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International Code Assessment and Application Program (ICAP)
between the United States and the United Kingdom (Administrative
Agreement - WH 36047 between the United States Nuclear Regulatory
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the widest possible circulation among the reactor safety community.
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In order 1o lest the ability of RELAPS/Mod2 1o describe subcooled nuTleate
boiling under congitions similar to those anticipated Juring intact tircuit fault
scenarios in pressurised waler reactors the code has been assessed against
results of high pressure sub-cooled boiling experiments reported in !ne lier-
ature For cases with low inie! subtooling agreement between the calcu-
jations and the fest data is very good but with increased inlet subcooling the
code tends 10 over estimate the void fraction # is conciuded thal
RELAPS/Mod?2 can be applied with reasonable confidence 10 the prediction
of subtooied boiiing void fraction for conditions expected during PWR intact
circult faults
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1_INTRODUCTION

In some (ntact circuil faults in PWRs sub-cocled voiding within the reacior cote may
significantly influence the primary coo'ant volume and hence the peak Sysiem over-pressure
RELAPS/Mod2 calculations of an ATWT test in the LOB! tes! facility, reporied in reference 1
show a significant over-prediclion of systern peak pres.ure The authors of reference 1
~vemute the error, in part. 10 an over-estimation of vapour generation in the core for
congitions of subcooled nucieale boiling In view of this reponed discrepancy. i\ was
considered that further investigation in this area would be worthwhile Therelore two simple
sub-cooled boiling experiments have been modellsd with the thermal hydraulics code
RELAPS/Mog? (cycle 36 U5 version EQJ) which is ¢ iscribed in references S ano € The results
of these comparisons are described in the present report

Tha firet of the two experiments modelied (referenre 2) ir, olied tib-cuoled nucieale Lo ling
Of water in 8 vertical 1ube at pressures of up 10 § 8 MPa (1000 psi) Ti's experiment was
chosen since it had already been used in the assessment of two previous versions of RgL? PS
(reforence 4). The second experiment (reference 3) involved sub-cooled doling water in »
vertica! tu.e @ @ pressure of 13 8 MPy (2000 psi), which is closer 10 the condilions of interest
in reaclor faull analysis,

2_THE EXPERIMENTS

tn both the experiments the test secton consisled vl a verical tube which was electncally
heated by passage of an alternating elecirical current through the tute walls The inie: Tow
10 the est seplion consisted of subcocled waler al a known constan! temperalure pressure
and flow-rate

The void fraction along the tes! section was measured with a gamma densilometer Further
datails of the individua!l experments are as lollows

21 THE CHRISTENSEN EXPERIMENT (reference 2)
The test saction in this sxperimen) consistad of a 127 om long stainless sieel tube of

rectangl.iar Ccross-section (dimensions 1 11 ¢m x 4 44 cnij Teven different runs were simulated
with RELAPS'Mod2 the tes! condimons for these runs are given in Table t “elow

Table 1. Chrislensen tests selected for analysis

Run } Pressure Fower Fiow rate Temperature Inlet Subcoo\.’»g
No | (MPa) (kW) (kg/m’s) (Keivin) (Ketvin)
" -y
8 276 30 A0 8 499 % ra -3 8
n 278 a0 646 8 483 7 87
11 414 § G40 0 14 144 i
12 414 50 27 8 §183 . 173
13 418 4 8206 g2 _MWL:!_
18 551 70 8372 530 8 128
.16 | 6238 70 18077 545 & 1921 |

Tables gring the measuréd varlation of void fraciion along the iube Bre presented n
reference 2. Void is proguced vary close 1o the iniet of this heated iength and the void
fraction incresses aforg the tube reaching & maximum velye of between 315 and &5
depending on the run congitions



2.2 YHE EGEN, DINGEE AND CHASTAIN EXPERIMENT (reference J)

The lest seclion used in this experiment consisted of a 68 & cm long type 304 stainless steel
tube also of rectangular cross-section, (dimensions 25 cm by 026 cm) Five of the twenty
difierent experimental runs carried oul in the experiment were selected for modeliing with
RULAPS/Mod2 The tes! conditions for these runs are given in table 2 below

Table 2 - Egen lests selected for analysis

Run | Pressure | Power Flow rate Temperature Inlet Subcooling
Ne (MPa) (kW) (kg/m’s) (Keivin) (Kelvin)
7 | 1amn 24 9222 §773 314

