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t, f 3, UNITED ST ATES
'1 2% NUCLEAR BEGUL ATORY COMMISSION

i ) 'lly! j .MSFHNGTON. O C 20535

/ December 6, 1991
'

.q

Mr. R. A. Copeland[ Manager, Reload Licensing
Advanced Nuclear Fuels Corporation
2101 Horn Rapids Road
P. O. Box 130

-- R' 51and, Wasnington 993S2-0130
,

Dear Mr. Copeland:c
p

- SUBJECT: ACCEPTANCE FOR REFERENCING 0F TOPICAL REFORT XN-NF-929(P), AND _

SUPPLEMENTS 1 THROUGH 4, " SPRAY HEAT TRANSFER COEFFICIENTS FOR
E JET PUMP BWR FUEL AS3EMBLIES WITH UATER RODS" (TAC NO. M63183)

The U.S. Nuclear Regulatory Commission (NRC) staff has completed its review oft

+ 3 the Advanced Nuclear Fuels Corporation (ANF) licensing topical report XN NF-929

'
g and its Supplements 1 through 4, " Spray Heat Transfer Coefficients for Jet

Pump BWR Fuel Assemblies with Water Rods."

I The staff finds the report to be acceptable for referencing in licensing ,

F applications to the extent specified and under the limitations delineated in
the report and the associated NRC evaluation (Enclosure 1). The evaluation

_

provides the basis for accepting the report.

The staff will not repeat the review of the matters described in the report and'

found acceptable when the report appears as a reference in licensing applica-
m .

tions, except to ens:;re that the material presented is applicable to the
- specific plant invo'ived. The staff's acceatance applies only to the matters

described in the report.

Following the procedurec established in NUREG-0390, " Topical Report Review
Status," the staff requests that ANF publish an accepted verpion of this report-

with the review questions and answers within 3 months of receiving this letter.,

The accepte6 version shall incorporate this letter and the enclosed evaluation
after the title page. The acceoted version shall include an "-A" (designated
accepted) following the report identification symbol.

,

" Sincerely,
i' '

(/XW
'

1 -

n

Ash k C. Thadani, Directcr

I Div sion of Systems Technology
Office of Nuclear Reactor Regulation

i
Enclosure:
Xh-NF-929 Evaluation

.

G

L
''

-
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ENCLOSURE I

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACT 0,R REGULATION

RELATING TO SPRAY HEAT TRANSFER COEFFICIENTS FOR

ANF 9X9 FUEL ASSEMBLY ARRAYS FOR BWR CORES
_

I The Advanced Nw: lear Fuels Corporation (ANF) proposed a set of convective heat
transfer coefficients in the topical report XN-NF-929 and in Supplements 1'g.

5 through 4 to that report for Boiling Water Reactor (BWR) 9x9 fuel assembly
I arrays under spray cooling conditions. ANF submitted topical report XN--NF-929

and its supplements for the U.S. Nuclear Regulatory Commission (NRC) to review
|

and approve as a part of a licensing method for a large br W lots-of-:colant
accident (LOCA) analysis. The NRC received technical saf uance fro;a the Idaho
National Laboratory (INEL) under cor. tract FIN-06')30 (Project 4) ja reviewing

,

the topical report. The NRC has reviewed the tetanicci eniuation report

(.eR), which is included in Appendix A of this safety avai sation report (SER). ,

4

The staff concurs it. the recommendations made by INEL ar.d Unds that the
,

proposed conv-ctive heat transfer coefficients in Ge topical report XH-NF-929, !

Supplement 1, are acceptable as a part of a !!:ensin; rethod for a large break
4

LOCA analysis under the following conditiens:

!
1. The proposed convective heat transfer coefficents can be used only in the'

evaluation of the ANF 9x9 fuel rod array geometry with the upper tie plate
configuration described in References 2 and 3 of the attached TER.

2. Additional supporting 'nformation trust be provided to justify the
enatinued use of tne proposed coefficiants if applications occur such
that the assumptions, or boundary conditions for the tests and supporting
analyti cal comp;tation. described in References 3 through 8 of the
atta hed TER do not bound the coolant conditione calculated by the

ANF-approved emergency core cooling system (ECCS) evaluation model.

R

3
.

,
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,

3. The proposed convective heat transfer coefficicnts can be used only for g
those plants with rod power levels bounded by asstaptions in Table 2.1 of g

Reference 3 of the attached TER and axial power shapes bounded by the g
top-peaked and botton-peaked power distributions defined on pages 6, 7 and 3
8 of Reference 6 in the attached TER. Otherwise, additional justification

is needed tr support the continued use of the proposed heat transfer
coefficients for BWR ECCS licensing analysc the ANF 9x9 rod bundle

array.

4. If the heat transfer coefficients are used for non-Jet pump BUR applica- g
tions and if tne peak local oxidation is more limiting at locations other M_

than the peak power position, additional justification will be needed for
using t5e constant convective heat transfer coefficients in predicting
peak local cladding oxidation. The other restrictions above should also
be addressed.

The staff reviewed the AUF's submittals and INEL's TER and concludes that the
proposed convective heat transfer coefficients specified on page 3 of
Reference 3 in the attached TER are acceptable for use in laroe break LOCA g'
analyses and licensing applications when the conditions stated above are g
satisfied.

,

B'
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ABSTRACT

The Advanced Nuclear Fuels (ANF) Corporation has proposed a set of corivective
heat transfer coefficients for Beiling Water Reactor 9 X 9 fuel assembly

,

5 arrays under spray cooling conditions. ANF has undertaken an experimental

program in conjunction with supporting analyses to identify a bounding set of
,

sprty cooling convective f. eat transfer coefficie' for use ir, performing

,| Emerger.:y Core Cooling System (ECCS) licensing pu formance analyses for
Boiling Water Reactors. The ANF proposed convective spray cooling heat

j transfer coefficients are tu be used for the ANF 9 X 9 rod assembly arrays.
The proposed heat transfer coefficients represent ar increase in value
relative to those recommended in Appendix X to 10CFR50.46, whicn are

,

pertinent to 7 X 7 rod arrays.

A review of the document entitled, " Spray Heat Transfer Coefficients for Jet
Pump BWD Fuel Assemblies with Water Rods," XN-NF-929(P), was performed. This
accument provided a description of the test facility, test data, and methods
for establishing a bounding set of coefficients to be used for Boiling Water
Reactor ECCS licensing calculations. Following this initial review and
request for additional inforntion, ANF reevaluated their test data and
performed additional analyses to make corrections to their initial proposed
set of convective heat transfer coefficients. The modified set of convective

~

heat transfer coefficients was then reviewed and following a second series of

requests for additional infsemation, ANF parforned additional analyses to
establish the bounding- nature of the coefficicnts. The subsequent supporting
analyses performed by ANF, demonstrated that the :rdified set of ANF proposeo
convective spray heat transfer coefficients corrected previous deficiencies
and were shown to bound pertinent test data and important plant initial
operating conditions. 1tsed en the review contained in this Technical

'

Evaluation Report, it is recommended that the modified set < f convcctive heat
transfer coefficients be considered for performing Boiling Water P.eactor ECCS

licensing analyses for the ANF 9 X g fuel rod assembly arrays,

g
. .

I u

I
I .

t
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SUMMARY

This Technical Evaluation Report presents a review and evaluation of the
Advanced Nuclea:- Fuels (ANF) Corporation proposed convective heat transfer
coefficients for use in performing ECCS licensing evaluations of Boiling Water
Reactor performance, ANF proposes to use the heat transfer coefficients
during the spray cooling phase cf the loss of Coolant Accident (LOCA) analysis
of Boiling Water Reactors (BWR) with 9 x 9 fuel rod assembly arrays. The

purpese of this report is therefore to present the results of the review of'

supporting experiment:1 data, analyses, and respenses to requests for
,

additional information provided by ANF to justiff the proposed convective heat
transfer coefficients,

,I
Review of the ANF d::umentation describing the test facility, test conditions
and test results presented in ANF-929(P) identified several deficiencies, ANF ,

reevaluated their data and proposed a new set of modified coefficients in ANF-

929(P) Supplement-1, This new set of proposed convective coefficients
corrected the previous deficiencies, however additional information documented
in ANF-929(P) Supplements 2, 3, and 4 was provioed by ANF to present the
tdditional analytical support needed to justify the bounding nature of the
modified set of coefficier.ts. Supplement 2 provided justification for the

I range of applicability for the coefficients, while Supplements 3 and 4 along
with some supporting analyses were neces:ary to show that the proposed'

coefficients bounded the variations in axial power distributions.
.

Based on technical evaluation and review contained herein, it is recommended
that the modified set of convective spray cooling heat transfer coefficients

|

proposed by ANF be accepted for ECCS licensing analyses of Boiling Water;

Reactors with ANF 9 X 9 fuel astembly arrays.

!I
.

!E
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TECHNICAL EVALUATION REPORT

II $NF PROPOSED BWR CONVECTIVE JPRAY HEAT TRANSFER COEFFl@gji

1. INTRODUCTION

The cooling rate of fuel rods during the spray period of a Boiling Water
Reactor (BWR) loss of coolant accident (LCCA) is governed by the ccmbination

of radiation and convection heat transfer at the fuel rod surface. The
methodologies used by the Advanced Nuclear fuels (ANF) Corporation to
calculate the axial and radial fuel rod temperature-time behavior following a
LOCA lav- the ability to also compute the radiation portion using basic first'

principles, however the convective heat transfer coefficient used in the
analytical tools are inout as constants based on experimental data. Appendix
K of 10 CFR 50.46 contains recommended convective spray cooling heat transfer

coefficients, which were obtained from the BWR-FLECHT program of Reference 1,
but are based on a 7 x 7 rod bundle geometry with no water rods. Figure 1,'

attached, shows the values of the convective coefficients recommended by

Appendix A applied to a 9 x 9 rod bundle with two water rods on the diagonal
and for the four basic pos-iticns in the bundle. These four basic bundle

'I positions include: rods in the four entners, rods in the outer row, all other
rods, and the canister wall, tluestion marks are indicated in Figure 1 for the
water rods since the values for these locations will also need quantification.

To calculate the energy removal rate at a fuel rnd surface by convection, the
convection heat transfer coefficient, once determined is then :nultiplied by

- the difference between the rod surface temperature and a reference coolant
sink temperature. The Appendix K recommended values for the convaction heat
transfer coefficients are btsed on use of the coolant saturation temperature
as the reference temperature. In reality, this referance temperature is the
coolant channel steam temperature so that both the actual steam temperature

and the magnitude of the channel fluid flow rate govern tne rate of heat
removal due to convective cooling. To determine a bounding value of the
convective heat transfer coefficients for the four basic rod positions
described above, with particular interest in the value for the water rod ,'

.
ANF conducted a series of experiments,

fI

I
-

_ - . .
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,

't.e %erimentally detemined coeffic..nts were then used by ANF as input to
the HUXY code to perform fuel rod heatup calculations as part of the'

methodology to determite peak clad temperature following LOC \ conditions for gi.

BWRs employing the ANT 9 X 9 rod bur.dle arrays, in addition to the convwtive 5'

heat transfer coefficient, the HUXY code also requires bundle geometry,
; surface emissivities, material properties, and power to name a few. The HUXY {

code ccmputes the radiant energy removal rate and then adds the convective
portion to obtain the total energy removal rate at all axial locations I.long |.
the rod.

'

,

ANF performtd spray cooling tests for 9 x 9 rod bundle arrays to arrive at a
proposed set of coefficient valucs, including the water rods, to be used for g
BWR ECCS licensing performance analyses. The documentation describing the 3

-tests and results is presented in Reference 2. Based on these tests, ANF

recommended heat transfor coefficients to be applied to bundles containing |.t

water rods and identified these coefficients in Deferent.e 2 for repl]cing the -

values given in Figure 1. Following a review of the test hardware, test g*
cenditions, and rer.ommended heat transfer coefficient values, deficiencies in
the heater rod mt 'ng technique and heater rod material properties assumed g,
in the ANF analys. .ere identified and brought to the attention of the ANF E+
staff following the initial review, in addressing these deficiencies and in
response to additicnal requests for additional information, ANF reevaluated ,

their data and proposed a modified set of haat transfer coefficients and
presented the new va?ues on page 3 of Peference 3. This modified set of heat
transfer coefficients represented a 307. reduction in the values proposed
earlier in Reference 2. Following the review of the Reference 3 medified set

'

of coefficients, ww requests for additional information were issued for
( justif; cation for the range of applicab'lity of the heat transfer coefficiants

that would be encountered during applicatiun to a BWR ECCS licensing analyses. -

The response to this request was documented in Reference 4. Thc request for
additional information also included the need to justiff applicability of thn

,

modified sct of heat transfer coefficients to the range of allowable
variations in axial power distribution. As a consaquence, ANF performed

analyses using the COSRA-TF code to identify the varlition in convective heat
transfer coefficient due to power shape and documented their responses in -

g,
2 ,

;

a
-

.
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I
%

References 5, 6, 7,'and S. These requests were necessary since the test data

[ developed in the Refwrence 2 experimantal program was based on a cosine axirl
power cistribution only, while allowable DWR operating ccnditions can include
axial power shape > skewed toward either the top or bottom of the active core.

The rerrainder of this Technical Evaluation Raport documents the review.

( evaluation and approni of the material described above for establishing a
bounding set of convective heat transfer coefficiants for ECCS analysis of the
N4F 9 X 9 fttel rod bundle arrays. Section 2 below provides a bricf

|
description of the test facility, while Section.3 discusses the resolution of
pertinent issues raised during the review process,. Section 4 presents the

restrictions for usirg these nu spray cooling heat transfer coefficients
while Section 5 presents a sunmary of the conclusions.

I

I

I
~

S

.
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2. TEST DESCRIPT10ft I

Afif constructed a test facility known is FCTF for determi.iing the f9el rod
convective heat trint.fer coefficients, durirg 1.0CA conditions for the period of |
time followin2 activation of th Nre spray. As described in Reference 2, the
facility consisted of an electrically heated full length 5 x 9 rod bundle
array surrounded with a canister located inside a thermal shield. The heater
rod:, contained boron nitride to insulate the resistance coil windings from the gs

stainless stesi rod cladding mat ar'.al . Th' resistance windings in the rods ur

weto stepped to approxi'nate a chopped cosine oawer distribution. Two ho~ilow.

heater tubes were placed in the middle of the bundle to represent water rods,
During some tests, power was disconnecte:! to four heater rods to simulate a

4

bundle with six water rods. Thirty one tests were performed simulating twoi

water rods in the bundle while four tests were corducted contr.ining cix wate-

rods. Forty-five of the eighty-one rods along with the canister wall included
thermocouples atthched at several elevations.

A boiler was connected to the lower ple.ium to preheat the system and suppiv
steaa upflow during 4he test to simulate lower pientm flar.hing and steam
generation from the lower plenum irternals. A conlant injection system |

}
supplied spray water to the upper plenum, the outside of the canister, and the

glower plentm. Yne test matrix tacluced tests with various combinations of

} cooling ficss applied to the hurdle.
N'

A computer was used to control the test parameters such as power and flow as I
well as record the reasurad data, lhe majority co tne tests utilized a power
curve based on the 1971 AfG standard decay heat surve increased by 20% lhe

bundle pressure was only slightly above atmospheric to simulate the low
pressure conditions experienced during the period of time when the cera spray g
is activated following a LOCA.

e
,

.

