-2 occurred as a result of the Test pu ed by oxygenstah wircaloy, wMeh
indicates temperatures greuer than 1270 k,.

LLR-4A blowdown. The rod was waisted 32 to
52 cm above the bottom of the fuel stack. Rod 399-2 was at reactor operating tempera-

A maximum temperature of 1260 K was tures (600 K) for approximately 23 h. A calcula-

measured for Rod 399-2 at the 0.314-m location. tion was performed to determine how much of the
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observed oxide thickness resulted from this (0.314 m). At the ends of the collapse zones, at 5
exposure. By using oxidation kinetics, a zirconium and 95 cm, the radial strains were zero..

dioxide thickness of 0.3 m was obtained for The rnaximum estimated cladding temperature
oxidation during the entire 23 h of precondition- as a function of distance from the bottom of theing. A maximum total thkkness of 6 m was fuel stack was obtained from the microstructure.

measured after the Test LLR-4A trans,ent. Clad-i estimates from the transverse and longitudinal sec-
ding temperatures determ, ed frem the oxide tions and is shown in Figure 88 for selected fuelm
layers are tabulated in Table 9. As shown, the rods. Plots of the axial temperature profile

is in the
maximum estimated temperature, Tg,levation.calculated by RELAP4 (posttest calculation and
range of 1270 to 1290 K at the 31-cm e posttest calculation normalized to 1200 K to fit

| through the measured peak values at the ther-
mocouple locations) are also included. In general,

The posttest diametral measurements for microstructure temperature estimates in the range
Rod 399-2 are plotted versus the fuel stack axial of 1200 to 1270 K for Rods 312-2 and 399-2, and
length in Figure 86. The rod exhibited collapse, 1150 to 1200 K for Rods 345-1 and 345-2 were
with a maximum diametral decrease of 0.04 mm made from 25.8 to 31.4 cm from the bottom of
from 15 to 46.5 cm from the bottom of the active the heated length. At the peak power elevation
fuel stack. Permanent plastic radial engineering (46.5 cm), estimates ranged from 1100 to 1200 K

| strains as expressed by Equation (9) are shown in for all the rods. The maximum measured cladding
Figure 87. The strain was 0.0055 at 0.62 m, and temperatures for the rods of Tests LLR-4 and -4A

' O.0045 at the peak temperature location are also included in Figure 88.
l
l
l

!

I
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Figure 86. Postirradiation examination measurements Figure 87. Circumferential strain from postlest
of cladding diameter for Rod 399-2. diameter measurements of Rod 399-2.
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5. REFLOOD DYNAM!CS EVIDENCED DURING THE LLR TESTS

One of the objectives of the PBF/LLR tests was the active fuel length, quenching the fuel rods ,

to investigate the effects of renood on PWR type between 37 and 40 s. This quench was attributable
fuel rods subjected to previous mechanical defor- to the closing of the large cold leg blowdown valve
mation. In order to meet this objective, the PBF at 35 s, which modified the system hydraulic

*LOCA facility was modified to incorporate a resistances and resulted in a low resistance Dow
forced feed coolant system that could model the path up the now shroud for the reflood water,
renood dynamics expected in a typical LOFT which rewet the rods with a low quality, two-phase
renood. The controlled renood for each test was mixture.
performed by injecting coolant directly into the
lower plenum of the in-pile tube to simulate a For the remaining tests, a different rationale
PWR renood. The renood coolant temperature was used to overcome the high pressure ( ~ 2 h1Pa

was approximately 311 K when it entered the IPT at 35 s) problem in the IPT at reflood initiation.

through the upper head penetration. Examination of the pressure data from Test
LLR-3 indicated that the pressure in the IPT at

