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SUMMARY

Passive Containment Cooling System(PCCS) is designed to mai'ntain the
containment pressure and temperature below the design limits by removing
heat to external surroundings during the postulated accidents. The main
heat transfer mechanisms of PCCS are evaporation of the liquid film
formed outer surface of the steel containment vessel and the natural
convection in the channel between the steel containment vessel and the
concrete building. Therefore, studies on the evaporation rate of the liquid
film and the induced air flow rate into the channel inlet which are
important for PCCS design were conducted.

An analytical model was developed to simulate behavior of the liquid
film formed on the outside surface of the steel containment vessel of PCCS
including the ellipsoidal dome and the vertical wall. The calculational model
of the film thickness and the mean film temperature was derived using the
height function concept.

The model was coupled with CFX code using the user subroutines
provided by the code, and a series of numerical calculations were
performed to evaluate the evaporative heat transfer coefficient at the
interface. To investigate the applicability of the developed model to the full
scale of PCCS, numerical results for Sherwood number and evaporative
heat transfer coefficient were compared with the experimental data of
Westinghouse, Ambrosini, and Kang. The results were in good agreement
with the experimental data. For liquid film thickness, the result was
compared with the result of Sun. The calculated result also showed good
agreement with that of Sun except an upper portion of the channel.

In the full scale analysis of PCCS with the assumptions of two
dimensionial and axi-symmetric conditions, the effects of dome and chimney

on the evaporation rate were investigated. To do this, analysis was also



performed for the vertical channel region of the prototype PCCS,
independently. The results showed that the heat transfer coefficient in the
dome region, where the flow cross-sectional area decreases and the
swirling occurs, was lower than that of the vertical annulus region.

Analysis also was conducted for the wet cooling and for the dry cooling,
respectively, to investigate the effectiveness of the liquid film cooling. The
calculated evaporative heat transfer coefficient was about 20 times larger
than that of the dry cooling. This suggests that the evaporation of the
liquid film be the most important heat transfer mechanism for PCCS.

Sensitivity studies on the gap size and the wall temperature were also
performed to figure out their effects on the heat transfer coefficient and
inlet air average velocity. As the wall temperature increases, non-linear
increase of the interfacial heat transfer coefficient is observed, which is
resulted from the abrupt increase of the vapor partial pressure at the
interface as the wall temperature increases to near the boiling point of the
liguid film. As the wall temperature increases, the induced air velocity
increases non-linearly. This non-linearity of mean velocity increase with
wall temperature change is supposed to be due to the increase of buoyant
force by evaporation. However, the heat transfer coefficient was not
influenced significantly with gap size change. This is because the increase
of gap size generally incréases the heat transfer coefficient, but it also
decreases the induced inlet velocity.

Also, the analysis of the dryout point as a function of liguid film flow
rate was performed in steady state. The minimum liquid film flow rate to
cover the entire surface of the vessel is estimated, and the minimum
inventory of water tanks to be considered in PCCS design is also

estimated.
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g 49 AFES Ayl AAe g oiEd 299 Lo 27T, I
HAABAANY & & A, a8 LFFAE EHE 17 d Folof .

}2«
o

1.3 4754 4 44

AP600S] PCCS AE< ¥l 98} £8 M2 S¥81 F A A83<
e FEZ FARAHER FAL7) Hol AEd 93 FAZe] EAse
= 5% 2FFold AFAEL EASA gen. Y AbnA F

o ZTEFTte 7197 AAUFA ) AdFTol IHHERE Ao
w87 viFe o F 2L A fAste ol gEsAT o]F B+ 4
Fol W F7EHA Hu ZAL7] W FREA A% EFF 72E
@ W dA CFD 71822 HAE7]e) i 7 EAsts BT 7
= A4 ste de FACE oz AP T3 1L1-AA AFT vt 2
ol A|8-7] jydute] Fo] ¥ Ao &7 R FHEPG A
& Y] 2xxAE 2ASA H2Z PCCSY ¥ATEL F2 871949

