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SUMMARY

The Power-Cooling-Mismatch (PCM) test series is being conducted
to better define the response of unirradiated, pressurized water

*

reactor (PWR) type fuel rods under high temperature film boiling
conditions. To date, several single-rod tests and one nine-rod

cluster test (PCM-5) have been conducted. The objectives of Test

PCM-7 are to:

(1 ) Evaluate the behavior of a central fuel rod in high
temperature film boiling surrounded by other rods also in
film boiling

(2) Determine the integral cluster behavior of a small cluster
in high temperature, film boiling operation

(3) Provide replication of Test PCM-5 results by evaluating the
potential for departure from nucleate boiling (DNB) and rod
failure propogation.

(4) Provide a direct comparison of fuel rod behavior in a small

cluster geometry with previously obtained, single-rod PCM
data

(5) Evaluate the rewet characteristics of the PCM-7 cluster.

The nine fuel rods to he used in the PCM-7 experiment are similar
in design to unirradiated 15x15 PWR rods, though they are shorter
(0.91 m fuel stack), to accormiodate placement in the Power Burst
Facility (PBF) test space, and the enrichments are varied to meet
power level and power distribution requirements. The test rods are
backfilled with helium to cold internal pressures of 2.58 MPa. The

nine rods are spaced in a 15X15 PWR lattice by a series of grid
spacers, and are surrounded by a nearly square, zirc aloy-4 flow
shroud. The center fuel rod, one corner rod, and oae side rod are
instrumented to measure rod internal pressure, fuel centerline

h
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temperature, cladding surf ace temperature (in four locations), and
cladding axial elongation. Four rods are instrumented fnr cladding

surf ace temperature only (in two locations), and two are equipped with
cladding elongation transducers only. The test train is instrumented -

to measure thermal neutron flux, coolant pressure, flow rate, coolant
'

temperature, and coolant temperature increase in the test space.

Tnese instruments will be used to establish coolant conditions and to
calorimetrically determine the cluster power.

Analyses were conducted to predict the test rod behavior and
thei mal-hydraulic conditions during Test PCM-7 Neutronics

:31culations performed prior to Test PCM-5, indicated that enrichments
of 93, 25 and ?O% f or the center, side, and corner rods, respectively,
would result in a relatively flat rod-to-rod power profile, although

the poer would be highly skewed toward the outside of the peripheral
fuel rods due to neutron self shielding. Measurements of the

assemoled PCM-5 ficw shroud and PCM-5 posttest analysis indicated that

w ymmetrical positioning of the cluster within the shroud could affect
,

+ he pe-f ormance of the a ssembly. Calculations were perf ormed to scope

tne thermal-hydraulic conditions at film boiling occurrance using the ,

calcul 3ted power skewing and results f rom Test PCM-5.

IThe COBRA-IV computer code was used to predict the

*,erm31-hydraulic conditions at the onset of film boiling using both

+ e measured cluster dimensions from Test PCM-5 and nominal shroud

m en s i on s . In both cases, the corner rods were predicted to enter

*11m bciling first, follcw?d by the side rods and finally, the center

*oel ro1. At a peak r cri power cf 57.1 kW/m (weighted average peak

power per rod), inlet temperature of 605 K, and system pressure of
*

15.' MPa, predictions using nominal shroud dimensions (symmetrical
cluster positioning) resulted in an expected shroud mass flux at DNB

2
'

occurance of 1790 and 1495 kg/s m for the corner and side rods,
re sp ec t i v e l y. The measured asy metry f rom Test PCM-5 resulted in

2calculated mass fluxes of; (a) 1880 and 1465 kg/s m for the
c orner rod flow areas (minimum and maximum, re sp ec t i v e l y ), and

2(b) 1565 and 1385 kg/s m for the side rod flow areas (minimum and

f/0 6Wa



maximum, resoec tively). For all cases evaluated, the predicted mass
flux at DNB occurance on the center rod was 1265 kg/s m .2

Cladding temperatu res in the S-phase (T ~ 1245 K) zircaloy
.

temperature range were predicted in all rods attain.ing film boiling
c o nd :t i ons. Cladding melting was not predicted. A small amount of
fuel melting at the peak temperature locations was calculated. Bowing

of the peripheral rejs is expected as a result of power skewing, but
its effect on the assembly thermal-hydraulics was not quantified.
Embrittlement f ailure of the corner rod is predicted within 10 minutes
of film boiling initiation on the center fuel rod.

.