The renood phase of the LLR transients was 120 s was in the vicinity of 0.65 h1Pa, whereas the

originally to have been initiated at 35 s. The differential pressure was zero. Therefore, reflood
F' OODta 15 ode was used to predict the system was initiated at 120 s for Tests LLR-5, -4, andc

renood dynamics during the LLR tests. When a -4A. Since the now shrouds were completely
1.58 L/s flow rate was used, the lower plenum was voided (X = 1.0) at approximately 7 s into the
predicted to be filled to the bottom of the active transients, the heat transfer for the fuel rods past

fuel in approximately 5 s, at which time a flow this time would be primarily controlled by radia-

rate of 0.086 L/s was to be used to simulate the tion from the hot rod to the cooler flow shroud, as

LOFT temperature time history and hot spot discussed previously. The cladding temperatures

quench time for each tes . By matching these would decrease gradually during this period,
quench times, the LLR fuel rods were expected to overapproximating the time-at-temperature
experience the thermal stress across the quench expected during the LOFT renood.

,

front that the LOFT rods are expected to
By comparing the rod quench behavior indi-

. . .

'Y' '"##* cated by the cladding elongation sensors with that
indicated by the thermocouples, thermocouple fin

A system checkout test that preceded the LLR cffects can be evaluated during renood. Table 10
tests showed that, in actuality, the IPT did not lists estimates of the time to quench based on
depressurire to 0.45 51Pa, as desired, during the temperature and elongation measurements for all
first 200 s of the transient. Since the renood the LLR tests.
system was designed to operate with a positive dif-
ferential pressure from the lower to upper plenum Figure 89 presents the volumetric flow indicated
(permitting the check valves to be open), and with by the lower and upper turbine flowmeters for
an IPT pressure in the range of 0.3 to 0.7 h1Pa, Rod 3121 during Test LLR-3 for the first 60 s of
the valve sequencing for Test LLR-3 had to be the transient. The effect of opening the second
modified. This insolved opening the second cold cold leg blowdown valve at 22 s was rather pro-
leg blowdown valve at 22 s, then closing it, and nounced at the lower Dowmeter as the flow
opening one hot leg blowdown valve at 35 s. This increased sharply to-0.3 L/s. At 36 s a significant
sequencing was intended to modify the system amount of positive upflow was indicated and per-
hydraulic resistances and differential pressure sisted until 44 s, at which time the volumetric
from the lower to upper plenum, resulting in nows became small for the remainder of the test
opening the check valves and permitting a flow and until fuel rod quench occurred at 166 s. The ,

path for the renood water. Unfortunately, upon upper flowmeter indicated zero flow after initia-
initiation of reflood at 35 s, the high now water tion of blowdown until 37 s, at which time the
used to fill the lower plenum traversed rapidly up volumetric flow became significant and remained

~

so for the remainder of the transient.

a. FLOOD 4 Idaho National Engineering Laboratory Figure 90 illustrates the cladding temperature
Configuration Control Number 11010101B. and elongation responses of Rod 312-1 during
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TABLE 10. FUEL ROD QUENCH TIMES FOR LLR TESTS

Time of Quench
* (s)

Elongation
Rod 0 Thermocouple" 180 Thermocouple * Sensor

Test LLR-3

312-1 36.2 36.2 36 .5 /40.0
312-2 36.2b 36 .2 36 .5
312-3 36.0/37.5 36.0/37.5 --

312-4 36.2 36 .2 36.5

Test LLR-5

312-1 226 226 226
312-2 226b 226 226
345-1 226 226 226
345-2 -- -- 226

Test LLR-4

312-1 15.2 15.2 15.2
312-2 15.2b 15.2*

--

345-1 15.2 15.2 15.1
345-2 - - 15.2

.

Test LLR-4A

399-2 244.5C 246.2b 245.0
312-2 244.6b 244.6 244.6
345-1 244.6 244.6 244.6

245.0345-2 -- --

a. Thermocouples located at 0.533 m unless noted otherwise. Mbitiple
entries indicate a more pronounced effect on rod quench for later times.

b. Located at 0.457 m.

c. Located at 0.314 m.