N
—_

EoE

of N

i

1

ox

et R



ZFoo] o9 Wrte A ey poz AT Had E AFdME 2
Ag71s air bafflec] 93 #4F 5 R FTEEL TFsE A IR A

A3l diFE WM& FAstaR o

¥ HolA AFF PCCS A 71EY AFE 5 48H d7< UFES 2
dEo] Fad AFAA g dAg g FRAA FIY=HAA HAZ Fol
50m AE(F27F 453le AFREEH FE2AXA) FE9 full scale PCCST 24
A dR5ddE B4 dtede B2 AFEE MR QoL 53 F5E ¢
T AL F42 EHE 27 8 dREEY AS AARSEASAA 3
et Ago] o]Fo] Ho. dwrHo 2 FAUFE AAWFA ¥
=] 29, 249 A7529 24¥8¢& F3l9 PCCSe 22 A
3 TR dAGEALE dSsted oA BS 2757 2¥E A

#H 7129 AYE ATAAE GEEY Aol FAAG FeFel de
Ae B 5 gud ole AA 9HY F BREINY GnPol AAstE )
g0l Aot AHgH BREOINY FARZY K2 BFo] slAske] FX54
4l HE A717t 4x Qs Adel Zl9dthn gudc. 2ev AP0
A% B99e 398 We dagHde /M ez, Y Fel
ALdUFY S ZAE W o] Gl Frisle $YTHE AA FEFHA ol

) 3
= Aol st =%, EEEAAN f5awd 9 {293}
TEAAM(flow instability) 2 ZAA S92 (boundary layer
separation)9} Z-& @do] HAY A= WiAE & g, ol FESol
Mg mAEe EE nHo ok ¥t EFHE £ PCCS IFANd
22 ®¥L ZAdFS 28 dHd FF5F
elliptical problem?]|22 FHES $£Aqd 2237 4 4= ]
sttt gaEn. ges, 53 Ade F 4904 4 FEE 5 e 4%
34 =dol dgsig.

$H deto] o3 Wzto] olFo]d AL PCCSY WZ4ETHL daH AL
Axztel]l F2 & Ro 7 BoddATh

o] Agol JFe mAE

=2
Ro

(1) dutzt 27]-87) E@7h2e) AA—RA Zud o3 AdAGAS
@) 2o 98 FoRE TEY, & YUIATSE



(3) 371 Fr2olxe <t E=H(pressure loss)
(4) Ao g A AN EAGHAEY 9 EXHE

(5) B}EZA, plant 229 A ¥

d9 #EE F uA F2L B A7 WA Hojumz ARG D,

full scale?Z°l| ths)

& "AE Bheel FLARES kA A3 AL

L

4

(D) ¥4 2xRsg g Add+9 F7Rd&E=ds

(2) ATFrFo] ddgol vlAE FFH7}

) 5 & dute] EAFF e @A dALEAL € F5FEA AY
(4) Aate] dry-out pointoll thd &4

(6) Ad T/ 2xwsyl @Ad9d "X 93 37 2 AREEH

6 detwdg 5% FUF L IALF o

_lo_



T 1l 7% 29 2uad 47
A7 }%34@ Azwy | Ad7xm |7z/duhe ) A7A} 2 w3
A X
Chun/Seban #Ho] Zold ©E HFEA
22X 9 ol g + A% t_lji o
4970) SERRCE g eAReE/El
Fujita/Ueda - ol P o |83 AFA W Data, o
(1976) 24 AR ARSNE ko] Breakdown £7.
o ex g @e Zolst @
ang #A4  |(AAG 2| FABUE/2(2 AADY N 3,
(1986) gure AAzASE Aa).
Shmerler/Muda QAGEHY, & #F2 4
V& /2= 2] )] A o} 2=~ 2) 37} =]
wwar(1987) SR/ AHA A |FARANE HAs o] o
- dzo) o 2FAHA, F
. 2~ M /a
Ya/lin ) o sy zauma| TN E g0 ga gnge) gy
(1990) dge |-
< A=A
K FA A gF dAe
<1;;6g) FANY | AAR/A2| AN/ ;Q °
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air+steam 4>
outlet H
L

PCCS storage tank

water spra

air inlet

Concrete i
containment

/ Steel

containment

a¥ 1.1 PCCSY N x

_.12_.