.
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1. INTRODUCTION

The Power-Cooling-Mismatch (PCM) Test PCM-7, discussed in this
.

report, consists of a nine-rod cluster of pressurized water reactor
(PWR) type fuel rods (Figure 1) situated in a 3X3 array, with 1SX15
PWR lattice spacing between fuel rods. The test will be performed in

the Power Burst Facility (PBF).

The general objec tive of the Power-Cooling-Mismatch (PCM) test
sories is to provide a base of experimental data for the development
and assessment of analytical models and computer codes, used to

predict the behavior of light water reac tor fuel rods during periods
of power and coolant imbalance. In line with the individual test
requirements, as defined in the PCM Experiment Requirements

?

Document', Test PCM-7 is to i: the second of two experiments
lesigned to study the beh ior of fuel rods in a cluster geometry.
The objectives of the PCM-7 test are to:

.

(1) Evaluate the behavior of a central fuel rod in high
temperature film boiling surrounded by other rods also in *

film boiling

(2) Determine the integral cluster behavior of a small cluster
in high temperature film ooiling operation

(3) Provide replication of Test PCM-5 results by evaluating the
potential f or departure from nucleate boiling (DNB) and rod
failure propogation

.

(4) Provide a direct comparison of fuel rod behavior in a small
cluster geometry With previously obtained, single-rod PCM .

da t a

(5) Evaluate the rewet characteristics o the PCM-7 cluster.

-c 4-
biu ''
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The test is to be performed under conditions similar to those of
Test PCM-5 and previous single-rod PCM tests to provide a direct
comparison with the earlier test results.

.

This report presents the experiment design and the fuel rod
behavior experiment predictions analyses. Tne fuel rods, test

'

hardware, instrumentation, and test conduct are described in the
3Experiment Operating Specifications . The analytical procedures,

analyses, and computer codes used to determine the experiment design

are discussed in Sec tion 2. The fuel rod behavior experiment

p red ic t ' ons a re p re s en t ed i n < ec t i on 3. Discussion of the analytical

results are presented in Section 4

.

.

.

f
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2. DESIGN AND SCOPING ANALYSIS

The Test PCM-7 objective is to study the response of PWR type
fuel rods subjected to high temperature film boiling operation in a,

small cluster geometry. To attain this objective, extensive
calculations to evaluate the test design and conduct were performed.
Some of the analysis were conducted for Test PCM-5 and, due to the
similarities between Tests PCM-5 and PCP-7, were not repeated. Other
calculations were conducted on the basis of posttest results obtained
f rom Test PCM-5 to help evaluate the complex interdependence of the
local thermal-hydraulic conditions within the cluster. The computer
code calculations and the application of the results are summarized in
this section.

2.1 Neutronics ",alculations

Neutronics calculations were conducted prior to Test PCM-5 to
determine the fuel enrichments required to provide a relatively flat
rod-to-rod power generation profile in the nine rod cluster
experiments. Due to symmetry of the cluster test assembly with
respec t to the PBF driver core, there exists three unique fuel rod
types in the nine-rod cluster; the center, s ide, and corner rods.

5Two-dimensional transport calculations were performed with RAFFLE ,
a Monte Carlo code, to determine the fuel rod enrichmonts which would

result in equal power generation within each rod type.

The basic R AFFLE input consisted of a gnometric description of

the experiment configuration and a description of the energy spectrum
f or the source neutrons. Since Monte Carlo calculat ions require large
amounts of computer time due to the number of neutron histories which

must he followed, the PBF core was not considered in R AFFLE and only
the nine-rod cluster was modeled. The neutrons streaming through the
cluster from the core are considered as source neutrons whose energy
distribution must be specified. SCAMP , a one-dimensional

SCAMP an unpublished multi-group version of the TOPIC 6a.
computercode.

C)[ b'',



multi-group S theory neutron transport code, was used to define then

requi red neu tron energy sp ectrum. A SCAMP calculation was performed,

in which the test assembly was represented by annJlar regions
.

represent ing the fuel, cladding, and water moderator. The side rods
were represented by homogenizing the fuel and associated water, using
appropriate thermal disadvantage f actors to account for the flux
d"p ress ion ac ross the rod. These rods were then represented as an
annulus adjacent to the center rod. The corner rods were similarly
homogenized and are represented as an annulus aojaccot to the side
r od s .