13 1378 24 8223 8605 0 36

15 1379 a8 1166 4 5340 747

16 1378 80 1153 0 5340 747

49 1278 4 11230 6020 67

The experimental resulls were expressed as void fraction and steam quality at various
locations along the test section

3_THE RELAPS/Mod2 MODELS
2.1 MODEL OF THE CHRISTENSEN EXPERIMENT

This experiment was modelied using the noding arrangement shown in figure 13 The tesi
section was modelied as a tube divided into 20 equal volumes. with an attached hea!
structure consisling of a cylindrical shell having the same internal surface area as the
rectangular tube in the experiment The outside surface of the heat siruclure was defined
as an adiabatic boundary sc that all the heat! energy flows into the fluid The initial conditions
for each of the runs as tabulated in section 2 1 we’e set up by specifying the characteristics
of the bottom time dependent junction and volume This model was chosen so as to be very
similar 10 the mode' used to represen! the same experiment in reference 4 The input data
is given in fUll in appendix 1

3.2 MODEL OF THE EGEN, DINGEE AND CHASTAIN EXPERIMENT

The noding arrangement used in this case is shown in figure 14 This inpul mode! is
generally the same st used for the Christensen evperiment except that 27 volumes were
used to represent the test section in more getail The input data is given in appendix 2

4 RESULTS AND DISCUSSION

The void fraction calculated by RELAPS/Mad2 in each hydrodynamic volume within the test
section was plotted against height, for each of the experimental cases Results are given in
figures 1-1° Comparison is made with experimental data giving the measured void fraction
at selected points along the tube.

It is observed that in each of the RELAPS/Mod2 calculations the predicted voidage in the
volume at the top of the test section is artificiaily high This is due to averaging procedures
used in modelling the junction belween the test section outiet and the outlet time dependent
volume The anomaly could be removed by adding extra volumes at the test section outie!
but it was deemed unnecessary to undertake this modification since the anomaly is localised
and in any case there is no experimental void fraction data available very close 1o the tube
outiet
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For cases of low inlg! subcooling (all the Christensen runs and Egen runs 13 and 19; the
agreement between experment and theory is generaily very good. with RELAPS Moa?
adequately predicting both the slope and magnitude ©f the awperimental gala Where
discrepancies arise between the two sets of date the cause I8 probably experimenial
measurement errors In several of the cases the experimental void fraction 1§ seen 1o
decrease with increasing eievation. ang this cannot be a real effect 1115 therefore taken a3
an indication of the experimental uncertainty

RELAPS calculations of Christensens’ experimental runiS were carried out as one of the
deveiopmental assessment problems for RELAPS/Mod?2 (reference 4) Reference 4 compares
predictions of RELAPS/Modi. and an unspecified version of RELAPS/MOMZ with the
experimental data for this run Thess comparisons along with the present calculations
performed with RELAPS'Mod2 (cycle 36 05 version E03; are included in figure 6 Il 18 seen
from the figure tha! the version of RELAPS/Mod? used in the present work gives the hes!
agreemen! with experiment Il is noliceadble thal RELAPS/Modt greally undereslimaies
voidage close to the tube iniet This is because RELAPS'Mod! did not have & thermal
disequiiibrium modelling capability, and therefore was unable 1o model vapour generalion
under subcooled conditions

However for cases of high inlet subcooling (Egen runs 7, 15 and 16) RELAPS/h.  d2 is not able
to predict the experimental results with such precision The code tends to calculale the
groduction of void very close 1o the test section inlet. which is not observed in the
experimental resuits As a result (t predicts a much greater voidage along the whole thanne!

ft is the 1otal voidage throughout the channel and not the void distribution that has the
dominant eflect on primacy pressure, therefore any inaccuracies in the RELAFS prediction
of 1otal void could give rise 10 the phenomena observed in referencc 1 In view of this the
total void throughout the channel for each of the runs has been calcuiated and compared
with estimated upper and lower bounds for the test results in table 3

Table 3 - Channe! average void iraction.