2 AR 2 AA=R

2.1 34 49 2 #3384

2 :L\“E! ..J, Qd— FRAERA ded E2 FHA A 2
TE A 58 AR A FAFF Y FAHES o Zu-kY. o
W AREHANE ARgAR 7] Fo| 2EA s FL R LAl
! AFAgd 3 F7-37] EFLEHe d=E F

(ambient)e] YERT ZrAdt] o o3 s, & AHAA o
o] Asstd 2 A W FXE vz okdd d' KA ALAH
A AT E AFE7|E WelsolA HI, AAFHoE FHIS BF
S FHEY. wHA g% FFS FHA I qFez A A9H
o o3 JFoz {F3}e EFAZ PFAHHE counter-current FF 54
S BolA Ao wEtM gRAddAe &8 FH MRt fFo]
StH, o] 52 4799 2 ¥ ¥V 3 HdIF, #2 R % @9

Ho] Wate FI9 ¥ 2L A gy PEa
2.2 A e A4
2.2.1 9= 49

AAAYE7) BALe e FHo g8 YA FEEHL AR
193, B 2 AMgRAe A7) A% ARe A v

(1) 2 842 224 s olo.

() AR NE BAFF AupgR o] HgAh
(3) A §5E Rev) 15007 e 2 272 7R BTHI5]
(4) AAWY FAIA boilings] LASA FETHIS),

_13_



(5) AnFADANN FEEY R £5F AL nsA Pk
© A2 27} vmd Fonz dUALARFL nsA S

dst e A sol MAARAEAE EYshe] BAE7] FAe] Ao v
2AZ ol AASF deY AL 22 A% ol FET & 21,
A%, £5%, 292 oA $RAL 71&9d GeF 2ol Uehd # vt

[21].

oruy, = orvy

ox + dy = (2.1)
du ou 0%
L[ L tug = L +vL 3y L]= ﬂLTZL'i'gpLCOS,B (2.2)
0T, 4T oT 0°T
pLCp, [ atL +uL ox L +vL 3y : l=ki,—=~ 3y zL (2.3)

o] NN LAAGEIY FA Fo2RE Ag) ro] LFPYA
43t YRR Az g8 AAH] ASFRYANAT ro] X
93 A F 2R AAHEAY AAZFIA ATy SYs)
o, $EFLRAY 2 ol Y& B FHRLTH AL FA Abe] 9
FER cosBRe EREMNE 04A 14bole] gol Hi, FHAQTEA
£ 19 @e XA |8

2.2.2 E7-Z7 EFAY

ARALL o3y 7hx Ao Y APy Ao ¥ APezry o
Agez odte Fe LAY W UF FAWG. o A AN

, IBE JhiM AxE dogoz iguz AFAgo T3 we
A, AFASHAAL 2238 E(molecular scale)oj 419 A& dFo A

_14._



£

of "‘] %2 =& bulk mass transfer& 25 T}

S BAFEAA B olle}, ¥l d¥gy FAHAEE S
A Y eddyel EFHANA AFEide] 7M&HEYg, oz A Els
HAo A Ao 23 Firg GFE4 dFiesd o3 g 2
deo] HAg,

371-37) E4IlNE A% AANCZRE 3718 FFY 277 F2
3 OFe BAe AR FEHELE 9, 25, oA BAY Ao F78
gol e AFe BAs] A% 371 280l U F7h £454H N0l Bs

shol e ge AR Aesad

(1) 2E @42 23 & A Ho|th

(2) 71-F719 58 AFNAREEH dFolt

() TF WAYAA £H & 252 ZAY(Boussinesq 7HA).
@) $71-87] §%9 £=7 ZAovg uALXNAAL 1HHA FE