To quantify the .hoice of thL convective heat transfer coef ficient at the
different red bundla locations, the HUXY ccde was vecuted with a range of
:enstant input ccnvective heat transt'er coefficients necessary to predict the .

$ test data rod sur' ace temperatures at salected locaticos along the rod. The

4

s
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HUXV code computes the convective cooling component based on the information

input to the code and then adds inis energy remaval rato to *he radiaticn heat
transfer to compute a total tr re ?cmoval rate. With the appropriate

! convectivo coeff'cient and ti par radiatior modelling technique, HUXY ctn

then compute the fuel roc cladeing surface terperature.

A summary of the review and evaluation c/ the ANF resportes to selected
requests for additional infcrmation it provided in the foi10 wing sectior.,

k

.
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3. REVIEW 0F THE ANF PROPOSED HEAT TRANSFER COEf FICIENTS.

|AND RESPONSES TO TFE REQUESTS FOR A00lT10rtAL INFORMATION

This section presents a sumary of the documentation presented in References 2 ,

th ough 0. The review of the original test data and supporting analytical
analysas presented in Refuence 2 identified several oe.'iciencies and as a
consequence, additional information and analyses were requested to justify the
initial set of t.or.vective heat transfer coefficients. Upoa re-evaluation of
the Keference 2 data, ANF proposed modifications to the coefficients to
:orrect the deficiencies and documented their results in Reference ,1. The

modified values were then reviewed and the ANF responses to the requests for -

additional informatien and analyses were documented in the supplementary
reports presentea in References 4 through 8. This section summarizes the
review of with the ANF responses given in these documents. The review concurs
with the ANF responses, unless otherwise noted.

I
REVIFW 0F THE ANF PJcSPONSE TO THE REQUESTS FOR ADDITIONAL. INFORMATION PROVIDED

|IN REFERENCE 2

This section presents a brief discussion of the ANF res.anses to the request,
for additional inforu tion regarding the test facility, tost conditions, and
test data docun.ented in the Reference 2 ANF experimental program to quantify a
convective heat transfer coefficients for the ANF 9 X 9 rod bundle array. The I
ANF responses f ar several selected topics of importance are categorized by
subject in the various sub sectica headings identified below.

|3.1 EGLTransfer &gffiedstd.s Around the water Rqdr

Enhanced conling inay be expected fcr rods t' hat share a common fluid

subchannel with a water red since the steam would tend to be cooler in
such channels. O' the eight rcds t.irrounding a water red shown in g
figure 1, four rods have two sub-chant.el quadrants in common with the 5
water rod while the remaining four reis on the diagonal have only one
sub-channel quadrant in common with the water rod. As secF, it may not

6'

. I
8
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be appropriate to assign a convective coefficient with the values
defined in Reference 2 for the four diagonal rods which is the same

.g value used to simulate the convective coefficient for the other four
rods, since they are only cooled by only one sub channel. AtlF stated

that although the diagonally opposed rods are not cooled as well as the (:

regularly opposed rods, the value proposed in Reference 2 is still!

considered sufficiently conservative to bound the conditions at all of

.

these red locations.

.

3.2 linLitanifgL(.gg1(irdents at 0ther Elevat,1gni

During the period prior to bottom reflood, spray from the upper pier.um
can penetrate the upper tie plate Lnd flow downward through the

bundles. One would expect the heat transfer coefficients to be larger

I near the top of the bundle because the water will be vaporized as it

flows downward. Reference 2 discussed the heat transfer at the bundle
ridplane only, also noting that Appendix K does not address axial
variations in the heat transfer rate when using the Appendix K
recommended values. AfiF was asked to check data below the midplane

bundle elevation to confirm that the recommended convective coefficients
would be acceptable at all elevations. Upon further investigation, Atif

|I demonstrated that the 60 and 48 inch bundle elevation temperatures

were also over predicted, so use of the single value was appropriate at
these other elevations.

g| It is important to also note that Figure 2.7 from Reference 2 suggests that if

[ Test 110 had not been terminated at 193 seconds, liUXY may not have been
conservative at the 45-inch elevation, however these spray only tests are now
considered to be outside of the representative data base and can derefore be

excluded from consideration.
;8

3.3 h tL and_Te nerature Uncertainti u

in rasponse to questions regarding power and measured rod temperature
,

uncertainties, ANF repited that the temperature uncertainty was 5.2*F at

7

I
.'I

.
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' '

'2000'F whi'e the power uncertainty was 3.3 kW at 318 kW. Arif stated
that these uncertainties are bounded by the modified convective
coefficients proposcd in Reference 3. g

Additional requests for information from the review of Refarence 2 identified g'
the need to address all uncertainties in the data. At4F modified the W

originally proposed coefficients and addressed the uncertainty issue in
Reference 3 discussed bciow.
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REVIEW 0F THE ANF RESPONSE TO THE REQUESTS FOR ADDITIONAL INFORMATION PROVIDED

IN REFERLNCE 3

1I Reference 3 discusses the results of the reevaluation of the spray test data
results and documer.ts the ANF response to the additional requests for

;: information. A summary of the ANF -esponses given in Refuence 3 is discussed

3.4 Fuel Rod Model Usd to Predid the Data

Audit heatup calculations of Test 110 using the correct material
properties and more appropriate heater rod modelling technique suggested
that the HUXY material properties and inout model should be examined.

- Because the audit calculations showed that clad temperature was

underpredicted, it was also recommended that the ANF proposed heat
transfer coefficient of Reference 2 be reduced. As a conseqance,

k ANF reviewed the HUXY code calculations and made oppropriate
- modifications. These INF corrections consisted of increasing the HuXi

code boron nitride density in addition to including, in the HUXY model,l

the effect of the heater coil located inside the boron nitride region.:

/JfF also reduced the cor.vective heat transfer-coefficient to the values
.

given on page 3 cf Reference 3."

,

3.5 loray Rales Used in the ANF Tesli

The Appendix K recommended heat transfer coefficient value of 1.5

.| Blu/hr.ft 'F where based on CE data presented in Reference 1 which used{- spray rates of approximately 1.5 gpm. ANF has proposed a coefficient

p with a value, listed as item 2 on page 3 of Reference 3, based on their
data which utilized a spray rate of approximately 10 gpm. When

. [ questioned ANF stated that there is sufficient ECC water to give each
fuel bundle a rate of between 16 and 23 gpm, nased on bounding

b: calculations using the ANF Evaluation Model. The original BWR FLECHT
data collected by GE in Reference 1 used a low spray value because at

i

k' tnat time the SSTF data supporting the butidup of a pool of liquid above
the top of the core vas not available. The $STF data shows that a water
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luel of 3 bout 10 inches develops in the upper plenum which causes the
water to be oistributed to the central bundles regardless of the spray

|
nozzle angles, spray profiles, and spray rates. This is due to the fact g,
that as long r.s the spray rate is in excess of the water downflow rate, 3|
a water pcol will develop in the upper plenum just above the top of the
core. Excess water will flow into the byp:;.ss region. Since the water
downflow rate into the bundle from this pool is limited by the upward
steam flow, this counter-current flow condition limits the magnitude of g
the liquid which enters the bundle. As such, all bundles, including the
central bundles, experience a water downflow rate that is basically B'
insensitive to the spray flow rate. 5
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I 3.6 Uncertainty Analysis

Justification for the convective heat transfer coefficients to be used
for ECCS licensing analyses should take into account uncertainties.
When questioned, ANF responded that uncertainties such as power,
emissivity and temperature would not be meaningful occause spray and
steam updraft flow rates dominate the test results, and the test flow
rates were chosen to be :enservative in nature ratt.er than best
estimate. Furthermore, the choice of the steam flow and spray rates
bound the uncertainty in tha parameters input to the HUYY code.

REVIEW 0F THE ANF RESPONSE TO THE REQUESTS FOR ADDITIONAL INFORMATION PROVIDED

IN REFERENCES 4, 5, 6, 7, and 8

Additional requests for information and supporting analyses were requested of
Af6 to demonstrate that these newly proposed coefficients bounded the range of
expected conditions following a LOCA. The applicability of the heat transfer
coefficiet.ts to a range of expected conditions following a LOCA was justifiedI and provided in Reference 4. Lastly, since the test conditions ased to

. develop the proposed set of coefficients was based on a single cosine axial
power distribution, ANF needed to demonstrate tt.at their choice of he:t
transfer coefficients bounded the coefficients that could result from the

| variation in axial power shapes that could occur in BWR systems during power
eperation. As such, ANF performed additional analyses using the COBRA-TF code

g to study the variation in convective heat transfer coefficient for a range of
axial power distributions. Since the Reference 5, 6, and 7 analyses stated
the variation in heat transfer coefficient was negligible, of particular

I concern was the fact that the amount of water assumed to be entrained in the
steam flowing through the bundle was too high. This excesslyely high

h entrainment rate, when used to assess the sensitivity to power shape, resulteo
in underpredicting the peak clad temperature by 200 'F at the peak power-

g location for Test 820 showr. in Reference 7. When questioned ANF performed a

final set of sensitivity studies choosing an entrainment rate which captured
the test data peak clad temperature response for Test 820. This final

11
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I
sensitiv'ity study was documented in Reference 8 and is of particular
importance since changes in axial power shane was shown to strongly influence
the convective beat transfer coefficient. MoreJver, this study thowed that
when the appropriate entrainment rate is usnd, a 25Y. reduction in the 5
sonvective heat transfer coefficient can occur at the limiting rod position
(i.e. hot spot) due to changes in axial power c'lstribution. Th's evaluation
does not agree uith the ANF Refercace 8 contention that "the convective heat

'

transfer coefficient is not very sensitive to axial power shape" since the 257.
reduction in heat transfer coefficient, illustrated in Figure (2) of Reference
8 is considnred quite significant. More importantly, the ANF choice of the g,
minimum convective coefficient, listed as item 2 on page 3 of Referer.co 3 W
remained bounding with respect to the test data, since the minimum heat
transfer coefficient calculated in the Reference 8 sensitivity analysis was
found to be approximately 125. higher when the appropriate entrainment rate was
employed in the calculations. ANF also stated that ccmparisons with other |
test data would not change the conclusions based on the evaluations given in
the References 6, 7, and 8 since Test 820 utilized the most conservative
Mundary conditions. These boundary conditions bounded the coolant and cther
pertinent conditions calculated by the ANF approved ECCS Evaluation Model g
during the spray cooling pericd of the LOCa so that comparisons to cther less E
limiting tests were not necessary. -

ANF also stated that while the use of the proposed convective heat tranefer
coefficients will result in a conservative predictions of fuel rod peak E

E
cladding surface temperature, the choice of the proposed constant minimum heat
transfer coefficients of Reference 3 will also result in a bounding
calculation of peak local clad oxidation at the peak power position for the
axial shapes assesseo in Reference 8. For jet pump BWR applications, ANF

stated that use of the proposed heat tran.sfer coefficients would result in a
bounding calculation for loul clad oxidation at all positions along the rod
since the clad temperatura data for TEST 820 was similarly bounded. |
Additional justification would be needed for local oxidation for non-jet pump
BK applications.

Based on the review of the ANF spray heat transfer tt.st data, analyses, and

12
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responses to the request for additional information documented in Referen, as 2
through 8, it is recommended the convective spray heat tranrfei coefficients

I proposed tal accepted for licensing evaluations assessing BWR
ECCS performance for the ANF 9 X 9 fuel rod bundle arrays. These coefficients

I are identified on page 3 of Reference 3.

4. RESTRICTIONS

Since the choice of the convective heat transfer toefficients depand on
several important parameters established by the ANF bundle geometry, choice of
the test parameters, supporting analysis assumptions, and limiting conditionsI for plant operation, a list of restrictions regarding the use of the proposed
coefficients is given below.

1. The use of the convective heat transfer coefficients shall bei

| limited to only evaluations of the ANT 9 x 9 fuel rod array
geometry with the upper tie plate configuration and associated

'
pertinent geometries described in References 2 and 3.

2. Should applications or changes occur such that the assumptions,I pertinent inputs and/or boundary conditions for the tests (and/or
supporting analytical computations) described in References 3
through 8 no longer bound the coolant conditions calculated by the
ANF approved ECCS Evaluation tiedel, then additional supporting

|
information will be needed to justify the continued usa of the
proposed coefficients.

j 3. The use of the propored convective heat transfer coefficients are
liuited to those plants with rod power levels bounded by the

I Reference 3, Table 2.1 assumpticns and utal power shapes bounded
e by the top and bottom peaked power distributions defined in

Reference 6 on pages 6, 7, and 8. That is, should plant axial
power distributions cccur with axial peaking factors which are

g more skewed toward the top or bottom of the active core than those
presented in Reference 6 (or should a .nore limiting shape or rod

:

I
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previously evaluated), then additional justification using the |methods of Reference 6 will be needed to support the continued use
of the proposed heat transfer coefficients for CWR ECCS licensing
analyses of the ANF 9 X 9 rod bur.dle array.

4. If the heat transfer coefficients are used for non-jet pump BWR
applications and should peak local clad oxidation be more lietting
at locations other than the peak power position, then additional |
justification for use of the constant convective heat transfer
coefficient in prediciting peak local cladding oxidation will be
needed. The other restrictions above would also need to be
addressed as well.

Restriction 4 is based on the fa:t that the test program and supporting
analytical evaluations established convective heat transfer coefficients for |
the purpose of determining the peak clad tempeiature. While the limiting
oxidation position is usually located at or near the vicit.ity of the peak g
power position, peak local clad oxidation can in some instances occur
elsewhere along the rod. As such, the location of the peak loc:1 oxidation
could occur at rod locations where use of the constant convective coefficient,

which is bounding for peak clad temperature assessments at the peak power
position, may not be bounding for local oxidation.

.
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5. C0fictVS10tJS A!JD RECOM!iENON110f45

A review of the ANF proposed convective heat transfer coefficients for use in
perf . ing ECCS licensing analyses of the ANF 9 X 9 fuel rod bundle array was
r eformed. The results of the review demonstrates that the mi mum convective

heat transfer coefficient. identified as item 2 on page 3 of Reference 3,
results in fuel rod axial surface temperatures which bound the pertinent test

data and results. ANF has provided adequate justificatio.1 for using the
proposed spray cooling heat transfer for analyzing fuel rod heatup in ANF 9 x
9 BWR fuel bundles following a hypothetical loss of coolant accident. These

coefficients are intended for use in performing ECCS licensing analyses during
1the period of time following a LOCA when the core sp*ay has been activated.I The set of spray cooling convective heat transfer coefficients recommended for,

approval in this Technica'. Evtluation Repnrt are identified on page 3 of
Re ere. ice 3.r

These coefficients were chosen to bound the effects of the variati" , in
coolant conditions predicteo by the currently accepted ANF LOCA ECCS
Evaluation Model in .ddition to accounting for the variation in axial power
distribution that is al%wed to occur in BWRs utilizing the ANF 9 X 9 fuel
bundle during power operdion.I
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1. Appendix X specified convective heat transfer coefficients
applied a 9 x 9 rod bundle with two water rods . .
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~~
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.