The RAFFLE calculations for the test area were pt formed, using
an ex ac t two-dimensional model of the test region. Regions of
z ircaloy and water were also added 130 mm above and below the fuel, to
ccount f or the reflect ion of neatrons in these regions. Coupling of

the test assembly to the PBF driver core was accomplished using the
inWdrd directed nejtron Currents Calculated by SCAMP as the external
source f or the RAFFLE calculations. The axial power distribution used *

the calculations was assumed to be cosine shaped, with ain

peak-to-average ratio of 1.35 over the active fuel region. *

Iterative calculations were made to determine the fuol enrichment
f ar each rod type which would result in approximately equal power
1 leration in each of the nine test rods. First, the neutron source

s tru:. for the RAFFLE calculations was obtained from SCAMP
alculatinos for a 93% enriched center rod and 20% enriched peripheral
reds. R AFFLE calculations were then made, varying the enrichments of
tto side and corner rcds until the power level in each rod was about
the same. The final enrichments were calculated to be 93%, 35%, and

.

'0% f or the cente", side, and corner rods, respect ively.

The rod powers, as calculated by RAFFLE and SCAMP based on the

above fuel enrichments for the nine-rod test assembly, are presented
in Table I, The average power for the assembly is 2.07 kW/m per MW of
the PBF dr ;ver core power and represents approximately 1.7% of the
total core power. The average circumferential power distributions

O 'i 'E1P nf
JlU tU
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TABLE I

SUMMARY OF CALCULATED ROD POWERS FOR THE 9-ROD TEST ASSEMBLY

Axial Average Power Per Pin a
Test Component (kW/m per MW of Driver Core Power),

9 . s] Assembly (% of core) 1.701 (0.007)
9-Rod Assembly (Avg) 2.068 (0.007)
Center Rod 2.15 (0.021)
Side Rod 2.08 (0.011)
Corner Rod / .011)2.03 0

_

RAFFLE (Monte Carlo) calculations were made, assurving a choppeda.

cosine curve with a 1.35 peak / average ratio over the length ofthe active fuel. Multiply values in the table by 1.15 to obtain
the corresponding peak power densities. Fractional 93%
confidence limits, due to statistical uncertainty in tre RAFFLE
calculations, are shown in parentheses.

--

G
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within the fuel rods f or one-quarter of the assembly are shown in

Figure 2. As shown in the figure, there exists a pronounced power

gradient across the side and corner fuel rods. This power skowing,

which has not been sign;ficant in the previous single rod tests, is ,

caused by the self shielding effects of the peripheral fuel rods. The

center rod, which is shielded by the side and corner rods located ,

s ymme tr ically arou nd i t, has a relatively flat circumferential power
distribution similar to that of previous single rod tests.

?.2 Thermal-Hydraulic Calculations

Since the RAFFLE calculations predicted a circumferentially

v3rying power profile f or the peripheral fuel rods, a calculation
7using T00DEE was performed to determine the as;ociated azimuthal

surf ace heat flux f or each of the fuel r od s . TOODEE is a

two-dimensional (R,0) time dependent heat conduction analysis program,
which uses the radial and circumferential power profiles as input.
The rarm31ized azimuthal surf ace heat flux, as calculated by TOODEE

*

' ; sing the R AFFLE calcul 3*ed power profile), are presented in

Figure 2. As shown in this figure, the azimuthal surf ace heat flux
.

f e tors, calculated f or 30 degre3 segments at various elevations,
follow the same basic pattern as that for the circumferential power
d is tr ibut ien ( also shovm in Figu re 2) . The surface heat flux is

areater on the outside of the side and corner rods than on the inside
surface. The distribution is relatively flat around the center rod
wh ,cn better represents a fuel rod in a PWR (15x15) array. The

determin3 tion of the surf ace heat ' lux distribution is important
because of its direct relationship to the occurrence of stable film
boiling operation.

.

The expected DNB and film boiling behavior for the PCM-5
Iexperiment was calculated using the COBRA-IV computer code.

-

COBR A-IV is a three-dimen sion .1 thermal-hydrau lic code that solves the

equaticns for conservation of mass, linear momentum, and energy for a

number of control volumes that are connected in the radial and axial
directions. The fuel rods are modeled explicitly and a temperature

C?. s n (;
) iU d 't U
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dependent fuel thermal conductivity is used. The coolant flow 3rea
w.ls divided into five subchannels, with boundaries defined by the
adjacent fuel rod surfaces, as shown in Figure 3. Empirical and

semi-empirical correlations are used to describe each phenomena as *

turbulent mixing, frictional loses, two-phase flow, and surface heat
.

trans fer coef ficients. The input parameters, correlations and models
used for these COBRA-IV analyses are presented in Appendix A.