A9 AR gl EFIGel WF AMPANS ALH e 2o

fij—‘(pgugj) = 0 2.4)

3 Ip
E(pgugi)"'aixj(pgugiugi): - ax(? +(pg pg°°)gi

duy +duy;
+ axij{(#y#tg)(a—xgj“ Tig’)—%ngaﬁ} (2.5)

2 d d Cpgttig \ 9T ¢
E(chpng)'l‘a_Xj(Pnggungg) = E{?{(kg"' Prtgt )axj }

aT, oW,
—pDe(Coy —Cpa) 5 2%, 3x, (2.6)

_a _ tg \OW,y
L (W) +-L (oW )= ]{( D +“s'€f;) ax} @7

_.15_



o714, 28 L& Boussinesq 7FA[22,23]1& A4 AS AHEE ¥

J% WEWse eEustdl ¥ YEWHT BAY 5 AT G} 2ol U
€}

p-pgoo:pgoo[a(Wg—Woo)+.8(Tg_T goo)] (2.8)

223 ¢72d

HolElx HEZA Re F& AHE et #
59 Z$ FHAM GFE AojdHEe d9L 2000 < Rey < 4000 ®HH o]
AE uidrt24]. AAUFY B¢ FFHAA &
2o Holx R AL FdAA Z7)d &3 ofd tiF HE=Z
S 2ol FodEH.

g2
£
N
x
[N
rlr
('J
Lo,
=
N —llI.
)

EJ
L
4
ka
rir
ool
[a)]

4
fula
>
ofo
_?(_',
Rl

v

Gr,=

g.Bxs(Tw _ Tb)
2

(2.9)
v

g.BXB(Tw — Tb)

Ra,=Gr, Pr=
va

(2.10)

FAY F99 AAdF 45 A FFHIN @R Holdt YA Ra
FE ~ 10° Axe|tH25]. AdfE3 #@3 Miyamotto®t Hugot[26,27]¢]
4Y A st I 4¥2A sl YA Ra F& ~ 10° FEol,
Im "%l Hol7k 2 AsAH PCCSS A Hw¥ bukd 2=2E 30
C2 7t3g u, AdYTolAN Im B= FoldA Pr & o 4% 10°2
2 $254 RED FASdeE 234m ©l L Rave x9 3AFol wdste
2 Aqsnz ste gL 990 ¥F FHde ¢ F Avh

A A AR g =GR 9F F7hY) FAEE uHesm

_16_



BAzkel HAxzel wla) 108 o4 e XY dRHE mddgozs 2
A3 olzH AulrAAe 23 Hel(closed form)7t Bk A7 ALE
od2] FHEdol g

Aot Z mdo AL FAZE A Ui, FFF
Zdo] AAH gt E AFdAE guHoE A4y
S4EAA AEX Hmy F gevda ¢ low Reynolds
number k-¢ Y FELS ARl A} dho)

Low Reynolds number k-¢ FFEDA SH33AF¢ ne 3 22 &
Aol g3 ZHF .

2
)
B
o2
ok

g
(2
e

k2

A7, dF L5 ks BF AUN28E ek A2 FERRHL
2%H BRYH, 0|28y FAAS not Avdo

2.3 et AARAA 4 2 A% A2

B9 F71-F7] EFF Alol9 A AWZA(interface condition)2. 2 A A}

% 4+ A 94 2de d42d% g9wd PPzden Y 4 Ao

A% AN £, £, ¢ U d&2AL O 2o
_fx_‘:E Up =U,=1Uj (212)
<4 =T, =1 (2.13)
eE T, _T,=T, (2.14)
AAARON Feol AT B9 AARANY AHPe AARY £