Run Number Measur>d (Lower) | Measured (Upper)
037

Christensen rung 028 042 .
Christensen run1l 020 028 027
Christansen runi! 008 016 017
Christensen runil 02* 029 03
Christensen runtd 0.34 042 039

~ Christensen runt5 026 0.30 028
Christensen runtf 023 th 027 na?r
Egen run? 014 020 023
Egen runid 045 0.51 048
Egen run1s 0 06 012 017
Egen runif 018 024 030 )
Egen runig 033 038 0 40

inspection of the tabie reveals that RELAPS systematically over predicts the system mean
void fraction in these tests However in five of the twelve cases the calculation falis within
the experimental uncertairty band, and in th1ee other cases the calculation falls just { < 002)
outside it In the worst case (Egen run 18) the calculated void fraction falis 0 06 oulside the
experimental band
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£.THE HEAT TRANSFER CORRELATIONS UBED N RELAPS Mogy

As noled previously reference 1 attributed errors in a RELAPS/ Moa? calculation of a LOBI
ATWY 108l 10 inadeq ate modeiling of subcnoied vapour generation in the core region In
particular the authors of reference 1 noted 1hat the Unal correlation for interacal hest
transfer in subcaoled bullirg had been incorrectly coded in RELAPS Mod?

To investigate the above as<ertion @ briel investigation was carried oul into the interfacial
heat iransfer models vee. sy MELAPS/Mec? in vertical fuws for ‘'wet wall congitions of
present interest The inteac sl heat transler coefMc =nt iy fow regime dependent

In the bubbly flow reyime & mcdified form of the Unal correlation is used . calculate
hauid interfece heat transfer as noted in referency 1 while other correlalions are applied in
the slug and annular mis. regimes The flow regime boundaries in ve=ira! o p Now are
delined by the following equations -

0% 0,8 aag  BUBBLY FLOW
l‘. < .' s LIS SL.UG FLOW

Sac S 8y € anp  ANNULAR MIS/

The foilowing eauation is used for s 4
(pr=pp 1,
aap = max[025min( 1, (0040')* ) 16°°) Wrere D'=D v""'a‘ﬂ' ]‘ -

For pretsures of 19 MPa and vaives of hydraulic diameier below C 047 m aap < 0013
Hence for the conditions analysed in the present report. and for PWR rescior core or stearm
generalor components where subcooled bailing may oteur, bubbly fow will not normally be
calculated Consequently the Unal correlation will not normaliy be appling in subcouled
boiling conditions of interest in PWR transient caiculations The errors in the calculation
reported in reference 1 could not therefore have been due 1o incorrect coding of this mode!
(in fact the authors of reference 1 no longer hold this view. bul ha.e shown that the
calculaton was poor because of inadequate convergente rof B Generally the Now regime
of interest will be the siug flow regime. arcording 10 reference § the Lauid/interface heat
transier coeflicient in vertical slug Now is -

Hym Hul. e+ H!’.bub (1)

K
Whare M5 w 1 18042060 000 'b: Cprette @)

K: 12 M’MC.W.

Arg Mypow| max :’ sl +OA1Vy|py(CplFy |0y FiFy 3
' @o+074medY

%

Y R R R R R R R R R R R R . R R R R R RRTTRRTTTC———~=~>ys

v 3



Eauntions gefining the terms composing e3u st ions ') (21 and (3] are a8 follows -

(C,,\ow
Pry= o (4
Roym 4 D min| |V~ Vel 08 u (%)
(. - .F)
arg = Teylor bubble viid fraction = o s (6)
‘1 - '“\
&g e ™ voluletric irterfacial area = 169- (7
spor = 2apfs (8)
V" - (V' - V,]': (9
Borpue ™ ‘.r,!\ub” - ly‘\v’. {1y
(0a= saa)
l'.-"b[ ..‘..-L—-—.‘a!--] 1)
(Gar = 0,8
Foommin[0009, 05,0) 0000 12
1 AT, % ~1
Fom mn{OO F.S‘l + AT, - AT,) -1« ATy=0 (14)
max( 20 F, ATy 0
Wee (1=a,.)
Rey = "'“""(‘TT%'L Where Wea = maxiWeas 1077 (15)
welVig)
Fommin(107% a1 = @)J010%) (46)
Wew md,V,’,lo (1)
By = interfacisl area per unit volume = 3 Eap.0/0, (18

The RELAPS/Mod2 (cycie 3805 version E03) code listing has been exam. .d in order 1o
verify that the code 0oes indeed contain the above equalions
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. CONCLUSIONS

To test ihe abiity of RELAPS'Mogy ¢ describe subcooled vapour genesation yn<sr
CORaions similar to those expected In some PWR intact circuit faults. calcylations have been
performied of 1wo sets of subcooied bOIIiNG experiments from the litleralure

For the cases ~! iow inlet subcooiing agreement belween calculations ang experiment g
very ood. with void frachion normally being predicted 10 within the apparent uncemainty on
the measured dala