?.3 Rod Bowing Calculations

Coolant channel crossectional flow area is an important parameter
in determining the flow rate at which a fuel rod will enter film
huiling. Fuel rod bowing, due to a temperature gradient across the
rod, c an have a siga ificant effect on the coolant channel flow area.

'

Therefore, knowing how much and in what direction a fuel rod is likely
to bow is important.

To estimate the magnitude of rod bowing, the temperature profile
.

(radial, azimuthal and axial) of the fuel rod was specified.
9 7

FR AP-T4 and T00DEE calculations were made to determine this '

temperatu re profile. Transient FRAP-T4 calculations were made, using
tne parameters describing a side rod of the PCM-7, nine-rod cluster,
at a peak power of 52.5 kW/m and inlet temperature of 590 K. The

coolant flow rate was reduced until the rod entered film boiling. The

uJ i a l a nd ax i a l terr,p e ra tu re p ro f i le of t he rod j u s t pr i or to entering

'11m boiling was determined and used in the bowing calculations.
4'Jsing parameters determined by tne physics calculations , TOODEE

R , 0 '' calculations were :onduc te'. The radial and azimuthal
temperature profiles were determined, and used in conjunction with the
temperature prnfiles f rom the FRAP calculations to develop a three
dimensional fuel rod temperature profile.

The calculated three-dimensional fuel rod temperature profile was
used as input data to the SAP IV10 code to make rod bowing
Calculations of the side rod. The fuel rod was modeled by a solid
UO, fuel rod column with no radial restraints over the length of the

C1D n nJlV U.-)Ui?
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f uel stack. The analys is assumed no interaction between the fuel and
the cladding (or shroud), and represented a fuel rod in nucleate
boiling on the hottest side of the fuel rod at elevations above
0.6 meters. The results of the SAP calculation are shown in

,

F i gu re 4. Rod bowing above 0.6 meters was inhibited because of
.

nucleate boiling above this elevation.

The baving calculation performed suggests that bowing of the
peripheral fuel rods could have a significant effect on the local
subchannel areas and thus, the onset of film boiling. To quantify the
eff ects of rod bowing, an elabcrate calcula' an procedure which
includes fuel-cladding interaction and grid spacer ef fects on rod
bowing should be considered. The coupled rod bowing and
thermal-hydraulics should then be considered to evaluate the overall
cluster behavior. The extensive analysis required to quantify the
ef f ects of rod bowing were not perf ormed f or test PCM-7.

2.4 Fuel Rod Behavior Scoping Analysis -

Calculations were conducted to scope the conditions at the onset '

of film boiling using the calculated power skewing and measured
a symmetry of the clu ster f rom Test PCM-5. The DNB correlation which
best predicted the Test t:M-5 observed resoonse was determined using a
single subchannel analys is code. COBR A analyses, which includes cross

flow between the subchannels, were then conducted using the
appropriate DNB correlation to estimate the conditions at incipit film
boiling for the various measured subchannel sizes. A schematic of the
n"ne-rat cluster positinned within the flow shroud and the relative
dimensions as a result of the measured Test PCM-5 asymmetry 's shown

.

in F igu re 5. The modeled channel areas for the single subchannel
analysis is shown in Figure 6.

The corner rod of Test PCM-5 (205-1) entered film boiling at a
2coolant mass flux of 1090 kg/s*m , at an averaged peak rod power

of 57.1 kW/m and an inlet temperature of 590 K. Using the PCM-5

conditions and the calculated flow area for Rod 1, the subchannel
, g,'",

db\u
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analysis best prWicted the actual flow rate at which film boiling was
attained when using the B&W-2 critical heat flux (CHF) correlation.
The B&W-2 CHF correlation predicted film boiling would first occur at

2a coolant mass flux of approxirc.ately 1250 kg/s m . Both the W-3 '

and LOFT correlations were considered, but predicted film boiling to
o

occur at a coolant mass flux 1700 kg/s m'.

Scoping calculations (COBRA) were performed for Test PCM-7 using
the minimum, maximum, and average subchannel areas determined from the
Test PCM-5 pretest charac terization. The heat fiux produced in each

modeled segment (Figure 31 was determined from the physics and COBRA
calculat ons, and then perf ormed for the three subchannel size cases.

In each case, the coolant riass t .JX was reduced at Const .nl power
(57.' kW/m) and inlet temperature (605 K) until film boiling was
indicated on all rod types. The results of the three calculations are
presented in Table II.