3s'.ASE READ CAR ETULt.Y

This techasti report was derived through research and development
programs sponsosed by Esaos Nuclest Con.psay.!ac It is being submitted by
Essen Nuclear to ne U1 Nucless Regulatory Commission as part of a
technisti contribution to facilitsts safety goslyses by licensees of the US.
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reload fuel et otbet tetbalcat sernces provided by Eston Nuclest for light
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knowledge,information, and beacf The information costsaced hereto rey
be used by the IJ1 Nuclear Regulatory Commiss on la its review of th!s
report, and under the terms of the respective agreements, by ticensees or
applicants before the U1 Nuclear Regulatory Commissaou which are
customan of Essos Nuclest in theit demoostration of compliance with the
U1 Nuclear Regulatory Commission's regulaticas.

Easco Nuclear's warranties and representat10as concerning the subject
saatter of this document sie thost set fetth in the agreement betweta Esten
Noclear and ths customet to which stJs docuotst is issued Actstdingly,
etnept as otherwise espressly provided it toch agreement, neither Et?on
Nuclear not say person acting on its behalf:

A. Maics any wartasty, of ripresentstion espress or
impiled, with respect to the accutscy, compl:teness, or E
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apparatut, tnethod, or proca!J $1sclosed la this

document will not infrie se privately owned rigbit, os
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apparatus. Sethod, or process disclosed la shu
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I
$ PRAY HEAT TRAfi5rER COEFFICIENTS FOR JET PUMP BWR

| FUEL ASSEMBLIES WITH WATER R005

I
_1.0 liiTR000CT10N

The EXEM(1) BWR ECCS evaluation model, which is based upon phenomenological

representations, was benchmarked against ';imulated reactor data covering a

variety of fuel designs, and received generic NRC approval (2) for
application to jet pump BWR plants. Confirmatory tests ierified EXEW s

applicability to 9x9 fuel (3). However, a more accurate assessment uf the
spray heat transf,e coefficients for Exxon fiutlear Company's (Etic) 9x9 fuel
design has resulted frote spray cooling tests.

I- This document describes essential features of spray cooling tests

and presents analysis with HUXY(4) wnich is the art of EXEMill used for
fuel heatup analysis. The heatup analysis uses spray heat transfer
coefficients to model the heatup during the spray cooling pericd of a LOCA.

Appendix K of 10 CFR 50.45 provides values for spray heat transfer
coefficients. Inspection of tne data cu which Appendix K s? ray heat

I- transfer coefficients are based (5) shows that the test program used a 7x7
array with no passive water rods. Appendix K and the fiRC approval of HUXY(4)
affirm that modifications to the spray heat transfer coefficients may be
made with appropriate data supporting the modifications. EHC justified the

' use of (ne 7x7 coefficients for 8x8 fuel in references (6-3) and further
justified the use of 7x7 coefficients for 9x9 fuel in reference (3). This
report justifies the improvad spray heat transfer related to water rod

I. presence during the spray heat transfer period.

I
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i
lhis report describer Exxon Nuclear's experimental and computational

; programs which justify the above enhanced spray heat transfer coefficients
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i g
2.0 SUt' MARY

An experimental test prcgram was cor.Jucted with ENC's Fuel Cooling Test
Facility (FCTF) to determire the effect of water rods on spray heat transfer

I coefficients for adjacent heater rods. The FCTF electrically heated

prototypical fuel assembly tests simulated ENC's 9x9 fuel design in a jet
pump application.

I
I
I
I
I
I

- The tests were numerically simulated with HUXY, Measured quench rates were
conservatively predicted with a wet side neat transfer coefficient on the
patsive wkter rodI The spray heat transfer coefficient ahe6d of the quench front on
the jassive water rocs was conservatively represented .

For.

heated rods adjacent to passive water rods, a spray heat transfer
'

coefficient yields conservative predictions"

8 shown in 'F igure 2-1. These values were found to provide conservative

predictions for all of the tests that were evaluated with HUXY and areI
I
I
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: 1

!
'

;

'
1

. cnnsidered applicable for 8x8 and 9x9 fuel analysis, in this regard these |

values are indepen(ent of test parameters. As a result of the tests end
post-test analyses, the values listed below are recommended for EkEM Eccs |

3

licensing calculations of jet pump G plants w$th ENC's 8x8 and 9x9 fuel

assemblies. These justified spray heat transfer coefficients adequate 1. ;

*

represent heat transfer, while maincaining reasonable conservatism, within
a bundle during the initial period of rated spray,

i i

Spray Coeff cient ;i

| (BTV/hrft.0F)

Corner rods'

Side rods g
Rods adjacent passive g

water rods
Interior rods
f'assive watet rods

;

Channel (each side)
t

E'
EI'

* These rods are treated the same as side rods.
** These rods are trested the same as the channel.

'
.

I;
I>

,
. |-

!

!
, .;
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.3 . 0 T[S_T, FACILITY DESCMPTION

Exxon Nuclear Coinnany hat designed and constructed the Fuel Cooling Test

Facility (FCTF) to deterTnine the hydrodynamic and heat transfer performance

E of Efic fuel daring the reficod pvrtion of s postulated LOCA. Data gathered

g during FCTF testing is used to support analytical models cnd correlations
The facil'ty is capable ofwid:5 are used in beatup and reflood analyses. .4

simulating jet pump and non-jet purp OWR conditions, as well at PWR

I cor;ditions . A schtmatic of the f acility as used in jet pump 3!iR testing is y

shown in Figur: 3.1,

t

Of principal laterest to tne f acility is the single elec.trically heateu test ,

'

fuel assembly. For tests descelbad in this repnrt, the test fuel essent.ly
is prototypic of ENC's 9x9 fuel design, sitnough the f acility can ce used to
test other fuel designs. The test fuel assembly is houed within a canister

- as shown in 0 cross-section view in Figure 3.2. The channel and thermal
shield outside the canister effect boundary ccnditions en the sssemoly
typical of those found in a reactar.

I<
i

3

'!a

iI :
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I ouer mpmus of rm inc!uda insuuoentaum, ccotant in3ection system,
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4.0 TESTMATRy

The FCTF test matrix for jet pump BWRs 1s sum.arized in Table 4.1.
Other significant test parameters

were temperature, power, and coolant flow rates.

Y'

'

The patterns of passive rods designated,
These figures

disolay the local relative power distribution for each rod. Passive rods
are t%)se with zero cower. Test rods are numbered across from the upper. g

y left. Figure 4.1 shows the location in the assembly.

: The water rods are
I,

are collectively referred to as passive rods, i.e.,

tho.e rods generating zero power.

In Table 4.1, initial temperature and initial power are target values.I Initial conditions in each test were established in a preheat phase when a'

ensor indicated that a target value wr.s reached. The spray test was

initiated when one of the measured temperatures reached the initial
temperature. For low initial temperature tests, the power wouid continue to

'

rise until it matched the decay power level prescribed for the test through
the data acquisit'on and control system. When the target temperature is'

reached, other measured rod temperatures at that plane are scattered due to
|g
|4 deper.dence on local power.

-

7
8

1
.
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'Table 4.1 indicates three target values of power.

I
.

\ t
p
I1

Typical power decay curves are shown in Figure 4.3 for high power (test 110) g
and medium prawer (test 1270) tests. Te:t 110 used the 1971 ANS + 20% power g
decay curve while +.est 1270 simulated more realistic conditions with the
1979 ANS power decay curve. Most testing was done v.ith the ANS + 20% power

'

de::ay. Tesc series 12xx was progranmed to track the 1979 ANS power decay
9curve.

e~
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1

5.0 HUXY DESCRIPTION

Exxon Nuclear Company uses the EXEM computational model to perform ECCS
' licensing calculations for nuclear reactor fuel reloids for both jet pump

and non-Jet pump BWR plants. EXEM consists of four codes: RODEX2 for stored

I energy, RELAX for blowdown phenomena, FLEX for refill /reflood phenomena.
and HUXY for fuel heatup anals/ sis. During simulation of the spray cooling

-

period of a postulated LOCA, HUXY uses sordy heat trensfer coefficients to
predict peak clad temperature (PCT). The FCTF tests of ENC's 9x9 fuel

a0 sign with passive rods simulated this spray period. By initia',1:ing HUXY
with the test parameters at the onset of scray, the spray neat transfer
coefficients are estcblished by conservative prediction of test PCTs.

I- .

A HUXY analysis provides predicted transient rod temperatures at the plane
of interesi, it is assumed that the plan 2 of interest is the assembly hot
plane. At the plane of interest the ?nergy equation is solved for each rod

_

at iach time step. The applied energy equation is

| a_(PCT) , l_ .L kr il qu ()
at r Dr 3r -

'

with t'e UA -9 ry condit. ion at the surface being

-k4 BT
p ' Grad - AMWR+ Cconv. (2) .

r=R

Rod-to-rod and rod-to-canister thermal radiation is computed
'View factors are ecmouted by the

Emissivities are

assigned to all dry surfaces gnd wetted surfaces. The inverse
radiation matrix is calculated by the code

.E

l-
- _ _
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t.-

Since.

radiation exchange depends on rod and c anister surface temperatures, ,

solution of rod temperatures at each time step involves iteration cf the
'

boundary condition.

Each rod exchanger heat with the fluid by an ef fective convection heat
transfer coeff|cient which accounts for both convectton and red-to-fluid
radiation.
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I
6.0 HUXY MODEL

- Selected test runs were modeled with HUXY. Each simulation required an

input model defining code control, model parameters, test assembly des-
,ription, snd test conditions.

'
Code control defines simulation t i::.e , time step size, output point

frequer.cy, plot parameters, etc.

g- Model parameters are defined in Table 6.1. Spray heat transfer coeff cient,

assignments are shown
,

=

I
LI
L

|| -

| i

A number of test assembly parameters are the same for all selacted tests.
;
i

r

1

-

LI ,

I i
'

I Test conditions refer to boundary conditions, initial conditions and bundla
power. The - boundary condition for each rod includes convection and!

;

i

|

.

LB
- - -- .
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L

radiation heat scurces. The steac. temperature seen by the rods and canister g
for convection was input in HUXY - *N

<
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7.0 RES'ULTS

From the FCTF tests idsntified in Table 4.1, were se le<:ted

I' analysis. The selected tests are sumarized in Table 7.1. The selected

tests provide a representation

It was on these criteria that the tests
.

were selected for analysis.

.

I
I

~

I
g -

.I
For this reason the set of spray helt

transfer coefficients are defined by analysis of a select group of tests.

*

I
I

I
i

g
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I
I

Excess spray results in water accumulation in the upper plenum.,

Further review of measured PCT in Table 4.1 indic ce , is would be expec;cd,

a strong dagenoence on imposed steam flow and bypass leakage., Should a LOCA g
occur in a jet pump BWR, it is expected that a large inventory of water will N
be in the lower plenum at the time of spray and flesh to steam a pressure
decays. 'his steam generation in the lower plenum is expe.ted to cause
steam upflows inuch greater than those applied in the tests. Those testi
exhibiting zero imposed steam flow are substantially conservative because
even modest steam upflow,; are sean to reduce peak temperatures by hundreds

of degrees. In some cases this reduces the heatup from initial temperatures
by as m ch as half. -

7.1 Temperatures

In a postulated LOCA in a jet pumn SWR, refbod is expectea to limit PCT
af ter spray initiation. Therefore, cemparisun of

temperatures between test data and HUXY predictions is of Interest a,a

primarily within this tirae frume. To establish the conservative quality of 5
tht specifics spray heat transfer coefficients it is only necessary that
NUXY overpredict the peak measurad temperatures during this portion of the
transient.

IComparison of measured and predicted peak temperatures is shown in Figure
7.1. The bar graph not orily indicates peak temperatures but also the heatus
relative to initial temperatures. A tabulation of data and predictions is

I
I
I
a
-



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

I
XN NF-929(NP)(A)'

7-3
.

cl
given in Table 7.2.

.

; .

.

!
.

;I
;\

ihe transien' temperature response of the test rod exhibiting the PCT is
3

shown in Figures 7.2 through 7.10. The HUXY prediction of the Desk-

| temperature transient is shown for comparison, i

: ..I

;I
' Figures 7.11 through 7.19 show predicted versus measured rod temperatures

on a rod-to-rod comparison. The comparisce.s are taken at the timesg-
j5 indicated in the figure titles.
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I.
These results support acceptance af the proposed spt ay heat transfer
cuefficients.

I
E

I
I'

7.2 Sprayfieat Transfer and Quench on Passive Rods

The spray heat ti ansfer coe/ficient on passive rods is assigned a value of
in the HUXY model. The wet-side heat trar.s/er coef ficient

^

on passive rods is assigned 3 value of in the HUXY

model, Acceptability c' these.

coefficients depends on contervative tempe 4ture and quench predictions by

HUXY g
5

i I
'

; I
|
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|
- 8.0 CONCLUSIONS AND RECOMME!10ATIONS

;

.

The essential features of the test results and analyses show;
.

il .

:

'I
I

15
7

!I
With - regard to EXEM ECCS licensing calculations for jet pump BWR's,

*

conservative predictions are cbtaincd by:

' Using a spray heat transfer coefficient of on heater
- .

rods adjacent to water rods,
,

Usir.g a spray heat transfer coefficient of on water.

.;

'g rods,
!g

..

Using a wet-side heat transfer coefficient of . on
.

.

! w3.ter rods and heater rods, and
*

.

J

$- Using of spray heat transfer coefficients on other.

rods and the canister.
}

!i;

.

: g. .

,
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I
,

These values are applicable to a HUXY simulation of the spray heat transfer
heatup transient in a postulated LOCA for a jet pump BWF.

'

Other conditions of the model described in this report must also be

consistently acolied
,

I
I ,
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, B. Assumes any liaD6htles w:th resocct to the use of. or for
! Carnages resuiting from Ing use rif, any information. ap- -

paratus, P etriod, or process discrosed in th:s docur c7t_

| I
.

! I
i

L B
.-. _

| 8



_ _ _ - - _ _ _ _ _ - _ _ _ _ _ _ _

I
ANF 929(NP)(A)

.

.

Supplernent 1
Pagei

I<
TABLE OF CONTENTS

191UE P.1q. t

1.0 INTRODUCTION 1................. ....... . .

2.0 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Overview of Test Program . . 3..................
|
' 2.2 Asp'ects of the Tests and Test Data . . . . . . , . . . . . . . . 7

3.0 RESULTS OF REANALYSIS OF THE TEST 0ATA 11.... ..........

4.0 RELATIONSHIP OF THE CONVECTIVE HEAT TRANSFER COEFFICIENTS TO THE EM , 17

. .

d.0 TEST DATA APPROPRIATE TO THE DATA BASE FOR DETERMINATION OF
CONVECTIVE HEAT TRANSFER COEFFICIENTS . . . . . . . . . . . . . . . . 19

<

60 STEAM UPFLOW RATES FROM THE ANF ECCS EM FOR JET PUMP BWR (EXEM) . 22. .

7.0 CONFIRMATION OF THE VALUE OF THERMAL EMISSIVITY USED IN THE DATA
EVALUATION 24..........,,......... ......

- 8.0 EVALUATION OF UNCERTAINTIES . . . . . . . . . . . . . . . . . . . . . 28

9.0 EFFECT OF PRESSURE DEPENDENT CORE FLOW RATE AND AFFECT ON CORE SPPAY , 31
~

*
10.0 VERIFICATION OF THE TEST MATRIX . . . . . . . . . . 32.... .