Agreement belween calculations 8nd experiment in the high subcooling cases is not as
tlose with RELAPY/Mod) over predicting the void produced. particularly near the tegt
SECLON Inic! However the error in the channe! average void fraction is n_t large

The study indicates that RELAPS/Mod?2 (cycle 36 08 version E03) can be used with reasonable
confidence to ~alcyuiate the sudcooied void fraction unger condilions encountered in PWR
pressurised fauil sequences

L HOMENCLATURE

SYMEOL MEANING

Pe qus density (kg'm®)

Py Higuid density (kp,‘m')

¢ accelaralion due 1o gravity (m/s’)
(Cpls specific heat capac.'y of liguid (J/hgK)
g latent heat of vaporisation (J/kg)

ATy =7, (k)

- average bubible glameter im)

D hygraylic dlameter (m)

Q noncondensibie quality

Ky thermal conductivity of liguid (W/mkK)
By hquid viscosity (kg/ms)

vy liquid velacity (m/s)

Vo pas velocity (m/s)

o surface tension (N/m)

L voud fraction

e average void fraction in the liquia film and slug region
LI bubbie void fraction

My heat transier coefMcient

Saun ag for bubbly-siug transition

ar g for slug-annular mist transition

"ap 8y for annular mist - dispersed transition
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NODAL DIAGRAN FOR EGEN EXPERIMENT
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1080000 TOP TMDPVOL

1080101 10E+6 10 10E+86 ' VAREA + VLENGTH + VWOL

10801020 0000 10

ANRAIO0 103

VNI Q0 2TST9E+ B 400 T P T'ME + PRESSURE + TEMPERATURE
.

1080000 TOP SNGLJIUN
1060101 100010000 108000000 4 9284E-4 00 0 0 31000
weRNoLITOT 0

“ heat structures

2

A NH NP GEOM STDY L(CO.ORD
11001000 20 4 2 1 12562

i MLFLAG MFFLAG

11001100 0 1

NAINT
11001101 3 10342
. COMP  NUNT

11001201 1 3
- SOURCE N-INT
14001201 1 3

TEMP  NMESH

11001401 4985 4

’ LBOUND INC BYYPE SA LEN MSNO
110018014 102210000 0000 1000 1 1 8 9565E.2 20
3 RBOUND INC TYPE BA LEN HEND
11001601 830 O 3049 1 BOSESE-2 20