The C0CRA calculations indicate that film boiling could be ,

ach ieved at a flow rate as ",igh as 1880 kg/s *m2 (minimum channel
2area) on the corner rod and as low as 126F kg/s m on the center '

rod. The calculations indicate that the corner and side rods of the
9-rod bundle coc!d enter film boiling in any sequence, depending upon
the flow area between the rods and the flr w shroud. Mixing between
the coolant channels of the side and co ner rods (see Figure 3) was
calcula ted to be less than 6%, hn'.ever, the mixing between tLe center
rod coolant 'lannel and tne peipheral rod channels was calculated to
be as high as 36% near the grid spacers. The m'.<ing of the coolant
from the coilest side of the pe-ipheral fuel rods with the coolant
around the center rod causes the center rnd to attain ;1 boiling
conditions at a lower coolant flow rate than the peripheral rods.

The CCSRA calculations for the average channel flow areas were

continued until stable cladding terrperatures (approximately
30 seconds) were achieved on all rods. The peak cladding surf ace
tempera tures at 10 and 20 seconds after fihn boiling first occurred
are shown for the modeled rod segments in Fiqure 7. The calculated

c 1 r. n : , u'.. ) 1 (a Us
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TABLE II

FILM B0ILING FLOW RATES CALCULATED BY COBRAa
~ ~~

Coolant Flow Rate at Whichlid~4cTieved FilmTITing

ao1
~vpe Minimum Channel Average Channel Maximum Channel

Flow Areas Flow Areas Flow Areas
(kg/s m2) (kg/s m ) (kg/s m )2 2

._

3rner 1880 1790 1455

m 1565 1495 1385

, te r 1265 1265 1265

_ _ _ _ _ _ _

,!! c alCJ'ations at 57.1 kW/m peak Tod power (average per rod), 605 K
nlot temperature, and using the B&W-2 CHF correlation.

C'L i -hlJie
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azimuthal power skewing resulted in large predicted temperuture
gradients on the peripheral rods. The peak cladding surf ace

temperature as a function of time for a corner rod, side rod, and the
center rod are presented in Figure 8. COBRA predic ts the side rod,

will experience the highest cladding surface temperature after film
boiling is well established. The maximum temperatures predicted

(about 28 seconds af ter film boiling first occurs) are 1990 K for the
side rod,1900 K for the corner rod, and 1770 K for the center rod.

.

E

J!O
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3. EXPERIMENT PREDICTIONS

The final portion of Test PCM-7 will include extended film
boiling operation within the cluster. The test rod power will Le
increased to induce film boiling within the assembly, but is not
expected to result in film boiling on all test rods. The shroud flow
rate will subsequently be reduced until film boiling on the center rod
is achieved, and operation continued until rod failure is detected.
Rewet of all rods will then be attempted by increasing the flow rate
at constant power conditions. This section describes the computer
code "best estimate" predictions of the onset of film boiling and the
behavior of each rod type to film boiling conditions.

3.1 On-3et of Film Boilina

COBRA calculations were performed to predict the coolant

conditions at the onset of film boiling for each rod type (corner,
side and center). For these calculations, the cluster was assumed to
be symmetrically positioned within the shroud, and the resulting
subchannel dimensions the same as the averaged dimensions determined
f rom Test PCM-5. The calculated azimuthal power skewing was

considered in the same manner as the previously described scoping
calculations. All calculations were conducted with a rod power
(weighted average per rod at the peak power location) c' 57.1 kW/m and
coolant oSt temperature of 605 K. The input parameters, correlat ion
description, and models used for the COBRA IV analysis are presented
in Appendix A.

The onset of film boiling was predicted to occur initially on the
outside (high heat flux) segment of the corner rods at a mass flux of

2
1790 kg/s m at an elevation 0.71 m above the bottom of the fuel
stack.

Further reduction of the shroud flowrate resulted in film
boiling conditions on the side rods at 1495 kg/s m? mass flux, and
on the center rod of 1265 kg/s m2 mass flux.

5 } I. Obl
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3.2 Fuel Rod Behavior

9The FR AP-T4 computer code was used to calculate the behavior

of the PCM-7 fuel rods using the predicted coolant conditions from the
COBRA analysis. With these conditions, the calculated fuel rod
behavior to the predicted thermal-hydraulic environment was obtained.

A description of the FRAP-T4 model used for the PCM-7 analysis is
presented in Appendix B.