*

9
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Test LLR-3 . The thermocouples indicate that the Figure 92 illustrates the long-term cladding
rod experienced a very rapid quench starting at temperature and clongation responses of
36.2 s and that the temperatures stabilized at Rod 312-1 during Test LLR-5. Pre- and posttest
approximately 475 K within I s. In contrast, the predictions obtained from the FLOOD 4 code are

'
clongation sensor indicated a moderate cooling also provided. A detailed description of the
period of 3.5 s, starting at 36.5 s, followed by a FLOOD 4 code is provided in Appendix E. As
rapid rod quench at 40 s. This anomaly between noted in the preceding discussion, at 174 s into the

' the two measurements indicates that the ther- transient, the reflood water reached the bottom of
mocouples possibly enhanced rod cooling effects the 0.914-m active region of the core. With the low
or acted as fins for selective cooling of the ther- bottom reflooding rate (0.09 L/s) used for
mocouples themselves. Comparison of the elonga- Test LLR-5, the coolant was characterized by a
tion response for the other rods of this test high quality mixture near the quench front and a
exhibits slightly different elongation sensor climbing flow regime just below the quench front,
behavior. Although incipient cooling was as the two-phase mixture rose around the fuel
indicated at 36.5 s, the other three elongation sen- rods. The hot portion of the fuel rod in front of
sors used for Test LLR-3 do not indicate the pro- the quench front experienced steam cooling from
nounced quench at 40 s, but rather contract a dispersed flow film boiling environment. The
relatively modaately during this time period. elongation decreased slightly from 120 to 174 s.
Another interesting observation can be made From 174 to 226 s, a significant decrease in clad.
about the thermocouple behavior of Rods 312-1, ding ength was indicated until quench occurred at
312-2, and 312-4: shortly after the thermocouples 226 s. The cladding temperature at the 0.533 m
rewet, they recorded a sudden and rapid increase location decreased slightly during the period from
in temperature at 37.5 s, essentially another DNB, 120 to 174 s. The almost adiabatic heat transfer
before being quenched a second time at 39.2 s. conditions in the shrouds during this period were
This behavior may also be indicative of characterized by radiation from the rods to the

! thermocouple fin effects. shrouds, as discussed previously. The cladding
temperature then decreased linearly by approx-'

Figure 91 presents the long-term flow behavior' imately 150 K during the time period from 174 to
of the upper and lower turbine flowmeters for 226 s, after which time the rod thermocouple was,
Rod 312-1 during Test LLR-5. The upper quenched. As shown in Table 10, all the cladding
flowmeter indicates stagnant flow until 123 s thermocouples were quenched at approximately
when steam formation from the reflood water that the same time that the rod clongation decreased

* was injected at 120 s generates the volumetric sharply to its final value. This behavior could
flows shown. The relatively cold reflood water possibly be attributed to a quench front moving
condensed some of the superheated vapor in the down the rod from the top and meeting the
shrouds, causing some minor flow oscillations. bottom quench front at the thermocouple junc-'

Since the pressure in the IPT at 120 s was in the tions, or perhaps a fin effect, which implies
vicinity of 0.75 MPa and the differential pressure enhanced cooling of the upper portion of the fuel
from the lower to upper plenum was reversed rods.I

(check valves closed), the reflood system was not
capable of filling the lower plenum within 5 s. The pre- and postlest calculations for the

| Therefore, when the reflood system low flow valve temperature history are also shown in Figure 92.
was activated, the coolant was prevented from Quench at the 0.533-m location was predicted byl

flowing through the flow shrouds, and flowed FLOOD 4 to occur at 253 s for the pretest calcula-
directly into the downcomer annulus. The coolant tion and 246 s for the posttest calculations.
continued to accumulate until the pressure in the Figure 93 presents the FLOOD 4 water level

| upper plenum decayed to the point at which the pretest calculations. Once the reflood water
pressure differential from the upper to lower reached the active section of the fuel, the water
plenum reversed at 174 s. The flow immediately level rose almost linearly with the 0.086-L/s flow'

shifted to the lower resistance flow path up the until the rod was quenched. No noticeable flow

|
flow shrouds. At this time, the upper flowmeter instabilities or large manometer-type oscillations