b S8 TYPE I8MULT DMHLEFT DHRIGHT HEND
11001701 g8 008 €O 00 20

y CHF  MY.DIAM H.DIAWM LEN HENOD
11001801 C 004776 ©0C 00 20

* MATERIAL 1 S-STEEL

20100100 TBL/FCTN 1 1

20100101 273 185 1288

20100102 1190 82 25 1

20100481 273 1% J B3ED

201001852 366 5 3 BIEG

20100182 477 59 4 190E6

20100154 588 Sy 4 L36EE

20100155 600 82 4 SO4E6

2000458 810 83 4 63968

20100187 922 04 4 77366

20100158 1144 26 § O76E6

20100159 1366 § S I76EE

20100160 1477 53 § 548E6

20296900 POWER
20268001 00 30E+3
20296802 10E+10 J0E+]
.

20293000 TEMP
20293901 00 499 §

20294500 HTC-T
202848010000
*END




APPENDIX 2 RELAPE Mog2 INPUT FOR THE EGEN EXPERIMENT

«CARLOE SUB-COOLED BOILING EXPERIMENT AT 2000 ps:
0000130 NEW TRANENT

0000105 81 BRITISH

0OD01CE 20 §0

N REF VOL ELEV FLUID NAME

0000120 1000000 00 WATER PRIMARY

’ EYME MINTE RTS FLAG MN MJR RETARY
000020t 00107010003 2 § @

w 1000107010003 208 OO

OOO0301 VOIDG 100010000

0000302 vOIDG 100020000

0000303 vOIDG 100030000

Q000304 VOIDG 100040000

0000208 vOIDG 100050000

0000308 VOIDG 100060000

Q000307 VOIDG 100070000

0000208 VOIDG 100080000

0000308 VOIDG 100080000

0000210 VOIDG 1NN4N0000

Q000311 VOIDG 100110000

0000312 VOIDG 100120000

0000313 VOIDG 100130000

0000314 VOIDG 100140000

0000318 VCIDG 100150000

0000316 vOIDG 100160000

000347 VOIDG 100170000

DOO0318 VOIDG 100180000

0000319 VOIDG 100190000

0000320 VOIDG 100200000

0000321 vO'DG 100210000

0000322 VOIDG 100220000

0000323 VOIDG 100230000

0000324 VOIDG 100240000

0000325 VOIDG 100250000

0000326 VOIRG 100260000

0000327 VOIDG 100270000

0000000 TUBE PIPE

0OO0001 27 * NVOLS

000010Y 6 650E-5 27 * VAREA + NV

0000201 6 65E-5 26 * JAREA + NJ

0000301 2 545-2 27 * VLENGTH + NV

1000401 0 27 * VWOL + NV

1000601 + 90 27 * INC-ANGLE + NV

4000801 4E-5 4 T472E-3 27 * ROUGHNESS + HYD DIAAA/P) + NV
1001001 00 27 * FRICTIONEQUILIB + NV

1001101 00000 26

1001201 103 1379E+ 7 8020000000 27 * PRESSURE + TEMP
1001300 1 * Nag for Nows

1001201 7 479E-2 7 470E-2 0 26 * LIQUID FLO + VAPOUR FLO

1050000 BOTTOM TMDPVOL
1050101 10E+6 10 10E+H
10501020 00 0.0 10
1050200 107

1050201 0 0 1 379E + 7 602 0400

-




APPENDIX 2 cont.

1060000 BOTTOM TMDPIUN

1060101 105000000 100000000 6 €500F 4
1080200 1 * flow fNag

AOE001 O TATRBE.Z TATRRE2 O

1080000 TOP TMDPVOL

1080101 Y 0E +6 10 10E+6 " VAREA ¢ VLENGTH + VWOL
10001020 0 0.0 0 10

1080200 103

1080201 00 1370 + 7 602 04 * TIME + PRESSURE + TEMPERATURL
L]

WA TOP SNGLJUN
1080101 100040000 108000000 & 6500E-4 00 00 31000
1090201 4 T ATORE-2 T 4TRRE2 O

* TUBE heat structures

. NH NP GEOM 8TDY LCO.ORD
100100 27 4 2 1 4 5882E-0
14004400 0 L]

11001104 3 S 400262 ' assumes N8 em thick
11001201 1 3

11001301 1 3

’ TEMP  NMESH

14001401 80204 4

‘ LBOUND INC BYTYPE SA LEN MSND
11001501 100010000 000010000 1 ! 492532
. RBOUND INC TYPE SA LEN  HSNO
11004601 838 O 3845 Y 40285262 27

$ B-TYPE IS-MULT DMLEFT DHRIGHT HEND
11001701 P00 003704 00 0O 27

¥ CHF  HYDIAM K.DIAM LEN MBND
110018014 0 474733 00 00 27
*MATERIAL Y S-STEEL

20100100 TBL/FCTN 4 1

20100101 273 15 12 98

20100102 1198 72 25 1

20100151 27315 3 B3ES

20100182 266 § 3 83EE

20400183 477 55 4 100€8

20100154 586 58 4 J36E6

20100155 69€ 62 4 S04E6

20100156 810 93 4 638E6

20100157 822 O4 4 773E8

20100158 1144 26 § 076E8

20100159 1366 5 § I76E6

20900180 1477 58 5 S46E6

-

2020000 POWER
2020000100 2 JBTE + 4
20200002 106 + 10 2 387E +4

20290800 TEMP
20293901 00 602 04

20294900 HTC-T
202840010000
*END
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Burbridge
Bilam

Jenking

W Carpenter
J D Young

MW E Coney
L F Wilson

D A Ward
K.T Routiedge
J P Rippon

D A Howl!
KW HMesketh

D Hicks

MR Mayns

| H Gibson

| Brittain

J C Birchiey

M Staedike

Library
Library
Library
Library
Library

GOCO
GOCD
GDCO
GOCD
GOCD
(€0
GOCD
GDCD
GDCO

PMT
PMT
PMT
PMT

MSD
ME8D
HSD

BNL
BNL

CERL
CISD Park Street
NNC

NNC
NNC

BNFL Springfieids
BNFL Springfields

UKAEA Harwell

UKAEA Winfrith
UKAEA Winfrith
UKAEA Winfrith
UKAEA Winfrith

JRC ispra

GOCD

BNL

CERL

MEL

Sutdbury House
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THI8 DUCUMENT WAS PRINTED USING RECYCLED PAPER
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