The corner rod cladding and fuel centerline temperatures were
calculated at var ,ous flow rates below the flow required to induce
film boiling on the rods. The peak calculated temperatures on the
corner rods are shown for 3 and 35% flow reductions in Figure 9. The

23% reduction (1736 kg/s'm coolant mass flux) represents the level
at which the ex tended film boiling operat ion will be init iated. The

35% reduction level (1164 Q/s m'9 coolant mass flux) represents

the predicted level at which the center rod cladding temperatures will
oxceed 1245 K (the 8-zircaloy temperature regime). At the lower '

flowrate, a small axial extent ('16 mm) of centerline fuel melting is
p red ic te d. Cladding melting (T > 2100 K) is not predicted at any '

elevation. The corner rod peak cladding temperature as a function of
flowrate is shown in Figure 10, where 100% represents the flowrate at
the point of film boiling initiation.

The proposed test conduct outlined in the PCM-7 EOS3 was used
i n c on j u nc t i on w i t h F i gu re 11 to e st ima te t he t ime to rod f a i lu re
during high temperature operation 12 The estimated time to corner.

rod f ailure and the remaining g-zircaloy (f raction) remaining at each
of the flow reductions identified are listed in Table III. The

composite oxide and oxygen stabilized at-Zr layer thicknesses for the

proposed operating sequence, resulted in a calculated "at power" rod
f ailure time of approximately 28 minutes af ter film boiling
initiation. The failure time estimate corresponds to film boiling
operat ion on the center rod for approx imately 8 minutes.

"
,,

{ \ ) \/) ,g (, t *-e

24



.

1.0
, i i i t i

Fuel N y
[ Rod s s

N N.g
- s s

.N 's |:. s s -

s '

/ \ 's,

! x 35~N
.6 _ \

N

N 3 \ 's
N \
\ 35 3' x

*
\

.4 - ~
~~ ~ '

~- _,_

,

'

N Cladding Surface u i Meldng

Temperature

. 2 t- | -

y Fuel Centerline
Tempe ra tu re

0 1 - - - I - ' l- -- I i

0 500 1000 1500 2000 2500 3000 3500
u,

Temperature (K)__

Cm
Fig. 9 Axial temperature profile for the cladding surface and fuel centerline calculated

by FRAP-T for an average corner rod at a peak power of 57.1 kW/m, coolant inlet
temperature of 605 K, and mass flux of 1736 and 1163 kg/s m2 (35 and 35% be'owc?

c- calculated initiation of film boiling).
ti



i

2000 - - -

i
- - - - -j ; ,

!

1800 - _

f

/

i-
'1600 L _

,

!

| /
|

11)0 -

!

. -

( Ijocalculatedpoints '

; j
in this region~ >

- ,

1 1200
'

'
!

r- 1
,1

1

100J H _

|
!

l

I ' i '?;00 >

100 90. 80. 70. 60. 50.
Percent

Fig. 10 Peak cladding surf ace temperature as a function of
coolant mass flux percent where 100t represents the
point of initial film boiling, PCM-7 corner rod.

;ib buE

26



1811 - j---] ITil H 'l' ' i | O!M | J |T ]| |
t j''~

}'

Nil-Ductili ty Ter:pera ture (K) j' i ~ i

|- {{ - -.- -
Ic, yj {1700 m e og g .-

7
,

m co m cc o- ) i i : j. ;

!
' '

h k{ bg,
' 'N N%

i ''
\x -

,[.. - _.d5-_ _1589 - - - + - - - j
{ N - , ir i ,

s :

I
s ! - , ,'' ' '
'q ' i j j N- ! | i

Z 1478 -'-~~[4-* !
~

! ' ' t i:'
-

'
~ N!

!;fj | I
' \

!t ! !x . N O. '

'

\ | -E

- M --- | b
1367 % s

; ; i MN'

% j i'' |# " '

' sN' w' , ~ s i1256 --i .

- J -' ' -

tJ < ]- ,57t- p -

1

. .
-

; ,

-| Nh | | 4.h- !,l
'

m .
% x ,

1143 -- - - - - - 11- td- iil l i . 11}} itt4 _

'- ~4 % ,

0.1 1. 10. 100. 1000. 10000.

Exposure Time (min)

tn
~^

Fig. ll Nil-Ductility temperature as a function of exposure time and temperature
- ' f rom Reference 12. Dashed lines are extrapolations.