j indicated a significant amount of volumetric flow were predicted. The quench front was predicted to*

generated from the quench front steam formation move at almost a constant velocity by cooling the'

until 240 s. (The flowmeter was apparently surface ahead of it. Behind the quench front, the

inoperable from 202 to 212 s.) surface was partially wetted and heat was removed
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by transition boiling, nucleate boiling, and con- Figure 94 illustrates the long-term cladding
vective heat transfer to the liquid. The rods temperature and elongation responses of
quenched from the top as well as from the bottom Rod 399-2 during Test LLR-4A. The elongation
due to liquid entrainment. FLOODS predicts that response indicates that the rod responded to the
at about the same time that quenching at the ther- initiation of reflood at 120 s, but reflood
mocouple location occurs, a quench front will also dynamics similar to those evidenced in

* start moving down the rod from the top and that Test LLR-5 were not witnessed after 125 s. This
the two quench fronts will meet at about 280 s at anomaly was attributed to the failure of the low
the 70-cm elevation. flow reflood valve to open, thus invalidating the

ref1 d. Quench was indicated by the elongation'

The reflood portion of Tests LLR-4 and -4A sens r at 24 s m, to th transknt. W cladding,

were invalidated by valve sequencing anomalies. temperatures decreased approximately 250 and
From initiation of blowdown until approximately 200 K at the 0-degree, 0.314-m and 180-degree,15 s into the transient, the system thermal- 0.457-m locations, respectively, for the first 120 s
hydraulic behavior for Test LLR-4 was essentially due to radiation heat losses. Beyond this time, the
the same as for Tests LLR-3 and -5. At approx-

temperatures stabilized until quench occurred at
imately 15 s, the primary coolant system isolation

244.S and 246.2 s at the 0.314- and 0.457-m loca-
valves and the blowdown valves malfunctioned ons, respecthely. As shown in Tame N, thand began to flutter open and shut, permitting , , ,

cladding temperatures responded in umson withprimary coolant to enter the in-pile tube and the elongation sensors for the other rods of thisblowdown system. The unintentional valve
sequencing resulted in premature quenching of the tyst. Consequenty, th concinon { cached b that

sigmficant thermocouple perturbation effects did
,

fuel rods at 15.5 s and again at 18.2 s, with nt occur in the rod rewet portion of Test
subsequent increases and decreases in cladding

LLR-4A~
temperature during the first 35 s of the transient.
Beyond 35 s the rods remained in film boiling at

,

relatively low temperatures. As shown in The externally mounted cladding thermocou-
Table 10, the cladding thermocouples responded ples of the LLR Test Series may have influenced
in unison with the elongation sensors. The conclu- the fuel rod thermal response during reflood, with
sion reached is that for the thermal-hydraulic con- the effect apparently being dependent on the'

ditions that existed during the rapid rod quenching reflood rate. At the low flooding rate of a few
during Test LLR-4, no significant thermocouple centimeters per second experienced during
perturbation effects occurred. Test LLR-5, a comparison of the fuel centerline
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Figure 94. Long term thermal and mechanical behavior of Rod 399-2 during Test LLR-4A.

temperatures of two rods, one with and one front approached the thermocouple location.
without externally mounted cladding thermo- Finally, at extremely rapid flooding rates greater a

couples, demonstrates no apparent effects in fuel than 50 cm/s for Tests LLR-4 and -4A, the effects
rod response due to the cladding thermocouples, of externally mounted cladding thermocouples is
At the higher flooding rates of from l0 to S0 cm/s speculated to again be small, since the reflood ,

experienced during Test LLR-3, a comparison is water front quickly quenched the cladding. The
made of the cladding quench race, as determined externally mounted cladding thermocouples may
by cladding thermocouples and an integrated axial have resulted in a local quench at the

length measurement. The external cladding thermocouple tips or a major quench of the upper
thermocouples during Test LLR-3 were section of the fuel rod in the region of cladding
prematurely quenched before the reflood quench thermocouple leads during the LLR tests.