¢t bulk® Xzl 7|Q1g EHE @ Fdo % FEACGE T éﬁ‘ﬂ

r\o oﬂ,

AN gsn FPYUE A, 23 R A Bs) b 2
ZAEE AEL + AT

_17_



pL(VL_uLd%?)= Pg(vg_ug%)=r'n (2.15)

oT,
AL =q,= —kg _8_ + pgvhie (2.16)

4 (2.16)olA R 3 AR e ddel g dHALEE 2|v|5H
A g2 ko] A% FIHDE Yuidnt o] F Fo] HA FHZ v

ol

2
g,
ol
)
a:)
o
fo
H
2
o
rp
_?L
J:l
ok
N
o
oy
[¢]
P
2
o
i
2}
i
ol

o o —o—ﬂgogé:—sa Mg AHRY gr)d AN TH LEQ 100
ARl wek F43 Frbses AL B £ b e, Kanglleld 5
4 Azl osw wwe eEsh 50CAA T2 FA%E LR
(To=Tam)E 238 Z7bstevl v3) 323 7 o3 Frheda slest
T, ot 2EZsl we A% AARAAS F7)9 Bere] WAGH
Z7kst7l WEolth a3, e 2ol WA AWLATE BAT & Uoh

h,=h,+h, 2.17)
4714, h, = @€ gAGAF

FAHo2 ARFFE ANsel 4F FARINY dAeASE T 2
$ 99 = Ho| AR gt 2ol AA GAYAFE 9T & Aok

. aT,
q'¢=h(T;—Ty)=— § oy &+ pgvhy, (2.18)

q71A . TpE buk =& uldty Ado|u so]lZo Ze YHEFfFolA
X AL A G (ocal heat transfer coefficient)® F+& A Ad Fwrdko

_18_



g A5 A9 BANANA BLe] @ FrgALA
#9 Nu & e o] @Y

___OgVehe
he= 1Ay (2.19)
_hDy Dy oW
Nuxe= =3 == 121y Sy | (2.20)
g HoA durg T dAdo] o|Fo] A 7%, overall heat transfer

o
coefficient U o3 Zo| 71&d F Ut}

=1 1
=7, + (2.21)

dutzog dute] GAGAF h 2 7t GAZAST hEo Y A
2, Wb Ao 2wt Ate A& guidt ol Hl$EA4 7t
27t EAY B ZAAF $ETANA 4T dATS AT E RS
ARG 2 °§‘E} F2] 2EtE Corradinil28]9] AF3 X3
g SEEA BHESA Jtx el F7] ol9o u|&FA slast EAFE
BA”AMEY F7]9 BFERS ZAANA dAYoR FALsne W
I 2A Fase A2 A AvH28,29]

BAFAA Y S8 dHAES AN HAE 4LABARAAN F7]9
ol 9% FA*FE&(Mass Flux)S Albdior sich. 59 2 F53 #4dHd 4%
&g oJ8HoZ T3] 3 Ay 1A wyol AAHA gt o] F FAdol
£ (diffusion layer theory)2 F2 $&&EA9 AAse 3o gov AR
AGe oFe (thin layer)& E3] ZAFEH, buke interfacee] partial
pressure X} o] kU] G LaPFO 2 v gol FFYo o= A
S F8 U&go=2 3 AY. Y LE9 S laminar boundary layerol
el A= Sparrows} Lin S[30]¢] 3§43 AFE 4333, Petersons[31]0]

l~H

ol

[}

_19_



S4BT, AAHE okl e Uchida S132]o) 28 AANE 7t29} steame F

Auloll g AL A9 empirical curve fitS AFE3) ko)
ARFHR2EE FADAN F719 Edel dSste TR dAJ¥UR

ZbRetd, ZAAGA yig "ozl XM Frlit F719) HZFE(molar

flux), m’", & m" ,=[29],

‘ma"zm"wa — D, p dga (2.22)
m, =m” W,~ D, p d;’gv (2.23)

A71M, W,, W, = 371% F7|9 AFLE
"= -5 EREY AFH
p=37-F7] EHEY d=

v=3%7-F7] EFEY &&=

m

D, = binary diffusion coefficient
W, +W,.=1 (2.24)

m’=m, +m,” = ov (2.95)

Aat AW HEEA 7IAJ] Fre FHE F 93, FU|vel FEE
A BAE 4+ Ade w52 (semipermeable plane)olgt  ZFASIH
m,” =0°]3x, ZFEE i AT 2714 224)F o &3 ZARNAY
5719 4 X (blowing velocity)© ©&9 4oz veld 4 g33].