--

( }



T A BL E III

FU EL ROD RESPON SE AS A FUNC T ION OF COOL ANT MASS FLUX REDUC TION
FOR THE CORNER RODS OF TEST PCM-7

- - - - - - . - - _ . - - - _ . . .- . . - _ . _ . - _ ___ ___ . _ . _ _ . _ _ - - . - - - - _ - - _ _ _ _ - _ _ . . -

Fraction of
Cladding Wall Variation

Peak Peak Time to Which is 6 due to
Percent Cladding Tempe ratu re Isothermal Phasr Zirc Corner Rod Extent of Film Boiling (m) Measured
Mass Surf ace Elevation Rod at Isothermal Peak Fuel ~ Corner We Center Assymetry

Flux a Temp. (K) (m) F a il u reb Fa ilure Time Temp. (KT Rod Rod Rad c

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

97 1100 0.68 150 hrs Not 2319 0.65-0.78 -- -- Corner
Calculated +8%-16%

90 1345 0.63 70 min 0.71 2440 0.55-0.R6 -- --

85 1380 0.58 55 min 0.69 2780 0.52-0.91 0.63-0.68 -- Sidem
"

+5%-7%

E0 1445 0.53 40 min 0.67 3030 0.50-0.91 0.57-0.73 --

75 1520 0.51 30 min 0.52 3085 0.47-0.91 0.52-0.78 --

70 16 10 0.48 15 min 0.49 3110 0.44-0.91 0.50-0.78 0.63-0.78 Center

65 1640 0.43 6 min 0.48 3141 0.44-0.91 0.47-0.78 0.55-0.78

_

a. 100% mass flux represents the point of initiation of film boiling which will occur on a corner rod.

b. Estimated using Figure 11.

c. Ct : ant m ns flux rate at wh ich fue' cods are most lik ely to enter film boiling and variation determined from PCM-5
nominal channel flcu area measurements.

t,

.,

c
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Table III also presents the corner rod peak fuel centerline
temperature and the axial extent of film boiling on each rod type at
the flow reduction levels considered. The axial extent of film
i) oiling was determined from the COBRA analysis for a symmetrically
positioned cluster, since the FRAP-T analysis did not consider the
affect of grid spacers on film boiling operat ion. The calculated,

variation in coolant mass flux at DNB initiation due to the observed
cluster asymmetry (f rom Test PCM-5) is also listed in Table .

The axial flux centerline and cladding surface temperature
profiles for the side and center rods are shown at the 35% flow
reduction level in Figures 12 and 13. The peak temperatures on the
side rods are predicted to occur at the 0.55 m elevation. Cladding
temperatures of approximately 1450 K and a centerline temperature of
2800 K are predicted for the side rods (f or a symmetrically posit 'ined
cluster). A peak cladding temperature of 1240 K is predicted for the
center rod at the 35% flow reduction level.

The phenomena of rewet is not well understood and hence is not
adequately modeled by state-of-the-art computer codes. The return to
nucleate boiling (from film boiling operation) conditions for
Test PCM-7 were not predicted since meaningful results could not be
expected.

.

)
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4. DISCUSSION

Based on the analysis performed for Test PCM-7, film boiling will
occur initially on the corner rods of the bundle, and with further *

flow reductions, will occur on the side and center ,oel rods. Results
from Test PCM-5 suggest that direct rod-to-rod interactions should not '

be expected, but several f actors may effect the onset of film boiling
in the assembly. The factors which may effect the film boiling
behavior of the PCM-7 cluster but were not explicitly determined
include; peripheral rod bowing, cluster asymmetry, thermocouple
effects, and two-phase coolant instabilities. Thermocouple effects

and two-phase instabilities may be especially important in determining
the rewet characterictics of the cluster.

The COBRA-IV and FR AP-T4 calculations indicate that stabilized
cladding temperatu res in the l'igh temperature S-phase region
(T 1245 K) will be evident at incipit film boiling on the central
rod. Center rod cladding temperatures near the 8-phase region are

,

ex pec ted. Peripheral rod failure due to cladding embrittlement is
anticipated following several minutes of high temperature film boiling
operation. Cladding melting is not expected and the small amount of
local fuel melting is not expected to cause early rod failure.

The Test PCM-7 conduct was designed to allow verification of the

Test PCM-5 results, and help evaluate the important parameters during
rewet from film boiling operation. The return to nucleate Soiling
f rom high temperature is a complex phenomena, which in general, is not
predicted by current computer codes. An understanding of the rewet
process is, therefore, of fundamental interest in reactor safety
analysis.

.
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APPENDIX A

COBRA-IV INPUT PAR AMETERS, CORRELATIONS, AND

MODELING OPTIONS.

Subchannel analyses were performed for the PCM-7 test assembly.

coolant conditions, using the COBRA-IV computer code. The code
computes coolant flow and enthalpy distributions in the fuel rod
bundle for both steady-state and transient conditions. Table A-I
presents a list of the input parameters, correlations and modeling
options which were used in the final COBRA-IV analysis of the
a ssemb ly.