.
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6. CONCLUSIONS

The PBF/LLR Test Program consisted of four predicted times to CHF, and predicted
4 sequential LOCA experiments during which the higher cladding temperatures than were

performance of seven, unpressurized, PWR-type measured at the thermocouple locations;
fuel rods were evaluated. Measured cladding however, on the basis of temperatures
temperatures ranged from 880 to 1260 K when the determined from postirradiation micro-'

rods were exposed to blowdown conditions similar structure examination, the RELAP4 clad-'

to those expected in a PWR during an hypothe- ding temperature predictions may be close
sized double-ended cold leg break. The PBF/LLR to the actual temperatures at locations
fuel rods experienced the maximum mechanical without thermocouple attachments.
deformation that would be expected to occur to
the unpressurized LOFT fuel rods during the 7. The FRAP-T5 code overcalculated the
LOFT L2 Power Ascension Tests. The program steady state centerline temperature for non-

deformed, lowdemonstrated that previously, collapsed cladding, and undercalculated
pressure, light water reactor design fuel rods, and, the centerline temperature for fuel rods
specifically, LOFT design fuel rods, are able t with collapsed cladding. FRAP calculated
withstand successive precondittomng cycles and more cladding collapse than measured for
LOCA tests without failure. all the transients at all thermocoup!

' #* "**
Relative to the LLR tests themselves, several

conclusions can be drawn. These include:
8. Significant thermal-hydraulic and fuel rod

1. The mechanical deformation of the fuel thermal and mechanical response data that

rods that was observed during the postir- can be used for evaluating and modifying

radiation examination was consistent with the FRAP computer code for LOFT core

Olsen's temperature-pressure criteria for requalificatio.i were obtained from the

fuel rod deformation. LLR Test Series.,e

2. The temperature and cladding elongation 6,1 System Coolant Response
sensors indicated DNB was first observed.

at an elevation other than at the ther-
mocouples, and probably on the lower Section 3 presented comparisons of the
portion of the rods during the high power

experimental data obtained at the measurementTests LLR-5, -4, and -4A.
spool pieces, the fuel rod shrouds, and the IPT

; with RELAP4 calculations. The IPT coolant
,

3. On the bas.is of microstructure temperature g g,, g1

estimates, the fuel rods ach,eved higher obtained from the LLR tests compared favorably
-

.

cladding temperatures at lower elevations with the calculations by RELAP4, which con-
on the rods than at the thermocouple stituted the LOFT stipulated test conditions for
elevations (except durmg Test LLR-3). the LLR Test Series. Minor differences c.Gsted in|

' the magnitude of the fuel rod shroud volimetric
; 4. The delay in CHF and lower cladding flow and shroud coolant temperatures as

temperatures at the peak power elevation ineasured and calculated. These differences
during the high power tests could be resulted from various factors. The prcsure dif-
attributed to thermocouple fin effects. ferential between the upper and lower plenums

was overcalculated for the first 4 s of the tran-
5. Mensured cladding surface temperatures sients, which could have caused the error in the

were in good agreement with the micro- calculation of the lower shroud volumetric flow
structural temperature estimates. from 1.5 to 4 s. The presence of leakage flow*

paths in the flow shrouds during the transients
6. The RELAP4 code predicted the system could also have resulted in the discrepancy in fuel

thermal-hydraulic behavior, but under- rod shroud volumetric flow. Finally, since the

89

- _ - - - - - - . - _



|
i

code assumes homogeneous now with thermo- occurred at locations lower than ti.e ther-
dynamic equilibrium, the phase slip and separa- mocouples. The meatured cladding temperatt.res
tion that occurred in the flow shrouds could not be during Test LLR-4 ranged from 1060 to 1165 K,
correctly computed. which resulted in collapse and waisting of the fuel (

rods. This deformation was confirmed in the
Evaluation of the coolant conditions in the flow visual postirradiation examination for Rod 312-1

shrouds led to an evaluation of the now patterns after Test LLR-4. Finally, Test LLR-4A achieved a,

present in the flow shrouds. A flow map indicated cladding temperatures in the range of 1075 to
an annular flow regime was probably maintained 1260 K, which resulted in waisting, as confirmed
for the first 6.5 s of the transient when in the postirradiation examination, of the four
superheated conditions were attained. rods of this test.