11.0 VARIATION OF CONVECTIVE HEAT TRANSFER COEFFICIENT WITH AXIALI LOCATION 37
-

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

12.0 BASIS FOR THE PROPOSED R00 HEAT TRANSFER GROUPING . . . . . . . . . 38

~

13.0 THE EFFECT OF CORE SPRAY DISTRIBUTION WITH ANF FUEL . . . . . . . . . 39

:E .

I
I

.

.

I
I

_



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

I
ANF-929(NP)(A)I SupplemeM 1

Page li

- LIST OF TABLES

I3.b.lt Pla

2.1 JET PUMP BWR 9X9 TEST MATRIX . . . . . . . . . . . . . . . . . . . . 9

3.1 DARAMETERS USED IN THE HUXY ROD MODEL 15...............

3.2 SUMMARY OF HUXY COMPARISCNS TO ?X9 BWR TEST DATA . 16.........

7.] AVERAGE INDICATED Eli!SSIVITt' 25
. .... ........ . . .

7.2 PEAK TEMPERATURE COMPARISONS . . . . . . . . . . . . 26.. . . .

10.1 BWR 9X9 RANGE OF TEST C00L'iNG CONDITIONS AND COMPARISON TOI EVALUATION MODEL RANGE OF COOLING CONDITIONS . . . . . 3E
'

......

I
I ,

.I .

I -

I -

;

I 4

.

_

.
.

a

I
I
I

- _



- _ _ _ _ _ _ _ _ _ _ - _ _ _

ANF-929(NP)(A)
- Supplement 1

Page lii

-

-

LIST OF FIGURES

fj.9El EE

~1.1
41

'

l.2
41

| 1.3
c _-

-

1.4 q
L 1.3

43 ,

1.6

R
- . .

43. . .

2.0 44
453.1 . . .

I 3.2
~

46 p. .

3,3 47' . .

'

3.4
48. .

- 3.5
49. . . .

3.6 >

I ,

50. .

3.7-3.154 51. .

.g 4.0 . . . . . . . . . 126

3 8.1 . 127,.,... . .

8.2 .

. . . . . . . . . 128
8.3

- . , . . . . . 128
8.4

. . . . . . 129

B- 8.5
12S... . . .

8.6
_

. . . . . . . 130
8.7

. . . . . . . 130~

l' 8.8 . . . . . . . 131

8.9
-

. . . . . . . . . 132-

. n2... ...

8.11 <

. . . . . , , . 133

I
t

I
- -_



- - - - - - _-_ _ -_ _ _ _ _ _ _ _ _

E
ANF.929(NP)(A)

Supplomont 1 g
Page iv g

'

8.12
. . . . . . 133

8.13
. . . . 134

8.14
. . . . 134 3

8.15 . . . . 135 5
8.J6

. . . 136
8.17

. 136.

'8.18
. 137.

S.19
. l'37

S.20
. . . . . 133

8.21
138 -

10.1 . 139
10.2 . 139
10.3 . 140
10.4 140

I
M
B

I
I
I
I
I
I
B
-

'' ~~- -~



___ _ _ _________

I ANF-029(NP)(A)

I Supplement 1
Pagev

ACKNOWLEDGEMENTSo

I trke this opportunity to acknowledge the following contributions in the
labors into this document: Dr. R. B. MacDuff performed the test work;

I- Mr. Carl Wheeler (Numerical Applications, Inc.) executed the HUXY comparisons

( and prepared the data comparisons and engineering notebooks; Mr. Larry Wiles
(Numerical Applicaticos, Inc.) prepared the HUXY input decks, code updates to
treat the test feel assembly design, and preliminary data comparisons, -

Mr. O. M. Turner crovided detailed review and verification of the H0XY
,

| treatment iad input deck; Mr. J. G. Ingham pre 9ared the model applications
discussions; Dr. D. S. Rowe (Rewe & Associates) performed the Evaluation Model

<

test conditions predictions; Messrs. D. R. Swope, D. F. Richey, C. M. Turner,

and Cr. B. Vaishnavi performed quality assurance verification of data

comparisons: Mr, J. A. Bryant plotted final figures; Ms. Sue \llen prepared -

,;
' the final document.

<I
,

|I -

!

ll
i

!I
:

$
r
il -

1

!
~

I
ja

--_



- - _ . . _ _

.

ANF 929(t4P)(A)
Sorglomer,t 1

Page1

I 1.0 IN1P/4)UCT10N

The Exxtn Nuclear company (now Nvanced Nuclear fuels Corport.tice, At'f )

submitted a report doc!menting heat tratafer performance of BWR 9x9 feel types
during simulated LO':A. conditions. The results from tests '

vern s m itted in the report jptgyltL JrwAt

hefficiPMs. hr Jgi fsp.,R3.fml Aunbljn wQtt.j{31gr Jmj;(U (Nuto: ,

References are located at the e00 of tach section). 750 fuel types tested

represent t range rf water rods likely to be used in current and future fuel ..

designs. All ott,Pr aspect:, of .iesign ,5cre 4dentict.l. fuel types are
intended to oprate at the same bandle power. The enport was reviewed by_ O.0

Nuclear Regulatory Commisslun Staf f and censultants, 0everal questions and ',

t;on' corns were identified. These arose frun meetings and telephone

conversations with the NRC staff and consultants on Septemb1r 30, 1988,
.

November 9, 1987, and October 28, 1907.

.

This report ctcuments the spray heat transfer coefficients *. hat should be %

us?d with the ANT 9x9 BWR fuel designs. The submittal of these coefficients ,

is in response to Tsaragrap D.6 of Appendix X, which requires that "folicuing
the blowdown period, convective heat transfer shall be calculatec using
coefficients br ed on appropriate experimental data.' y

The experiments- were conducted under conditions appropriate to (ht. BWR
LOCA spray cooling period as calculated by the Advanced Nucleer Fuel IXEM BWR

ECCS Evaluatior Model (EM). Figures 1.1 through 1.6 oresent results for
Evaluation Yodel calculations

.

4

.

w

_ _
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I
No model treatments .re revised in changing fuel tyres, only code input

b wculd be apprspriate for plant and fuel specific char.ges. Therefore, the

usa of coefficients appropriate to the 9x9 reel types is a change in fuel type ;
.

'

not LOC #/ECC3 model.
.

.

Each section of this document addresses a concern / question posed in the

|n'erementioned conne11 cations. These are summarized in the Table of Contents.

I.
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?.0 SUMMRY i

In response to questions / concerns rentioned in the Introduction, ANFI undertook a reevaluation and reanalysis of the d t.t a . The reevaluation
supports the foilowing heat transfer coefficient (HTC) groups and convectiveg,

5 heat transfer coefficients for ANF 9x9 fuel typts:
,

I
| -

'

I

! different rod heat transfer groups were analyzed, and Evaluaticn
Model (EM)(2) comparisons with the data for each of the groups are '

presented. S11ection of the above heat transfer set yields a reasonably

| dniform bound of data appropriate to the event after the

f time of rated spray. time of oted spray is a

bounding maximum time to reflood appropriate to the ANF EH. The heat transrcr ''

coefficients are referenced to as local fluid

temperatures are net generally defined.

One important feature of the test and analysis program is the conclusion

! reached regarding the convective heat transfer.
~

:I
!I
.

;I:

i| 2.1 w erview or Te n e
..

45
:
i .

4

?
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Section 2.0 Etf3rences

I 1. Spray Heat Traasfer Coefficients for Jet Pitmo BWR Fuel Assemblies with
Water Rods, XN-NF-929(P), September 1986.

2. fJgLqD_.31Citgr Methodoloov for _ Boilina Water Reacters EXEM BWR ECCSI Evaluation Model, XN-i4F 80 19(P)(A), Volumes 2, 2A, 28, 2C,

September 1982.

3. Exxon Nuclear Company, HUXY: 6 Generalized Multired Hedup_,fpde with
10CFR50. Acqqndix A Heatuo Ootion _.._ki.2r's Manual, XN CC-33(A),
Revision 1, November 1, 1975.
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I
3.0 RESUl.TS OF REANALYSIS OF THE TEST DATA

ANF has reanalyzed the data using a fuel red Jimuinor model. All heater -

rod components have been represented in the analysis, and the density of
Baron Nitride dielectric reflects as built conditions. The rod heat transfer

I coefficient distribution used in analysis of the two configurations is
presented in the Figure 3.1.

Key aspects of the reanalysis are cited below and parameters used in the
HUXY rod mndel are presented in Table 3.1:

1. Boron Nitride density was revised.

2. Test normalized axial power used in the analysir was revised
to as built of Rod bundle local normalized.

power distribution was revised to the actual testad.

3. 1he maximum temperature history of each of heat transfer
groups for tests All
other tests are of equal or lesser challenge end analysis would show

_

equal- or greater bound. The attached maximum temperature plots
'g

N (Figures 3.2 through 3.6) illustrate the relative challenge of tests
within each test series confirming the above assertion. The tests

| applicable to the heat traasfer coefficient data base and test. matrix are
shown in Table 2.1. Finally, data comparison

,
4. The HUXY code is compared to preheat " adiabatic heat up" test data

, ,

1

' proper rod modeling, power, and input.'

(Please see Section 8.0 for further discussion of confirmation of the
I heater rod model.)

|I - :

|I
|I
L

=

\
.-_ .. .-
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,

S.

I
G. Co' w vatism in tiia analysis of the data is assured by tne following

,

assumptions:

I
I'

I
I

.

The results of the analysis are summarized ta Tab 1c 3.2, " Summary of HUXY g
Comparisons to 9x9 BWR Test Data." Figures 3.7 through'3.154 present results R
for each test elevation analyzed as summarized in the table.

t

,

I
.

There are five categories of underprediction of the data as is shown in
Table 3.2. These are:

.

_ . . . .
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8
4.0 RELA 710NSHIP OF THE CONVECTIVE HEAT TRANSFER COEFFICIENTS TO THE EM

The ANF LOCA/ECCS Evaluation Model (EXEM)(1) has been reviewed and
'

approved (2) by the NRC as being in accordance with the requirements of-

Appen:!ix K. The ANF LOCA/ECCS Evaluation Model is composed of severalI computer codes and documentation which are used as described in Figu e 4.0 and

references to this section.

For LOCA analysis purroses, the ANF BWR EXEM methodology can be

| visualized as two parallel calculations, a system calcalation, and a fuel or
heatup calculation. The system calculation considars the core as an average
and calculatas the transient boundary conditions on the core resulting from a

postulated LOCA. The heatup calculation determines the response of the
individual fuel rods in the maximum pcuer fuel assembly to the imposed system

i i boundary conditions resulting from LOCA. As indicated in Figure 4.0, the BWR

EXEM methodology further subdivides the two parallel LOCA calculations into
three LOCA time periods: (1) blowdown, (2) refill or spray cooling, and
(3) core reflood. The spray periou heat transfer uefficients are used only
in the refill portion of the fuel heatup calculation of the BWR EXEM model.
Specifically, the coefficients are included in the input to the HUXY
calculation for the refill portion of the transient. HUXY uses spray heatI transfer coefficients from the time of rated LPCS injection to time of .hntI

node reflood (taken from FI EX). These coefficients are to be applicable for
g

|3 the fuci design being licensed. The ecofficients listed in Appendix K are

app *opriate for 7x7 fuel designs.'

Following the time of hot node reflood, the Appendix F. reflood heat
2trany fer co<tfficient (25 BTU /hr-Ft -F) is used. HUXY/BULGEX output is the

peak clad tenperaturo (PCT) and maximum fraction of clad oxication.
,

i
E

I
i

- . _ _. ._ .- .
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5.0 TEST DATA APPROPRIATE TO Tile DATA BASE 10R DETERhlNATION Of CONVEr.TIVE

HEAT TRANSFER COEFFICIENTS

ANF has removed from the data base submitted as
basis for determining heat transfer performance of the 9x9 fuel.I

I
I

il
( (he tests

in the heat transfer ccafficient data base are identified in Table 2.1

This selection is supported by the phenomena description in the f4RC'

Cci.pendium report (l) which describes the ECCS heat transfer phenomena during

the post-blowriown , period in a BWR. Under single failure conditions, the
folicwing eccurs:

J

'

a. The bypass region rapidly fills with ECC and the bypass fiuid
anters the bottom of the core in countercurrent flow throughg,

5 the bypass region coolant holes in the lower tie plate and
channel to tie plate seals, Due to steam updraft from lower:

plenum venting, the bypass fluid is retained in the fuel'

assembly for coolinc.

>I b. The lower olenum continues to depressurize.and fluid contained
in the lower plenu. continues to boil off resulting in

I significant steam updraft through the core.
,

c. The upper plenum rapidly filis with subccoled ECC tc the level
'

; of the spray sparge-s. Tha subcooled ECC candenses the steam
~

exiting the core and some liquid flows countercurrent through
,

I
.. .
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tt.e upper tie plat) to cool the assembly from the top. In the '

peripheral region where the fuel assemblies are " tightly g
orificed " and the ECC is more subcooled, the condensation of 5

steam exiting the upper tie plate is sufficient to suppress
steam updraft and these fuel assemblics transition within about
10 seconds to a co-current downward flow resulting in a ready
means to convey fluid to the lower plenum,

d. The balance of the core transitions into countercurrent and
co-current upwards flow regimes. The heat transfer coefficient
never drops below 20 STV/hr f t2-F. The countercurrent flow
assemblies r'apidly refill with ECC from the bypass region while
the co-current upwards assemblies remove mast of the steam from

the lower plenum while entraining the bypass leakage to cool
the fuel.-

,

The ANr tests :aodeled
appropriate to this scen'.rin with an electri: ally heated test g

fuel assembly. ANF concludes that the test data reps ted r easonably bounds 5
the coolant conoitions caiculated by its approved EM, and therefore provides
adequate basis for the proposed convective he.t transfer coefficients.
(Please see lection 10.0 for further di scr.s sion. ),

I
I
I
$

I
|

.

I
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6.0 STEAM UPft.0W RATES FROM THE ANF ECCS EH TOR JET PUMP BWR (EXEH)

Analysis with the ANF BWR EM (Paference 1) was perfunned for the limiting |

break for BWR 3, 4, and S/6 plants. |
1

These are reported-
,

% in Section 10.0. ANF concludes that the test data reported reasonably Dounds !

the coolant conditions and therefore providas adequate basis for the proposed

convective heat transfer coefficients. .

I
J ;

;i
t

|I
:I
:I .
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Section 6. 0 Re f.e.cgr.sps
|

Ex_on Nac.lcar Methodology for Buling . Mat er Reactors EXEM BWR ECCS1. x
11Alta.11prLliq1gl, XN-NF 8019(A) Volumes 2, 2A, 28, 20, September 1982.