D, W,

Vy=—— 1 _ Wv ay (2.26)

I

A71N, W, = ZADAM F7)9) A2EFolT, D= $7-37] £FE

_.20_



o) ¢] binary diffusion coefficient® Th-&3 o] F o} X th{34].

— 6 2.334
D, = -4.40x107°T

0 2.27)
9 NolH Tl UF L= TH 4 Pe A4 Fwol wA4sE AA
A9 L=} ¢S omgn
d9 BANE olgstel AnAAWANN A& m'3H Sh £ Thed

gol vehd # 9o

. oy D, oW,
m ¢ 1= OyWVWy=—— I_WV ay I=hMpv(Wv,I_Wv.b) (2.28)

A71A4, p, = BAHAANA vapord] Y=

hy = AZFdSA s

Wy = bulkell 9] AFEE
_hvDy Dy oW
TTD, T WL W W) oy | @29

4 22002 ol&std] 3719 Aol FULEEE AT 5] AR
WMol Mo F7] AR e FME Adstelcl stn, o] & A AHME
49 g7 FEFNL 371 AFEL @ dolok Ak FEFRY F
) AYRES 7 4RY ABRE YA oM Avd 2y o
AARAN S AFREE 55 BAcIN AAHA $OB S Dalton®] B
33 VB FAPAAE e AT

Aot AAYAN F7o] ABELL AW Aske] olA7AY TR

02X F7l% 719 AFE R 2ol ushd F gk

_21_



_ PV _ PV
M =T’ Ma="R.T

(2.30)

% A9 ol4rAR oFolW ERAANA 7 4R ABELL EABY
Pgoz Uy £ glomz £37)e ARPee EART Tgoz ug
WR oge A gol W

mV MVpV MVpV

YT m,+tm, My, +Mp, M,p,+M,(pr—Dy) (23D

9714 M,= 714 €2, M= 5719 "E_Z]'Boh, by = Aetat F7)/F7]
EZ71A e BA AAAe F71 Y, pr=A"I F71/37] EF71A9
A "ol F 4He v

2.4 432 % bulkk 2%

PCCSOlA AEe) gL 171¢olmg $5o Ws) 25U 181 5E
dalo] ofd gEe WEE AX ¢ Aoz Wk wA 4y Wi
e BAX WaE RAST LEWFe g2 gPue mAstdc $H F
Fo] WASE odute) B Z7]o] WEME Aol FAHE Hxie) L
w2 ASME steam tableZ2%E Ux, AT ¥|g, 2dx EAEE g
He golsd AN FYFEE HUoH, Tr)d PHME TeH go| £
E¥sle] wE 24X WIE fitting A& AHEst] 2Eo W JFE 1
st

o(T)=4.473—2.106 X 10 "2T +4.368x10 "5T%—-3.367x10 %13 (2.32)
k(T)=—6.867x10"°+1.679x10 4T —2.261x 10 "T2+1.77x10"0T3 (2.33)

¢,(T)=1.011%10>—7.365x10 T +1.158 X 10 "*T*+2.0156x10 ' T*  (2.34)
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#(T)=—8.9%10"7+8.896x10 8T —1.036x10 " ¥T2+7.527x10 " MT?® (2.35)
_ 1
B(T) = T (2.36)

SH ALFAUAA EAEEE TF37] A& buk EF B3l of st
Al (2193 2ol EHE AFE AAY A, FAY FH9 FEIH 2L 9