On the basis of the preceding evaluation of the The- posttest visual examination showed the
coolant conditions and the RELAP4 calculations, seven LLR fuel rods to be uniformly covered with
fuel rod surface heat transfer during the transient a dark-grey-to-black layer of zirconium dioxide.
was deduced. The fuel rod surface experienced Except for Rod 312-3 (which was waterlogged and
nuc!cate boiling during the first 1.6 to 2.8 s of the failed during Test LLR-3), none of the rods
LLR transients. After CHF, film boiling was exhibited any visuNiy discernible deformation
established and cladding temperatures maximized. (bowing or loss of diameter). However, cladding
The coolant quality approached unity at 6.5 s, and ce!! apse occurred on all the rods, excluding
surface heat transfer changed to a combination of god 312-3, resulting in permanent strains of
forced convection to steam and radiation to the approximately 0.5 % . The deformation data
Dow shroud for the remainder of the transient. obtained from the tests agreed well with Olsen's

out-of-pile criteria.
Critical heat Dux occurred on the fuel rods from

1.8 to 2.6 s during the low power (41 and The posttest analysis of the cladding micro-,

( 46 kW/m) Tests LLR-3 and -5, whereas the CHF structure was consistent with measured cladding
time during the high power (57 and 56 kW/m) peak tempratures during the high power Tests
Tests LLR-4 and -4A ranged from 1.6 to 2.0 s. LLR-4 and -4A. Cladding temperatures, as '

i estimated from microstructures, ranged nominally
from 1050 to 1150 K at the 0.533-m thermocouple

6.2 Fuel Rod Response location, from H50 to 1200 K at the 0.457-m .

location, and from 1200 to 1270 K at the 0.314-m
location.

Section 4 described the results of the investiga-
tion of the steady state and transient response of General conclusions from the postirradiation
the fuel rods used for the LLR tests, examination are:

l

The measured cladding peat temperatures dur- 1. No apparent circumferential or
ing the LLR tests rangg from 880 to 1260 K. At longitudinal temperature gradients occur-

j

| the elevated temperatuus, the unpressurized fuel red around most of the thermocouples.
rods experienced claddira collapse and waisting.r

| The measured cladding temperatures during 2. The temperatures based on microstructure
| Test LLR-3 ranged from 880 to 990 K. On the estimates were higher for the lower portion

basis of these temperatures and Olsen's deforma- of the rods (from 25 to do em), which could
| tion criteria, no mechanical deformation is be indicative of a thermocouple fin effect
'

expected to have occurred to the rods during this on the upper half of the rods.
test. Test LLR-5 achieved cladding temperatures ;

in the range of 985 to 1015 K. On the basis of 3. The fuel rod without thermocouples (Rod
these temperatures, buckling would have been 345-2) reached slightly higher cladding
expected to occur at the thermocouple locations. temperatures, from microstructural ,

However, since cladding temperatures are temperature estimates and oxidation layer
estimated to have been higher at lower elevations calculations, and experienced more
of the fuel rods due to possible thermocouple fin mechanical deformation than compan-

I effects, buckling and incipient collapse probably ion Rod 345-1, suggesting a possible
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thermocouple effect. This specific 6. The measured cladding surface tempera-

examination is detailed in Reference 5. tures are in reasonable agreement with the
temperatures estimated from the cladding

4. Evidence of fuel <ladding chemical reac- microstructures.
*

i tion was found in most of the rods at
random orientations.

7. RELAP4 calculations at lower elevations
g 5. The fuel-cladding gap opened in almost all (25 to 40 cm) on the fuel rods were in

cases. Almost no fuel was attached to the reasonable agreement with cladding
cladding after the tests. microstructure estimates.
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