E
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7.0 CONFIRMAT' a 0F THE V/ L'JE OF 11iERMAL EHISSIVITY USEb IN THE DATA
EVALUATION

Steady state heating tests were performed on an 8x3 test fuel assembly
fabricated of the sante materi ls as for the 9x9 test. These results wereI documented and s1bmitteC to the NRC for review and approval. Based on the

tests and analysis, ENC (Encn Nuclear Company) and the NRC concluded that a

I> value of thermal emissivit.s of is appropriate for use. These results are

summarized belcw. -

I
Advanced Nuclear Fuels #.0 porar. ion (previously, Exxon Nuclear Company)

'

conductad BWR FLECHT type tests in the ANF ownec Fuel Cooling Test Facility
(FCTF) during 1973. The results of the tests were report (J in XN-75 36.(i)
The tests were conducted with a full sized BWR 8x8 fuel assembly with

3

nonuniform axial heating, ihe objective of the tests were to verify the

applicability of the Appendix K 7x7 he - transfer coeffic.ients to SxS fuel
types for non jet-pump BWR without imposed Jowndraf t. The testing confirmti

'

that the referenced heat traisfer coefficients were conservative to the data.

Several tests were run in the test program to verify the value of the
tnermal emissivity used in the data analysis. The tests and analysis

f
t

confirmed that a value e is appropriate for use.

Two test series, with the haated assembly at nearly steady-state
4conditions of 1400 and 1600 F (nominal) peak rod temperature were conducted

with two testi each. An analysis of the resulting emissivity data was

y performed which resulted in an estimate of the average value of themal
.missivity additional analysis of sensitivity

,

of calculated PCT to measured PCT was performed with two values of emissivity.
' These results are reported in Supplement I to XN-75-36.

I
I
I

- - _ - __ --- _----__
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E1

I,'

< |

I'
g,

The retelts of the tests are summarized in Table 7.1 (Table 1.1 of :

Supplement 1 of XN-75-36):
1

TABLE 7.1 AVERAGE INDICATED EMISSIVITY
'

!
. .

5

I
I

4

The results shw that use of a value of thermal emissivity in
reduction of the test 6ata to heat transfer coefficients is justified.

.

%o

e

C
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-

- .
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The sensitivity of predicted PCT with emissivity was also evaluated and

| compared to test results for of the referenced 8x8

(XN-75-36) tests. The sensitivity calculetion used emissivity

of The referenced Appendix X heat transfer coefficients were'

used in the calculations. The predicted PCT was compared to measured PCT

The results are summarized in Table 7.2 (Table 1.2 ofI Supplerr.ent 1 of XH-75 ~36):

TABLE 7.24 PEAK TEMPERATURE COMPARISCN$b
,

'i
i

|I
I
I

These results indicate that the sensitivity to emissivity is small, and
,

that the PCT was conservatively predicted. As the emissivity incre.ased with

bundle age (consistent with increased ;xidation of surfaces with age) and the 1

I measured average emissivity is from .66 to .71, a value af .67 is appropriate
for use in data reduction.

I
I

.5

I
.
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1
8.0 EVAL.UATION OF UNCERTAINTIES .

Instrumentation is calibrated prior to and during the test program. The

rod temperature measurement thermocouples and power mearurement are of
partie.ular importance since they provide. the direct gage of relevance to the
Appendix K acceptance criteria. Other measurements:

to which the tamperature data

has reduced sensitivity and the data has some variance. As the range of test

.

parametric variables can be expected to conservatively bound the uncertainties
of these variables, the parametric variables need be known to a lesser preci-
sion and an uncertainty evaluation of partmetric variables is not necessary.

All fuel assembly and ine.rt corrpor. ant thermocouples are lot calibrated as-

j per standard RDI C7 6T
5

i

Power is reasured by six watt transducers which are calibrated by using
precision voltage and resistance measurert.ents .

I
I in order to verify the HUXY code fuel thermal model used in the data

evaluation, adiaca' tic heat-up calculations were performed for tht: test
prcMat period and compared to data Results of the. , ,

analyses as well as power input to the code are presentedg
a The preheat per'.od is the time during which the test fuel

.

assembly is brought up to the desired initial temperature. There is no
significant coolant introduccd to the facility during this time. Normally, a

purging steam flow is introduced to preserve the steam atmosphere. The

preheat period is therefore nearly adiabatic and the temperatures are low

I
.
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enough that radiant energy exchange is a small part of energy input and is
analyzed as such with HUXY accotin*:ing for only radiant energy exchange, power |
input, and rod theraal capacitance,

l

. .

.

I
g.-

E
,

I'

Adequate margin exists in the data and analysis to comforthbly accom- |
modate any additional convolution of test and calculational uncertainties.

19
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I
Heat up calculations similar to those perfermeo

were performed for in order to verify rod locals and power group

power for The final results are
presented in Figures 8.15 through 8.21.

I

I
I

Another problein in data interpretation was noted. The

burdle hardware had aged to the point where the six and eight foot

thermocouplet were covered by the six and eight foot. spacers f or the
tests.

I
|

I
The test data w s conservatively &nalyled. The cower used in

bthe analysis of the power groups which exhibited poor corresponde. ice
)

was reductd such *. hat the temperaturo of the lowest tempe aturer

thermocouple in that power group is not over predicted. This assures a ,

conservattve interpretation of the data.

The conservative interpretation of the test data resuits in the analyses a

I reasonably bounding the expected behavior. Therefore, the analysis includes
an appropriate consideration of the uncertainties and no further application'
of penalties is needed.

'l
I !

!
. - ~ .
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I 9.0 EFFECT OF PRESSURE DEPE!; DENT CORE FLOW RATC AND AFFECT CN CORE SPRAY

The rate at which ECCS water would be sprayed into the upper plenum
during a LOCA depends on the ECCS design and the pressure in the upper plenum.
The fraction of the injected ECCS water which flows downward through a fuel

I buntile depends on factors such as counter current-flow. As discussed further

.

in Sectiot, 10.0, CCFL limitations prnduce e pool of water in the upper plenum.
This pool of water provides a source of coolant to the fuel bundlas which is'

not affected by core spray over time as long as rated spray is maintained.

I The primary conct.rq of small breaks is that the pressure might not drop
low enough for the low pressure ECCS systems to become active until' a long

. I' time after the mixture level drops below the top of the core. This is not a
concern for the proposed DWR spray heat transfer coefficients for two reasons.
The first reason is because BWRs have an Automatic Depressurization System

(ADS). ADS is the ECCS which opens the safety /rclief valves in order to
increase the rate of deprescurization so the low pressure ECCS can become
effective. The second reason is because spray heet transfer coefficients are
not used in ANF LOCA methodology .until after the pressure has decreased
suf ficiently for the low pressure core spray to achieve its rated flow rate.

I~
.I

I
.

:,

I
*
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I
10.0 VERIFICATION OF THE TEST HATRIX

'

The test matrix i t 'vased on ANF Jet Pump BWR EM calculations for BWR 3,

.

4, and 5/6 yielding the range of bundle power and maximum rod temperature at

the refill period. Tha results of the calculations performed are presented in
N gures 1.1 through 1.6, and in Table 10.1.,,

Historically, BWR FLECHT tests conservatively simulated upper plenum ECC 7

injection. The minimum spray flow per channel was apprcximately 3.25 gpm.
''Later tests conducted in the Steam Sector Test Facility (SSif) and Japanese

g Eighteen Degree Sector Tast (ESTA) demonstrated that with prototypic core
4 45 steam updraft, the upper plenum ECC accumulated in the upper plenum resulting

in a pool of 11guld above the core which assured distribution of ECC to all
' assnolies. Inus, the historic basis for 8WR FLECHT type tests was shown to

be abundantly conservative and a more appropriate basis is to develop the pool
of fluid above the test assembly upper tie plate.

The ANF tests simul ate appropriate test .snditions by appertioning

I sufficient ECC liquid in the test ve.,sel upper plenum and bypass

leakage-

_

wI-

I
.

.
'

I
Analysis of hydraulic test results shows that the method of ECC injection

'
in the ANF tests reasonably obtained conditions observed la larcer scale
tests, further confirming the test matrix. Reference ' describes results of
selected SSTF tests. It is noted in the discussion of Test SRT - 3 (26)

_

I
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.
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I.
(Reference system transient test) that a residual level of water (10 inches
collapsed 'ivel) is estabiished in the upper plenum (which should assure all
assemblies receive coolant). The conductivity element readings in the
vicinity of the HPCS sparger indicate that the upper plenum twuphase level
resides at the elevation of the HPCS spargers. The pool of water is reported
to develop very early (approximately 10 sec).

I
I

The Compendium (Reference 5. Page 6.5-12) notes: "A residual amount of
liquid always renained in the upper plenum whenever the spray flow exceeded
CCFL limited drainage through the core. This residual liquid ramained even
after CCFl. breakdown and drainage of the bulk of upper plenum liquid. Liquid g
coald therefore flow to the tops of the fuel channels regardless of the a
distribution of the spray over the tops of the channels."

t
. 1

I
I
I
I.

I
I
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I
I The cooling conditions used in the tests are bounded.

by the EH calculations because an Appendix K heat transfer coefficient of 25I BTV/hr ft -F is appropriate at time of significant entrainment at the plane of?

-interest. The test data clearly show higher initial steam updraft results in
greater cooling (see figures 3.2 -through 3.6 for relative challenge of tests
and Table 2.1 for test conditions). Therefore, the test conditions are

| comervative relative to the EM conditions.

I
I
i

Therefore, the nigher spray is appropriate and develops cooling boundary _

conditions appropriate to EM assumptions in accord with the requirements of
Appendix K.

I
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c Convective heat transfer was analyzed
as permitted by instrumertation availability. The HUXY calculation

with 1.he proposed heat transfer coef ficients reasonably b:,unds tise data:
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12.0 BASIS FOR Tile PROPOSED ROD HEAT TRANSFER GROUPING

- The analysis examined heat transfer groups. The peak rod

temperature within each group at each edi' time during the analysis are
..omp a red . Thus, the test PCT rod along with other rod groups is captured for

, |I . the comparison. The rods within each heat tra* ~e group are collected -

according to rod location:

I
!-

I

I .

E

i
-

I .

I
E

g,

' This grouping results in reasonable bounding of all powered rods

! distributed through the rod array.

.
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i I
- 13.0 THE EFFECT OF CORE SP9AY DlSTRIBUTION WITH ANF FUEL

The Compendium of ECCS Re:earch(I) discusses the core spray distributiong
,

with respect to ECCS heat transfer. The discovery of the difference of spray

angle from spray sparger nozzles britween steam or air resulted in substantialE
- g

a research into core spray distributica. The General Electric tests conducted

.

in steam, air and finally the 3STF confirmed that all assemolies receiva a
significant fraction of design spray flow. However, more importantiy, the

- SSTF tests showed that a pool of water rapidly develops above the core due to
_

the CCFL at the upper tio plates and the copious water injected into the upper
! plenum. The tests showed that even when the peripheral assemblies transition

- to co current downflow (siphoning off ECC to lower plenum) a residual prol ,

of collapsed minimum liquid level of 10 inches water remained thus assuring:

; , .. that all assemblies received the maximum flow that upper tie plats CCFL would

[ permit. The Compendium concludes that this phenomenon should be considered
,

during any reevaluation of spray distribution for licensing calculations.

The ANF designed apper tie plate area for flow is similar to that of the '

f._ fuel it replaces to maintiin hydraulic compatibility. The area for flow is
'

- the principal parameter in calculating the counter current fl ow. Thus, the
'

counter current flow behavior at the upper tie plate / upper plenum interface
-

will be nearly the same regardless of fuel type.
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;Section 13 0 Referencess

1, [ggnendium of ECCS Research for Realistic LOCA Analysis, NUREG-1230,
December 1988.
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I
1.0 iHTRODUCT10N

Supplement 1 of this report documents the heat transfer coefficient setI for ANF 9x9 fuel designs with water rod (s). This heat transfer coefficient

.

set is to be used durirg the spray period cooling of LOCA/ECCS analysis for
boiling water reactors. The coefficients were established based on comparison

of the spray period fJel heat up Cod?, HUXY, to rod group temperature history ,

' for most limiting and appropriata tests.

To verify that the spray fluid heat transfer coefficients are applicable
over the range of parameters that would be encountered in an application
analysis, this document examines the difference between the HUXY predictionsI and test - data to determine if there are any trends which may indicate

,

reduction in conservatism over the proposed range of application. The results
- of the work show that the coefficients are appropriate over the full range of

applicabili ty.
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2.0 THE ANALYSIS METHOD

The range of initial test conditions, and EUR LOCA/ECCS Evaluation Mode'
(EM) range of conditions et time of rated spray are presented in Table 10.1 of
Supplement 1 of ANF-9'29(P). Review of this table indicates that the proposed

I' heat transfer coefficients should be justified for higher initial rod tempera-
ture and bundle powar. The following evaluat;on provides this justification.

~

,

The evaluation performed are analyses of toe trends and scatter in the
predict",on of the test data. These analyses and the conservatism in the data,
and application of tN data support the use of the revised beat transfer
coefficients over the full rance of the ANF Evaluation Model application. .

.

In the accepted AIT Evaluation Model (EM), the HUXY code treats rod
power, rod temperature, and thermal radiative heat transport at the plane of
interest in the fuel assembly. The " convective" coefficients are defined as
the residyal heat transport in excess of the fuel roc thermal radiative energy

| balance as calculated by HUXY when compared to appropriate test cata. The

convective coefficients are input to the code and assu:aea to be constant from

.

the time of rated scray to the time of significant entrainment at'the plane of
interest. The test data provides basis for the appropriate set of
" convective" heat tri.ufer coefficients. The power, temperature, and the

;I thermal radiative fraction of rod heat transport are included in the EM
treatment. The remaining fraction of the rod heat transport is treated using
the " convective" coefficients. The question, therefore, to be addressed is to

demandtrate the " convective" heat transfer is conservative such that there is
- no reduction in the margin outside the test conditions. This question is

addressed by analyzing the data trcnds and scatter in relation to the range of
application.

The " goodness of prsdiction" of the test data together with relevant
- independent test variables are presented in Table 1. The HUXY predictions of

the test data are evaluated by quantifying the temperature difference (Td) of
the prediction and test data for all tests predicte1. A positive Td indicates ,

a bounding or conserystive prec'iction.
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3.0 RESULTS

The data preser.ted in Table 1 are grnphically presented in'
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| Therefore, the use of the convective heat transfer coefficients proposed
in Supplement 1 to ANF-929fD) are appropriate and conservative over the entire

y range of test data. Furthermore, use of the heat transfer coefficients at
initial temperature and power higher than the rangs used in the tests is
appropriate because of the conservative trend in prediction of the data and'

physical phenomena, and no limitation need be placed on the application ini-

this reg?rd.
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*

curNr.g the sc;nt rnatier of this documant are inose set fonn in tne agreo-
ment en* ween Advanced Nucien Fuers Corporation and tne customer to
which tms :W,ur, tent ts issues Accordhgiy, except as otherwise expresaiy
pete tad in such agteement, neitt.er Advanced Nucteer Fuets Corcoranon nor
r 1erson acting on its cenalt:

..

A. Makt.s ar', warrant), of repre=entation excress or im-
plied, witn rastset to the accuracy, comoisteness, or E

_

usefulnest of the information contained in th s docu-
ment, or that the use of any informacon, apparatus.