J
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TABLE A-I

INPUT PAR AMETERS, CORRELATIONS AND MODELING OPTIONS USED IN
THE COBRA-IV CALCULATIONS

.

Friction Factor Correlation:
;

FR ICTION = 0.023 Re(-0.2 )

Wall viscosity correction not included

Single Phase Heat Transfer Correlation:

HFILM =
o (0.023 Re(0.8) Pr(0.4))g

Two Phase Flow Correlations:

No subcooled void correlation

Homogeneous bulk void model

Homogeneous model friction multiplier

Heat Flux Distribution
1

S ub ch annel Input Data
i

Rod Input Data

Thermal Properties of Fuel Material and Clad Material

Non-unif orm Fuel Thermal Conductivity:

h- = 1 - 0. 59475 E-3 (T-T ) + 0.18030 E-6 (T-T )- 0.16130 E-10 (T-T )g g g
o

Explicit Solution with inlet flow specified

Start run f rom an implicit solution

Calculation Parameters: s

Lateral resistance f actor = 0.5
.

S/L Parameter = 0.25

Turbulent momentum f actor = 0.0

Vertical fuel rods and channels

Channel length = 0.9 3 35 m ( 35.75 in) _ , , ,,.
r 1 ,, y,s

.

,

Number of axial nodes = 35

36
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TABLE A-I(continued)

Implicit solution data

Explicit solution data
,

Mixing Correlations:
4

Subcooled mixing, BETA = 0.062 ( ) Re(-0.1)

Boiling mixing, BETA assumed seme as for subcooled mixing

Operating coiditions:

Fuel Rod Power = 57.13 kW/m

System Pressure = 15.25 MPa

Inlet Enthalpy = 1.534 MJ/kg

Average mass velocity = 1000 kg/s m2

Inlet temperature = 605 K

Average Power = 57.13 kW/m
'

Un if orm inlet enthalpy

Uniform inlet mass velocity,

Forcing functions for heat flux

Forc ing functions f or inlet flow

4

[ l e

I
*
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APPENDIX B

FRAP-T4 INPUT PAR AMETERS, CORRELATIONS

AND MODELING OPTIONS
.

The fuel rod characteristics associated with the coolant,

conditions predicted by COBRA-IV calculations were analyzed using the
FRAP-T4 computer code. The FRAP-T4 code is a transient fuel rod
thermal analysis code used to solve for the response of fuel rods
under various accident conditions. Table B-I presents a listing of
the input parameters, correlations and modeling options used in the
final FRAP-T4 fuel analysis of the Test PCM-7 center rod.
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TABLE B-I

INPUT PAR AMETERS, CORRELATIONS AND MODELING OPTIONS USED IN
THE FRAP-T4a CALCULATIONS

o

Number of Fuel Rods = 1
Number of Flow Channels = 1 3
Number of Axial Nodes = 13
Number of Radial Nodes = 11
Fuel Deformation Model Type = 0
Free Thermal Expansion Fuel Deformation Model Specified
Cathcart Cladding Oxidation Model Specified
Yoiified Ross and Stoute Model for Gap Conductance Used
Gas Flow Model Turned On
Critical Heat Flux to be Multiplied by a Factor of 1.0
F u e l R od L eng t h = 0.914 m
Rod Diameter = 0.0107 m
Cladding Cold Work = 0.1
Probability Threshold for Fuel Rod Failure = 1.1
uel Pellet Dimensions and Composition Datar

Normilized Axial Variation in Fast Flux Assumed Same as that of Fuel Rod Power
Thormal Property Cata for Clad and Fuel
Geometry and Composition Specifications
R adial Power Distribution
Initial Temperatura Distribution = 605 K

Central Void Prescribed and Modeled for Fuel
.

Average Power for Fuel Rod
Ax ial Power Profile
Core Pressure = 15.17 MPa >

Hoat Trans fer Coef ficients
Bulk Temperature
Arithmetic Mean Roughness of Cladding and Cuel Specified:

C l a dd i n g = 1.14 mu
Fuel = 2.12 my

B&W-2 CH Correlation
Initial Gas Fill Information:

Co vosition = helium (100%)
P; e ss ure = 2.585 MPa
TeToera tu re = 300 K
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a. FR AP-T, MOD 004, VER 06/23, MATPRO MODULE MOD 010 :

__

y ,' (U
.)(,

-

b) \ k)

40