#&(external flowolXE ZAAZF Wl free-stream Zo] AR
buk €& T,& €4 A4 & dAWN FUHS, AdHF, 283 AulE
fE(cavity flow)¥ & WEF5(internal flow)ollAE ANHOZ  free
stream Zo] EASA Fornz AUA-HE FEXEE AHESH B
Y 3% Too th+3 Zo] Fogdd24].

x

(2.37)

2 Foo fEURFC o5 HES %O buk LE Ty& SAAX A
AA 5 dEFHo 3] FF-dUR HTF =& gu|sit dFAMEH &
A YZEH (fully developed) 55 71H3E £ 2 2% E¥XE WA @

Ha 22 8E A4ddEd. ges £ dF

AeA+E % 9 buk 258 VAT 2=27EH ZAIFAT
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3 v 293

SEETERSE

At om S &3 Futd FHH A A
g A, AgdaAe % By, 28y d 2 FFHGUY S 58
Aol 37tR] WFE Aubmaagur 5
Nusselt® 42 $Poz 2y
Asg H2E AAMNYAY. s sidESE 7371 A8 A 244,
ok Aty F7)Abel 9] drag FAl, AEgke] o
< 7F438t9 . Nusselt ©] % Dehbi 5[36]% 22 B2 A3AEL
BN ZRE 4 HE FeHnA Ao o]EL W J=F EFE
2 2o AuAAHAAMY T &5, §Y, 2%, d&34 A
3t 432 & Ttz Ao 2y olEF A Fo P FAFHLE
D ERAAE Fed Ao BRI X fE Fie FAHAA EYHY
A go] A4d £ YdE Holth 53], PCCS T+29 2L AYE w=29 +
ZAM duErgo e A A AAANA AT AL, AHANL B THE
e 2717F FET. wEhA], PCCS HAYHAA Fdo] g dAZEANS
1437] faixe F o gdaed Edo] dasin.
Aupol] tfgt ] EHAALE FE AL I3te P F MR e AL
=< AAs7] Sl ’"?3’“ A& o] g3te Zolth dutygoeR s ¢
} @42 CONTEMPTS 22 3ZoA A"sta sl Uchida 59 ¢
o]tH31,33]. v} ol&l AEAe o3 A W dHL, 49
124 o

e o2
2,
o
lo
o
HIR e
o oo
1“3 Ay
olo 12
Ao 2
L =2
2
s =2
Y e
o 8 ¢ ol
2 o ng
S Rl WY
op B odu o 12 uft

2

(®

, M

} 3

>
>

SR
o o
= o
.1

zAMAE Rojue A$ Hgo ARAol Jz, 53 2UILS TESA
de % gon, ga]a Aol W FEF ABE FUIU ojFTE Aol

s B2, AAE oo TAW AWy HE) T HBHA AZol
AL, FEE7t H1, @Y i ABE A ¢ JedAE Fod
29 84¢ WEsnE, @4 CONTEMPTS Z& Agg7] sidz=dA A
data e AAY AT A el vk @ 2 AFALRY FAA



<& Colburn® Hougen[371el 98] Hx2 =% o}F, HZ Peterson T[31]
| o]27171x] B ATAEL analogy A€ T8l dALAs=EH AFA
2ATE FFA sl H & Ao
T HolA AFe A 7HA A F BAZ FEo w4
£ 2 2ZEREE 7% H, o] FXE o]&3td PCCS HA
AN EdE g J& Gt A9 d(simplified liquid film model)<
LR Z

dg Heat wued nal &stnA B

mmPolst2 o}F gkomz duhjRe] dAgE T
Hxol oz Aujxr] wEoletn wddd. ©vgo] ‘3—‘1‘1“‘%
232780 71E% Hie} Zo] F2 HALESG dRF AW |
Horg 2EEIE Aoz 7HAstgts A 2 i’ok—% L B s
S Aoz HoHEHG