,

method, or procen disclosed le tNs docwnent will not
intnnga pnvately owned ognts, orc

D. Assur es kny14b(lities with respect to the use of, or fov IT
darrages resulting frcrs the use of, any information, ao-
paratus, feetnod. or process citetosed in tM document.

I
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2.0 COMPARISON OF 8X8 AND 9X9 FUEL RESPONSE FOR A SWP. 6 |
Figure 2.1 shows results of a heat up analysis performed using the |

Advanced Nuclear Fuels Corporation approved LOCA/ECCS evaluation model.a The j
Poure compares the spray period beat up response far ANF 8x8 and 9x9 fuelg

for the limiting (DEG/RD, C =1; 8x8-2, 9x9-5 fuel) break, The 8x8 heat I'.e D
-

'rp analysis used heat transfer coefficients approved by the USNRC for use for f
.

;) 6WR 8x8 fuel (Reference a). The 9x9 analysis used the heat transfer ,

t

coefficients proposed for 9x9 f'>el as described in ANF-929(P), Supplement 1.b |

Local power peaking, rod heat transfer grouping, etc., appropriate for each
1

fuel design are used in the analysis. |
,

Figure 2.1 shows the limiting rod temperature rise from time of rated |
,

spray for each fuel type. The lower curve is for the 9x9 fuel.

I
!I
Lt

I
Et
f Reflood related cooldown is shown for the 8x8 fuel
'

-

B
i 3 Exxon Nuclear Company, Exxon Nuclear tiethodoloav for Boilino Water Reactors,

XN-NF-80-19(P)( A), Volutres 2, 2A, 28, 2C, September 1982.|g
E bAdvanced Nuclear Fuels Corporation, Anwers to Ongstions Posed by the Nuclear

Bgaulatory Comissior Staff and Consultants on t: Advanqed Nuclear Fuels BWR
9x9 Scray Coolina Period Heat Transfer Coefficients, ANF-929(P), Supplemerit 1,.I February 19 0 .

!I
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'

I-
It should be noted that the fuel temperature during the blowdown period

,

would be expected to be different for the two fuel types. The principal cause j
is the reduction of linear heat generation rate (LHGR) in 9x9 fuel rod design

'

when compared.with the 8x8 design. This reduction in LHGR results in reduced g3
stored internal energy and average fuel temperature. For example, an 8x8 er

design with 144 inch active fuel length with the fuel assembly operating at
6 MW, full power, and containing two water rods (62 active rods), the average k

linear heat generation rate is 8.06 kW/ft. A 9x9 fuel assembly with five
'

water rods., 6 MW power, 144 inch length would have average lincr heat
generation rate of 6.58 kW/ft. Thus, initial stored energy of the 9x9 fuel
design would be approdor.tely 807. of the 8x8 design fuel and resultant lower
fuel temperature.

E
E'

I
I

.

I

I
I

.
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\
3.0 ANSWER TO QUESTION 1

- phat is the effect of the axial oower shape on the hett transfer'

coefficien M? Would different axial oower shtgn affect PCT or have an

.q!1vtr.se ir ugl on aDY hot SDois? Shoff d this effe.gt be considered in the
gyaluatio._q sinca _ blant limitina axial cower shang3 may differ fromt

.

lh t used iq_ . tests to develoo the sJray heat tranjff;r coeffigients?fm

The HUXY codea treats internal power generation and thermal radiation at ,

the axial pl atie of interest and therefore accounts for axial power
,

_

Fuel rod and channel quench are also axially dependent in thedistribution.

.

approved ANF Evaluation Model (EM). The proposed convective heat transferk

coefficients do not change with change in elevation (consistent with the 7x7
' Appendix K and ANF approved 8x8 heat transfer coefficients). The effect of

axial location and bundle power on the convective heat transfer coefficient
i-

'

set is examined in Supplement 2.b The analysis shows
i

.-

*

~

a
-

dThe bounding minimum margin of the EM prediction of the test data is

[ maintained ' as is shown in Supplement 2. As

shown, the dUXY prediction with the proposed spray heat transfer coefficients
bound the data for all of the elevations and powers. As d'3 cussed in

.

._

U UXY: A._ Generalized Mullirod Heatuo Cofd with 10 CFR $0. Accendix K HeatuoD H
00 tion User's Manual, XN-CC-33(A), Revision 1, November 1975.

D valuation of Rance of Aeolittbili3Y of Heat Transfer CoJffiqients ProcosedE..

fg 9x9 BWR Fuel, ANF-929(P), Supplanent 2, April 1989.

- cAnswers to Jigstions Posed DY the Nuclear Peculatory Commission Staff and
_gn;ultants on the Advan.qad _Muclear Fuals , SWR 9x9 Soray Coolina Period HM

_ I Transfer Coefficients, ANF-929(P), Supplement 1, April 1989.

d* lote : " margin" is cefined as the difference between the HUXY/EM prediction=

_r' of the test data and the test data. Positive margin is for an overprediction.

1

I
1 __
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,

,

L Supplement 1, the coefficients were established to bound the test with the
most conservative conditions. Thus, the EM calculation adequately accounts

for changes in axial power distribution as described above. The lack of
sensitivity of convcctive heat transfer to elevation may oe exphined by the g
fluid probably remaining near saturation conditions because of the two-phase 3,
fl ow, the interphasic mass and heat transfer, and the flow probably being
dispersed. With these conditions, the transport properties and fluid vebcity
are not significantly changed. Therefore the convective heat transfer ~

coefficient would be expected to be relatively independent of axial elevation.

-

a orIn the INEL review, reference was made to an analysis by R. Griebe
the BWR FLECHT tests. Analysif of the test data as reported in the document y

illustrated a sensitivity of heat transfer coefficient to elevation at 10.8 ft
and 1.2 ft (discussion beginning page 39). In the referenced test (s), cooling
was by top s;; ray only with stagnant lown plenum. The test scenaric of the
referenced Griebe report and performed by General Electric was developed ta be -

the most conservative boundi,1g set of conditions. In the Griebe report, the

heat transfer coefficient at naar to the top-and bottom of the heated length
was greater or less than at midplane. in spray only, fluid droplets enter Me
fuel by countercurrent flow to steam, in the spray cooling scenario, droplets

.

migrate to the channel because of inability to wet fuel rods but to wet the
channel. A falling film on the channel evaporates, resulting in steam cooling
the lower elevations of the assembly. An axial location is (may be) reatned
wherein there is either deficient fluid in the film or defic:ent radiant heat
flux from the fuel to develop significant steam. Thus, the ?ower reaches of

the bundle would exhibit lesser steam generation and lesser coavective
cooling. Cor.versely, the upper reaches of the fuel receive greater coo?ing
from droplets as being nearer the source. These explain the cause for the
difference in heat transfer at the extremes of the fuel. The extreme ends of
the fuel are not of interest to LOCA analysis because of lesser power there. .

'

-

BBoilina Water Reactor-Full Length Emer_q ncy Core Coolino Heat Transfer (BWR
FLECHT) Te s t_ Pro.iec t . Final _ ReJort on Atmoscheric Pressyre Stainless Steel
Experiments , Griebe, R. W. , et. al . , Aerojet Nuclear. . . . ' 73. g

I,
-
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_

' Griebe concludes (near bundle mid plane) there is no pronounced sensitivity

2 of total heat transfer coefficient to initial temperature; the effect of spray
rate is not appreciable; and no dependence of the total heat transfer_

coefficient up to the 1.ime of rod quench can be attributed to bundle power.
_

If power was peaked to bottom, lesser heat input would go to the top of

_i the assembly. Therefort, the failing film of coolant on the channel wnuld

_

Lurvive farther down the assembly to cool the bottom peaKad configuration.
-

*

f Top peaked fuel does so because of insertion of control rods. Insertion of
'

rods results in lower assembly power which is lesser challenge to LOCA limits.

:

Four significant changes in the LBLOCA have since occurred:
~ 1) Interstitial cooling water is metered into the bypass region by hole.; in
- the lower tie plate wall rather than lower core support plate; 2) While

depressurizing, the steam in the lower plenum vents t'Jough the core, ,

resulting in significant steam updraft through the core: 3) A residual pooi;

of water remains in the upper plenum such that all fuel receives ECC from the
q

upper plenum limited by CCFL phenom 2na;- 4) Large scale integral and separate ay
-

2ffects tests have confirmed a scenario which leads to prompt turnaround of
'

--j the temperature excursion, and mitigating phenomena.

As the bypass (interstitial) region fills rapidly, ECC leaks in reverse
flow to above the side entry orifice (significant amounts, like 6 gallons per

] minute) through the tie plate interstitial cooling holes and channel to tie ,

3 plate joint seal. The updrafting steam retcins or entrains the ECC in the
- fuel which results in cooling of the bottom of the fuel. Pool boiling

entrainment of liquid (ccunter current flow limited assemoly) or more vigorous
'

entrainment by steam updraf t (co-current flow limited assembly) results in
cooling at all elevations substantially greater than the spray only scenario,
while ECC still penetrates the upper tie plate from the pool of water in the

_

upper plenum similar to the spray scenario. Thus, the real scenario developsj
7 cooling-in addition to the spray only scenario. The fuel is cooled from both

} top and bottom with the result that the fuel with power peaked either at top

J or bottom of fuel would be cooled.
.

. - _ _ _ _ ._- - _ _ - _ - _ _ _ _ - - _ - _ - _ _ _ _ _ -
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Therefore, although the BWR FLECHT stainless steel tests showed an axial
di.pendence at the extremes of the fuel, changes to the fuel design, and
improved knowledge of the LOCA event have shown the early tests more
conservative than necessary and not representative of the phenomena. The ANF g
tests used the current fuel design (i.e., accounting for lower tie plate E
cooling holes), and the information derived from NRC sponsored test programs ;

to establish the bounding tests. The heat transfer coefficients de aloped

from the ANF tests show the EM prediction to reasonably bound the test data at

|all elevations of interest using a constant value of convectivn heat transfer
'coefficient.

.

I
.

l
. :
E

I
I
R

S

I
I
I
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4.0 ANSWER TO QUESTION 2

g What is_tke.[fect of rod balloonina and rupture on such factors as PCT.
nidation of the, fuel and on the (i.stribution of flow in the core? _Such
f.gtqtpr.s._,1.should bel be censidered in the__ evaluation.

As required by 10 CFR Appendix K, roo ballooning must be considered in
b

tha EM. .In the approved ANF methodology,a the swelling and rupture treatment

is consiste' with NUREG-0630. The Baker-Just cladding metal water reaction

correlation is used, both sides of the clad oxidize after burst in accord with
the requirements of 10 CFR 50.45 and Appendix K. The thermal radiation view

factors within the HUXY calculation change as the fuel swells, thus inhibiting.
radiant heat transport. The proposed heat transfer coefficients are used in
the ANF EM in accordance with the treatment of ballooning required by
10 CFR 50.46 and Appendix K (Part I, B; and Part I, D.6).

The effect of cladding swelling and perforation on heat transfer

capability was tested in the BWR FLECHT program. In one test with a
pressurized Zircaloy bundle,C twelve rods perforated. It is concluded in the

referenced report that there .sas no change in the heat transfer ... observed
subsequent to cladding swelling and perforation.

Blockage effects havc been an issue for PWR because of the " steam
d thecooling" requirement of 10CFR50.46 Appendix K. Based on PWR results

effect of blockage produces an irsignificant effect on core

I
aExxon Nu_qlear Methodoloav for Boilina Wa_tfLr, Reactors EXffM BWR ECCS Eval _uation_

Model, XN-NF-80-19(P)(A) Voltaes 2, 2A, 2B, 2C, September 1982.

b xxon Nuclear comoany ECCS Cladding Swellina and Runture Model, Exxon NucleirE

Company, Inc., XN-NF-82-07(P)(A), Revision 1, November, 1982.

cEmeraency Core Cgplina Tests of an Internally Pressurized, Zircalov-Clada
S_x8 Simulated BWjl Fuel Bundl_q, Ganeral Electric Company, NED0-20231,

a .

December 1973,g
dG a n ti s of ECCS Re:-frch for Reali tte LOCA Analysis, NUREG-1230,

i
December 1988.

j
'

I
__
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'heat transfer (Page 6.6-52), the same conc |usion as for BWR fuel notea in the
above paragraph. Multiple assembly tests in the Slab Core Test F4cility g
(SCTF)a r.spport the same conclusion. These SCTF tests are important because E
although an open lattice arrangement, the assemblies are in parallel flow, two
adjacent 16x16 assemblies blocked 60Y.; a very conservative test.

|The maximum blockage corresponding to the clad rupture model in the
approved ANF cladding swelling and rupture model b for 9x9 BWR fuel woJld be '~

. Assuming no

down stream recovery, the hydraulic loss coefficient based on bundle area for
flow would be

Flow approximates the inverse square root of hydraulic resistance, and
therefore the flow ratio would be

Thus,

the distribution of assemblies in the respective flow regimes in parallel flow
in the BWR core do not change significantly as a consequence of fuel rod g
swelling.

,, {
A lesser steam flow is r.egligible in comparison to the

conservatism inherent in the ANF tests and related scenario.

I
I

.

aSCTF Cere-I Reflood Test Results, Hiramichi Adachi, et. al . , Tenth Water
Reactor S afety Research Information Meeting. NUREG/CP-0041, Vol 1,
January 1983, beginning page 287.

b ibid, XN-NF-82-07(P)(A), page.t 25 and 25.

E
iR

_ _ _ _ _ _ _ . . . .. . . .
. __ _ _ _ _ _ _ _ _
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5.0 ANSWER 10 QUESTION 3
1999 stpwed 1he hq11.up of_Syd_f.pel witLihe newAn Aff_ f ax of Aoril 7.g i

hat _.1rAnifer,_c9f riciente and 8x8 fqcl vitit.1hn fd_het _trauhrf

-

seeffieie.011<_.J)shil;i of .fn._httd1e inankto unnenta_tht Igiulla
s.QDittinMj ire !3g je were_091Jrnyidct . This infprmation alona with _thql

IE ginino outDut from.1hg_ gig m qr_.10_l,iJ ggdtd,

The referenced fi;ure is shown as Figure 5.1 in this answer (the sarre as
Figure 2.1) Figure 5.1 shows the heat up for the PC' rod (?r 8x8 fuel and
9x9 fuel for a BWR 6 limiting break calculation as discu< tod Section 2.0 of

this supplement. The temperature rise appears
~ even though different convective heat transfer coefficients are used.

The referenced discussion (Section 2.0) also offered a principal reason for
' the result as ' aing the greater radiant flux for the 8x8 in comparisen to the

9xP fuel.

Figure 5.2 shows the relative location of the PCT rod for each case, in:

the HUXY rod array nunbering scheme. These two cases are typical BWR 6 cases

representing differen+. optimized neutronic designs tn best advantage fuel

g designs. As such, local peaking, gadolinia loading, and number r3 water rods
are different. Therefore, the PCT rods occurred in different locations within

the bundles. The 8x8 PCT rod occurs in the second rod row. The 9x9 PCT rod

occurs near to the center of the bundle. This oecerrence offers the
opportunity for greater radiant heat transfer from the 8x8 PCT rod in
comparison to 9x9 becauss of the greater radiant view factor to the cool
channel.

I
Ficures 5.3 and 5.4 are plots of the radiant and convective fluxes for

the two PCT rods under comparison. Inspection of the two figures shows the
convective flux to be dominant for 9x9 and recessive rnr 8xe. The radiant

flux is dominant for 8x8 and recessive for 9x9. The Sx8 radian flux is alsog
9 much greater than the 9x9 radiant flux. The total flux is the greater for 8xS

a shori time after rated spray. Thus, the greater raciant flux makes up for
the lesser convective flux.

;
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6.0 ANSWER TG QUESTION 4

g yfgldestina two or__att bundlet.1Me bv side ght.the..naq..Ingl11.31
gnlL.gne bendie? Do malt 1-dimens4gnd flqt ocrturhdigas._gt_fhv._gdita
ng_qd to be considered in tilg._qu]Ntion?

'

c

lwo Bundlesj g
m The fuel assemblics of the BWR 2, 3, 4, $, and 6 types General Electric

design Bolling Water Reactor core each act hydraulically independent. The

core pressure drop is a common boundary condittun. The bypass leakage to each

fuel assembly is also independent cf other fuel assemblies within the core
because the bypass fills rapidly (within 10 seconds) throughout the core and
remains filled. The bypass region has been shown it! SSTF tests to fill

g rapidly because of excess ECC and lack of CCFL at the upper plenum interftce.
A iwo assembly test (e.g., the Two Bundle Loop Test facility) with t'oth
assemblies side-by side could result in a " core" pressure drop affected byI either assembly. Thus, integral test results may differ from single assembly

test results. However, if the assembly flow conditions for the singleg
E assembly test were identical to the individuci flow of either assembly in the

two bundle test, the heat transfer results from a single assembly test would

j be expected to be the same for the assembly siniuiated, in a reactor core with
about 700 assemblies, any one assembly would not significantly affect core

g pressure drop. As each assembly is channeled, assembly cross-flow is not

possible. Thus, single assembly tests can be appropriate.

I Because each fuel assembly is hydraulically independent, multi-
dimensional effects are limited to the interstitial spaces and lower and upperi

plenums. Any multi dimensional effects within the fuel are implicitly

included in the full size test fuel assembly. Multi dimensional effects'

,| increase flow to the inter?titial (oypass) regions and eliminate the effect of
one diunsional predicted CCFL phenomena. There are no significant multi-
dimensional effects in the lower plenum because the fuel is orificed tog
eliminate such effects. Because the lower plenum is an opert expansion, t Jlti-
dimensional effects are limited to one dynamic head. Since the orifice icssI coefficient is much greater than this dynamic head, any multi-dimensional

,

I
.
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effects in the lower pierum are minimal. The SSTF tetts, and realistic code

simulations reported in the open literature show a pool of water remains on '

>

top of the core even with peripheral assemblies draining ECC to the lower ,

plenum, because of thu steam updraft and copious ECC injected into the upper
plenum. Tht. tests show a minimum collapsed liquid level of 10 inches water in

, ,

the upper plenum.abc Therefore, all the fuel assembihs receive all the ECC

|,which can flow in countercurrent.

Th9refoi e, multi-diinens ional efdects (u(x,y,z)) either promote improved
enoling cr are negligible.

Flow SpM 11

The LOCA/[CCS scenario for SWR 3, 4, 5, and 6 describes a core in
parallel channel flow (as distinguished from " multi-dimensional"). The core

is simultaneously in three flow regimes: co-current down (peripheral
,

'

asseu.bl ie s) , countercurrent, and co current up. The co-current down

assemblies are full of water being siphoned to the lower plenum and therefore
as a not limiting. They t ansition to co current down because of their
relatively lower power, tighter orificing, and peripheral subcooling in the
upper plenum pool. The co-current tip assemblic.: are the high power assemblies 5

Eand veit the inajority of steam from the lower plenum. The co-c.urrr.nt up fael

is actively caoled by entrained bypass ECC which leaks from bypass to above g-
i the side entry orifice. The bypass ECC is swept up into the fuel, cooling it, a

The number of assemblies ner.assary to vent most of the ster.m from the lower

1 i
! - _.

ahB. Refille.hfl 0d _ Procram Task 4.8-IBAC-BWR Model 09alificatiott For Bug9
S.a fety Antdvsis flnal Sapfftl, t|UREG/CR-2571, Md. Alamgir, General Electric

; Company, October 1983.

b {LJ)ggr.g_htetor jivstem _Tet (ESTA_11)., NOREG/CP 0058, Volume 3, Page /06,l
fl. Nagasaka, et. al., Toshiba Corporation Nuclear Engineering Labcratory,1985.

h| cCompfndiun of JCCS Researc L f.or Realjitis__LOCA An al ys i.1, Page 6.S-12,
' Division of Systams Research, U.S. NRC, NUREG-1130, Revision 4, Deccmber 1988.

*

i

|

|
~

.
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t- aplenum (20 to 30 percent of total assemolies in core ) are in co current up'

flow. The high power assemblies are not maximum temperature assemblies
- because the higher powcr '' pumps" greater steam and entrained ECC. This has

been demonstrated in TBL tests.b (Figure 1) page 661, and page 653.C] The

balance of assemblies in the core are in countercurrent flow.

| Tha countercurrent flow assemblies reflood prior to refill of the lower
- plenum due to CCF effects at the side entry orifice. Steam updraft fron, the

lower plenum is sufficient to hold uppe plenum CCF fluid and bypass leakage

-
fluid above the side entry orifice. Updraft steat and pool entrainment of

liquid cool the fuel above the liquid interface. This cooling continues until
1

the lower plenum refills which leads prcmptly to reflood. The minimum heet

I
:

_

aDfY1120mftDLpf Parallel Ch an.n_el Models ant Their holi. gat _ ion to BWR 10C A
Ang.ly,t.3, H. Suzuki, M. Murase, Hitachi 1.td. , J. A. Findl ay, F.D. St.um, Generali
Electric Co., 2nd International Topical Meeting On Nuclear Power Plant ThermalI Hydraulics And Operations, Tokyo, Japan, April 1986.

blEL Analvsis by Best Estimate Codes, T. Matsumoto, et. al . , Proceedings
Twelfth Water Reactor Safety Research Information Meeting, NUREG/CP-0058,| Volume 3, OcNber 1984.

C"1nere was a difference in the thermal-hydraulic behaviors between the twoI bundles during the blowdown period in this large b eak test. Axial void
distributions at 40 s were different in the two bundles as shown in Figure 5.
It seems that this difference us.1 caused by the thermal-hydraulic interactions

' 'I between two bundles. The vapor from the lower plenus could be easily blown up
through the high power bund 13 (Bundle B) because the coolant was porous due to
the high void fraction. Because the upflow vapor entrained plenty of water,

I the flow pttern was cc-current up-flow and the void fraction was below 1.0
even at the upper part of the bundle.

On the other hand, the residual vapor from the lower plenum was blown-up
8 through the low power bundle (Dundle A). Because the vapor upflow rate was

little, the flow pattern in the bundle was counter-current flow and a lot of
water gathered in the lower part of bundle due to CCFl.. As a result, the void

an
g fraction at the mid plane reached almost 1.0. The calculated void

distribution agreed with the test data in both bundl n ."

I
I

- _ _



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

|

|'
ANF 929(NP)(A)

Supplement 3 |

Page 19 |
|

transfer coefficients for this region have been demonstrated to be greater
2than 10 BTU /Hr-ft .p,a ;

More than average steam is vented by the co current up assemblies, g
peripheral assemblics almost none, and the balance the countercurrent 5

assemblies. In this scenario, heat transfer ccefficients are verv high, and
within 80 seconds of spray initiation the core has rcficoded.

The pre.:ent ANF evaluation model calculates f

!,

E

I
I
.'
5

I
I
g-.

B

I-

af3LmpJndium of ECCS Research for Realistic _LQ A. Analysii, Pages 6.5 6 and
6.5-8, Division of Systems Research, U.S. NRC. NUREG-1230, Revision 4,

|December 1988.

s
_.
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1.0 INTRODUCTION
As part of the retponse to NRC staff questions 51 ANF 929, Supplement II documented the heat transfer coefficient set for ANF 9x9 multiple water rod

fuel designs. This heat transfer coefficient set is to be used during the

I spray period cooling of l.0CA/ECCS analysis for boiling water reactors. The

coefficients were established based on comparison of the accepted spray period
fuel heat up code, HUXY, to rod group temperature history for most limiting
and apprarriate tests.

t Supplement 2 of this report presented documentation which verified that
the spray fluid heat *;ansfer coefficients are cplicable over the range ofI parameters that would be encountered in an application analysis, As such,

Supplement 2 documented the examination of the difference between the HUXYI predictions and test data to determine if there are any trends which may
indicate reduction in conservatism over the proposed range of application.
Tbs results of the wort showed that the proposed coefficients are appropriate
and conservative over the full rar.ge of applicability.

This .iupplement (Supplement 3) presents comparison cf ANF Evaluation
Model results for a typical BWR 6 limiting break, calculation using ANF 8x8 and
9x9 fuel types. The 8x8 calculation used the convective heat transfer
coefficients as approved for that fuel type, and the 9x9 fuel used theI proposed heat transfer coefficients. The results presented compare tne

temperature rise from time of rated spray for each fuel type. Answers to
,

5 further questions posed by the NRC staff and consultants are also presented in
this supplement.

I
I
I ;

E

i
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: ANSWERS TO FUhTHER QUESTIONS POSED BY THE

NUCLEAR REGULATORY COMM:0SION STAFF AND CONSULTANTS

(NOVEMBER,1989)
_

ON THE ADVANCED NUCLEAR FUELS CORPORATION

BWR 9X9 SFRAY COOLING PERIOD HEAT TRANSFER COEFFICIENTS:

'

EVALUATE THF EFFECT OF CHANGED AX1AL POWER DISTRIBUTION

B

Prepared by

$

I , craw- -

-M lybi' jb.Q'; AOP -g
~ """R 'd.Efteach
Engineering Model Development

#
- Research and Product Developemnt

I
December 1990

I
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ffUCLEAR REGULATOR! COMMISSION ftEPORT DISCLAIMER

I
Wi*ORTANTf.OTICE REGAR0lt G 00NTF.NTS AND USE OF THIS4

DOCUMENT

P, LEASE HEAD CAREFULLY. +

This techrucal report was denved through researen and develocreent pro.
grams sponsored by Advanced Nuclear Fuees Ce coration. It is Doing submit.
ted by Advanced Nucles' Fuels Corporation to the U S. Nucleat Regulatory
Commission as pt.rt of a technica8 contnbution to facilitate safety analyses
by licensees of the U.S. Nuclear Reculatory Commission *ruen utilee ad-
venced Nuclear Fuess Corooration facticated reioad fust or other tecnnical
services ovovided by A' vanced Nuclear Fue,s Corporation for bgnt water
ocwor reactr's and it is true and cortect to the Dest of Advanced Nuclear
Futus Corporcon's knos* ledge information, and Denet. The inf ormation con'
tained herein may be usou Dy tSa U.S. Nucleat Regulatory Commission in its
review of this report, and under the terfr r. of the rescoctive agreements. or
licensees or applicants before the U S. Nucleal Regulatory Commission
which are customwrs of Advanced Nuclear Fuels Corporation in their
comonstration of corr.pliance with the U S. Nuclear Regulatory Commission a
regulations.

.

advanced Nuc. war Fusts Coigoration's wartsativ6 and recresentations con-
'

:aming the suoiact frattar of ;his decurnent are those set forth in the agree-
meet between Advanced Nue'sar Fuets Corporation and tnv custorrer to
which this document is lesued. Accord.ngly, excect as otnerwise escressly
pructd in such af teement. Fel hel Advavec Nuclear Fuets Corporation ner?

any person acting on its tenait.

A. Maes any warranty, or reorsuemstion, en;ress or in. g
plied with reskeC1 to the accu"Scy, corno64temess, or g
usefulness of tr.e information coatsined in this docu- 3
ment. of that the use of arty inicifnetton. apearatus.
rrethod, or process disclosed in this cocument will not

it ringe privately owned nghts, of

B. Assumes any taabilities with 'sscoct to tne use of. or for IB
camages resultmg from the use of, any information are
parStus, me; hod. or process disciosed in tn't docume9t

I
.

I
.

I
I
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1.0' INTRODUCTION

Suppleme'111 of this report documents the convective heat transfer coefficient set for ANF

9X9 fuel designs with , vater rods (s). Thia heat transfer coefficient set is to be used during the;

spray cooiing neriod of LOCA/ECCS analysis for boiling wr.ter reactors. 'ihe coemeients were

established based on comparison c! the spray period fuel heat up code, HUXY, to rod groupI temperature history for most hmiting and appropriate tests. The axial power distribution used in

the test is fixed The relative peak powe* of the test isI Iis desenbod in Supplement I .

The purpose of this Supplement is to document the results of evaluatbn of the effect cf axial

power distribution on the 9X9 heat transfer coefficic . et.

2The advanced thermal hydraulics code COBRA TF was used to eva!uate these effects. Based

on the analysis there 's no significant effect of the power shape on the magnitude of the h at

transfer coefficient at the peak power elevation. In fact, generally there is an increase in the
,

magnitude :J the heat transfer coefficient for the top and bottom skewed power profiles at the

peek power eievatun of the hot (interior) reds. Therefore, the use of test?
9

provides appropriate veri 6 cation of the spray coo'ing period heat transfer coefficients.

2.0 QUESTION

The IFIEL has reviewed the proposed ANF 9X9 snray heat transfer coefficif rits for the
,

NRC. In the meeting with INEL staff on November 2,1989, to discuss the review, the INELI moresentatives noted that they had only one remaining concern with interpretation of 'ho data:

the potential sensitivity of the recommendeu convective heat transfer coe'ficients to enanges in

sI-

d Answers _gtQuestions Posed _9v The Nuclear Refaptatery Commission Staff and1

' Consultpnts on the AdvEced Nuclear Fuels BWR 979 Sorav Cpolina Pe' icd Heat, Transfer
- Coefficients ANF929(P), Supplements 1,2,3; Apni,1969.

2 AnaivsR of The Fl.E. HT-SEASET 167 Ap_f Blocked Bundle Data Using CO.AJA TF,Q
pI- C Y. Paik, et.al.; NUREG/CR 4156. October,1985.

'

- __
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axial pcwor distribution. Ad.anced Nuclear Fuels agieed to examino and report the sensitivity
'

to changed axnl power distributinn using an advanced mechanistic thermcl hydraulics code. As

recommended by * ie INEL stsff, ANF agreed to perform the sensitivity analysis using the COBRA g*
TF code.

I.3.0 METHOD

The mechanistic thermal hydrauHes code. COBFtA TF was used to evaluate the effect of

axial,mwer distribution on conv1ctive heat transfer coefficients during spray period coc!ing in -

the flow and cooling regimes relevant to the ANF LOCA/ECC6 treatment of EWR. The convective
'

heat transfer coefficients ara defined to be the heat transfcr residual of'er accounting for thermal

radiative cooling as ce!culated by the NRC approved mode'in the HUXY code (set Ref 1.). The

HUXY code is mechanistic in treatment of thermal radiative cooling and has been assessed
3againt.,t experimental data .

I
To use the COBRA TF code to assess spray perio.J t. eat transfer coefficients, two code

modifications were required: the thermal radiative model, and the channel quench model UO

CFR50.46 and Appendix K). The pedormence of this modified COBRA TF code was assessed '

against a test case ussng the NRC approved HUXY code. The results of the assessment veri"ed i

! bat NRC approved models wo;e property installeJ. The thermal modeling of the fuel rod

simulators, channel, and othat ecmpenents in the COBRA TF model was also verified by the

comparison against the HlN/ resu:ts'.
j

l

!

|'

-

- -

3 So4av Cgglina Heat Tracsfer phs;e 1 led Results FNC 8xq,3y/R Fuel 60 an,d 63 !
Active Rods, XN 75-36.

d
Note: The HUXY model was benchmarked against test data ier three tests during

adiabatic heat uo. The HUXY input is from first principles. Correspondence between the HUXY |
I

predictions and test dtta is very clos 9. These calculations are reported in ANF 929(P). g|
Supplement 1, ibid. 3-|

E;
.

--.n.- - - . . .- . , ,~ _ . _ . , , , , - - , - , .
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8ANF then benchniaiked the modified COBRA TF Code aga!nst Test 820 data

I
I

Ths terCts of the benchtnark caso demonstrated the ability of the code to predict cooling

B throughout the test assembly during the entire test.

'.

8

I
4.0 RESULTS

Figure 4.1 ptasehts the rod numberitig scheme used in the analysis and following

discussion. Rod number 1 is a " water" rod and is therefore unheated. We examined the

cor.vective heat transfer coefficients at selected times after coolant injection as well as an

avoiage value since HUXY esos a time invoriant quantity. Tabte 4.1 presents the time averaged

corwective heat transfer cochicient fc selected representative rods relative to the convective

coefficient for the base case at peak power locat|on, rod by rod. The value is an average of the

coeffielents at 84.' 149, and 219 seconds after coolant injection.'

8

4
,

u

$ see EF 929(P), Supplement 1, ibid.5

8
- _ _ _ _
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I

TABLE 4.1,

Tline Averaged Cons 9cHvo Host Trajirfer Reladve

to Base Case

.- __

_ I
*gnes.a.

_

_ _ _

_ i c

As may be seen, the time averagcc convective ecofficients are -

I
';' S.2 presents instantaneous values fer the sarne rods, relative to the reierence case4- -

ri..' a' r,eak power locstion - The resu ts shew the

irn ni ter.as value to

I

I
I

i I
'

| I
| B.

.

E
-

|

5
,
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I
.&.' ..:ZhuCL2ait L2 G CORPORATION

[."!,I I .':$_: N I [ $ $ N " "" " " " " " "' " #'0# be: HD Curet
SE Jencen
YM Ftztwila
LJ Federico

April 10.1991 1.A Nielsen
RAC.044:91 GL Ritter

HE WMamson
fle

Dr. B. K. Sun
Reactor Systems Branch ._

Division of Er'ginciering and Syst'.n Technology

.| Office of Nuclear Reacter Regulation
U. S. Nuc! car Regulatory Commission!

Washington, D. C. 20555

Dear Dr. Sun:

[Lqqptrises to NRC Ouestigrs on ANF 929fP)

Raference: 1. Rapifax, J. B. Sun (USNRC) to R. A. Cupelrad (ANF), " Request for
Add:tional Information ANF Proposed Spray Heat Transfer Coefficients",I Fabruary 22,1991.i

2. Le:ter, G. N. Word (ENC) to G. C. Lainas (USNRC), " Transmittal of XN-NF-
929(P)," September 18,1988. GNW:102:86.

Attached are three copies of the responses to the NRC questions transrnitted in the saferenced ''I rapifax. These responses provide additionalinformation supporting tha review of ANF-929(P).
t

( Advanced Nuclear Fuels Corporation considecs the information in thesc responses to be
proprietary. The a'fidavit transmitted with the original submittal (reference 2) supports the
withholding of inis information from public disclosure (per the requirements of 10 CFR 2.790(b)).

If I can be of further help, please contact me at (539) 375-3290.

Very truly yours,,

fh
R. A. Copeland
Manager, Reload Licensing

I /r:m
ec: Mr. R. C. Jones (USNRC)

8-
,

__ _ --- - _ - _ _ _ _ - _ - - - -- - - _ _ _ _ _
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g Response to the NRC's Request for Additional
Inforuation Regarding the Effect of Power Shape

! on Spray Heat Transfer Coefficients

E

| April 8,1991

Jtem 1: Please prov;de the convective heat transfer coehicient, drop size. steam velocity, ,

steam temperature, and rod surface temperature versus time for rod number 2 at the peak

| power elevation, and five additional equally spaced positions along the core for each power

shape preser.ted it. ANF 929(P), Supplement 4. ,

Response: The requested data is tabulated below. Graphical representatica is also provided.
The indicated elevations are measured from the bottom of the heated ength. Time is

| measured imm the begining of heatup, and the spray perind begins at 11S1 set. on this time

scale.

*
Table 1 : Steam Temperature for Rod 2, chopped cosine power shape.

Table 2 : Gteam Temperature for Rod 2, top-ske.ved power shape.

Table 3 : Steam Temperature for Rod ?, bottom-skewed power shape. ,

Table 4. Temperature of Rod 2, chopped cosins power shape.

Table 5 : Temperatare of Rod 2, top-skewed power shape.

Table 6 : Temperature of Rod 2, bottom-skewed power shape.

Table 7 : Heat transfer Coefficient for Rod 2, chopped-cosine power shape.

Table 8 : Heat Transfer Coefficient for Rod 2, top-skewed power shape.

Table 9 : Heat Transfer Coefficient for Rod 2, bottom-skewed power shape.

.
' Table 10 : Droplet Diameter for Channel ? chopped cosine power shape.

g _...._...,_L..........,..-,

__
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Table 11 : Droplet Diameter for Channel 2, top ske ved power shape.

Table !? : D splet Diameter for Chaunel 2, bottom. skewed power shape.>

Table 13. Steam Velocity for Char.nel 2, chopped cosine pcwer shape.

Table 14 : Steam Velocity for Channel 2, top-skewed power shape.
|

Table 15 : Steam Velocity for Channel 2, bottom. skewed power shape. k
i

Figure 1.1 Steam Tempezature for Rod 2. g
Figure 1.2 : Temperature of Rod 2.

Figure 1.3 : Heat Transfer Coefficient for Rod 2.

Figur 1.4 : Droplet Diameter for Channel 2.-

g
Fi,;ure 1.5 : Steam Velocity for Rod 2.

The convective heat transfer coefheient shown in the COBRA-TF calculations is not |

directly ccmparable to the heat transfer coefiicient proposed for use with the HUXY code
in the ANF BWR large break LOCA evaluation model. The difference is that the HUXY
heat transfer coescient is based on saturation temperature instead of
steam temperature. When the COBRA-TF coefficients rre converted to the same basis as

|'the HUXY coefficients, the convective heat transfer coemcient at the peak clad temperature
for the bottom oeak case a

5
It should be noted that the converted COBRA-TF heat transter coerncients, unm:e

HUXY coeScient, do not include the radistive heat transfer to the croplets, which makes h
the comparison even more conservative.

The heat transfer coemcients calculated bv COBRA TF resulted in g
.

E'

I
I.

|

I

; . _ . g
I

as ... ,e w. i..e r..i. .,p. .. a r, ,n. .,y

..
. _ . .- . , . , . _ . - _ _ _ _ - _ - . - . .__.- _ -.._. .._, . . ~ . . . _ - . - -___.--_____ _ _ _ _
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I
Iteyrn 2: Please provide the code output for rod number 2 for the 'hree power shapes et $4,I 149, and 219 se:onds for each of the locr.tions supplied in 1 above.

Response: The requested cc.de outpuc is .given below. Again, notice that the requested
times: 84,149, and 219 seconds currespond to 1265,13"0, and 1400 seconds respectively on

the run time scale which begins with the heatup phase. Ia tne rud edit, the given hest fluxI is the total of convection and radiation fluns. To obtain the convective flux, subtract the

radiative ccmponent given in the rightmost column. The highlighted rows correspond to the
,

| elevations given above, shifted by the unheated length.

I,

I .

I
I
I
I
I
I
I
I-

I
I

~

I .............s.....................
_ _ _ _ _ _ _
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I'
he.m M The magnitude of the convective heat transfer coefficient is very sensitive to the |
entre.inment fraction and drop sites entering at the bottom of the bundle. P! case explain the

method for c:.lcuiatmg drop size and also preside justification for the entrainment fraction ;

and drop sizes input to the code. Please provide the comparimns with experimental da:a
under the same hydraulic conditions as those used in ANFC(P), Supolement 4. The

comparisons of the code predictions with experiment <hould include the parameters, with g!
appropriate code output, similar to that rsquested in item 1.0 above. E

Response: ,

Drop Size: An avera.3e diameter was estimated for the drops icr ring in the side inlet
orifice using Tatterson-Haaratty correlation. The maximum diameter of drops that |
can be lifted by the steam flow in the bottora of tne bundle was used as a cut.otT for

cal:ulating tne average entra;ned drop diameter assuming Nukiyama Tanasawa droplet g
size distribution. The method is dlustrated in the sketch of Fig. 3.1. A Exed value

'
of the average drop diameter waa used for all three power shapes. T.he

ancertaluties associated with the choice of the drop size are compensated for by the

proper choice of drop mass Bow rate.

Entrainment Fraction: ~f ne entraine_d droplet mass flow rate was not measured in the

experiment. This boundary condition was determined semi-empirically.

I
.
5

This droplet mass flow rate was usea for all the three por shapes.
,

It is recognized that several combinations of droplet size and mass flow may also
reproduce the measured temperatures. The values used in the current calculations
are reasonable and within the physical constraints of the test. For example, it would ,

nc; be raasonable to use larger drop size which cannot be lifted by the vapor flow in |
the bottom of the bundle. Smaller droplets are possible, but that tequires reducing
droplet flow rate to counteract the enhancement of interfacial heat transfer. The limit

of reducing drop size and flow rate is reached if all the drops evaporate resulting in
'

over predicting rod temperatures at the upper elevations. .

Comparison with Experiment: The cosine power shape data reported in the response to
question 1 correspond with the TEST S20. The major test parameten:

were input to the code. The only code output suitable that

*'5 Eu ..- .a s .o. ., r, .i. e.,,.. .a. n. ... . . r
=

. - . .-
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I
is available for the comparison is the rod temperature for TE!:T S20. This is the

i
comparison that was used to establish the entrainment fraction. Fig, ^;.2 shows a

}
typical full red comparison at the time of peak clad temperature.

>I|

Lg
?

,

.

| 'Y

I
.

I'

|-
.

'I.
I
I
I

.I

I
'

.,
6
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I
I.
I

a Droplet Size Distribution

I
Lifted *

Fraction

7 N I
x\

'A \ I

p, . . _

d dg di g-

Ofameter -

d Average diameter of f ormed droplets Ei

5
d Maximum dh ter of droplets that can be lif ted by steamg

d Average diameter of lif ted croplets, code input.
|'3

Fig. 3.1 Sketch of u e entrained drcp size estimation method.

I
I
I

|
.

.
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July 9,1991
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Dr. B. K. Sun

I Reactor Systems Branch
DMsien of Engineering and System Technology _

Cffice of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
One White Flint North
11555 Rockville Pike, Mail Stop 8E 23
Rocksille, MD 20952

Dear Dr. Sun:

R_ef.ponse to NRC,Ouestion nn ANF.929fP) ,

Ref: Rap! fax, B. K. Sun (l>GNRC) to R. A. Ccpeland (ANF), * Request for Additional Info *mation
ANF Proocsed Spray Heat Transfer Coefficients," June 12,1991.

Attached is the response to the addittenal question on the proposed spray heat transfer
coe'fic!cnts (topical report ANF 929(P)), currerstly being reviewed by the NRC. The response
involves an additional parametric study. Please consider the information contained in the
response to be preprietary to Advanced Nuclear Fuels Corporation. The affidavit provided with
tho orig.nal submittal may be used to satisfy tha 10 CFR 2.790lb) requirements to withhold the
informaGor, from public disciosure,

if I can be ci further bein, please contact me at (509) 375-8290.
,

Very truly yours,
,

/
*

R. A. Copeland
'

Manager, Reload Ucerwag,
,

.

ec. T. E. Collins (USNRC)
R. C. Joner. (USNRC)

e
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I RESPONSE TO THE NRC REQUEST FOR ADDITIONAL INFORMATION REGARDING

THE EFFECT OF ENTRAINMENT ON SPRAY HEAT TRANSFER COEFFICIENT

July 12,1991

COBRA TF calculations have boon performed to demonstrate the offect of

- - entrainment on the spray heat transfer coefficient. Three of those runs have been made with the

best estimato entralnment reduced by to examine the effect of reduced

entrainment with trhopped-costno power shape. The reference run represented a best estimateI

Fcalculation to fit clad surface temperatures. The most conservative run

bounds the clad temperature data for the limiting rod #2 of the most

conservativo test (TEST 820) as shown in Figure (1), including the clovated temperature data

pobt attributed to local spacer effect.
,

- Two runs with ontralnment reduced were made, one for top-skewed and one for bortom-

skowet power shapes. All other pammeters were kept the same. The calculated heat transfor

cootficients for all casos at the respective peak elevation are plotted in Figure (2). The following

observations can be rnado:

1. The heat transfer coefficient for all power shapes decreases as the entrainment is

decreased. This behavior was expected and is censistent because less droplets are

I ~

available for heat transfor.

. 2. The differenco between the heat transfer coefficient for showed power shapes relative to
'

the base chopped-cosino caso increases as the entrainment decreases.

3. The lowest heat transfer coefficient is calculated for the top skowed power shape and

reduced entrainment This was expected since the entrainment droplet fraction

is minimum for that case.

..

The lowest calculated value of tho' heat tranafer coefficient is which is4.

sufficiently larger than me proposed value for HUXY code calculations.

I
ADVA!JCED NUCLEAR FUELS PROPRIETARY
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The conclusion from theso :alculations is that the convective heat transfer coefficlont is not very

sensitive to axial power shape as suffielent supply cf droplets exists. Thorofore, the boundary

spray heat transfer coefficients der'ved from cosino tests a:o appropriato for use in the ANF largo

break LOCA calculation model.

ANF also examined the differences in calculated heat transfer coefficients betwoon ANF and (ne

NRC reviewor. 's examination found that there are r.o real disagreomonts, only some minor

diffnrences in now the values were calculated. ANF based the valuation on the paramotors

obtalnad a. thr. fixed nodes (marked with an astorisk in the output file), while the reviewer used

the valacs at the d nam!c nodes. These dynamic 'nterpolation nodes are used by the code fori

the spec?al purpose of tracking quench fronts, and ANF finds the fixed node values more

appropriate. Also, ANF based the variation on the deviation from the base cosino value, while
,

the reviewer provided the total range from the top skewed to bottom. skewed shapes.

I
. ,,

I
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