oj¢t BlEo] A TEAHY £ B AP =X A gIAHES B
Zolgd ZAstY AWy 5 Utk BAFL pré¥prd A E(time
scale)E 7}FA|3l, W P (disturbance)o] LABHE BS FFEEEF =3
o 283 A1 oudtd, FA 7 0.1-1mme] S0 B§, A2oA ATH
Z(time scale)= 0.01-1sec Axo)lB& Folz w9 time scalec] 0.01-1sec
BEg: 34 € S #HEgHRE FAE ¢ dv19]. £ BS Pryv 22
E EEFEE RE JYstUA HUEEA] gv Ao Mg o] sHARL
2RE dF g dsiNE,

auL aVL

auL _

, ay

o
PL—at_L =()
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o Zo| 2ALE %
WA, Too] d@ £5F AN BAYS UF F& FA

b L8 L
tx 7bgetn, Weel e no-slip ZAT AA WMo £
the 7H3 stel A4 sE Tk,

up = LBCOSB (o 20

(3.2)
7

o A dA714 ye AWl FuHozREe sAAAS, f= T
AAAGE7Y FABGo] olT: AEE dula

o

Ao Ro] LRI gFME SERFE Zo] #A3 2 4
3t Te e HYLEEIXE 98 £

TL(y)=—2-Q(;—’Dy—+2T—-Ti 0<y<s (3.3)

714, o=due wa, T=-ITFT) 11 - an zag ex

TV =723 Fdgd8719 925 vk,
3.3 99 57 2 &5 AE4
3% 312 height functionS o] &3t4[38] A9tS AALs7] 18 =D 7Y

JE 2 A, dutel waZo] dxol Wi ABREFAAL AY 0(dxDH—0 ©]
omE U¥rw tee dog Jed 4 gt

s (3.4)
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ANM 5, o= 7 Ao FAMe) PCCS) WA ALFAS vera
dvtel YREEE STETRAY G2 Ate 5 viste] HR o] A

duete] G ANs] Astd Ay AFnEPPYel FTEE PR
(35)& Wstel Beiaty, Aste] oo BF Theel YRl =B

_gg_ d{rcos@&az (3.6)
3ur .

(2299 [ (+8%cos B 41— (183 cos B);_ o]

A7 A=rdf-dx2 B §=(diy1ptdi-1p)/282 AXFE =,
Si+1290 THENA AElstd thge] 33 A¥yA o] drt

ag &iprp =0 (3.8)

L ()
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_ A& — 8= ) pgri-jcos(B)d-,  mA,
Ci 2dt 3u 0

olg, A= node il A&7 EHHOEAN A;=r;dddx;°l3, ;v &
G887 A Zd A node i71A 9 AYE 9w}
algto]l FA g 3xA2A (38)o] dis) sA QU "W ode Z&

Tt Ak FAo g g-89 o] FIHFT.
o, Y173
3i+1/2={ _a_:} 3.9

25d dEiME 29 31& Fmste] Fodge] b oA BE A4S
ugHR e 4oz EAD

3pcyd'T) | pcrdu T
a‘;._ + (pcz.rax ) =QWall+QSpray—Qint (310)

T
()
7l Qvvat 0V /fiim
Qspray = (m® + 5 - T%)
th qsens+qevap

—— T “e vemi__mg
Usens (k ay )vapor+m Cp(T T )

qevap=n-1e'hfg
oz RHH, 3 Aol $ud T WA Fe URTez Ao o

_*"?-r
ALAYE duldth 280 FEAN  quu & DARPAN oz AT

F(heat flux), QoS AF47] RN BAEE W5l 9% ¢

(o

in
e
4
.
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q“’:_(k%)mm -(3.11)

AR REFANE vl2AY dA;=r;dddx;9 st HEsta, Azt o
2} el (explicit scheme)&, A FE5H3F whs] 7 A2 =4 (upwind
scheme)E ©]&3t AAEF}stHE thF o Ao fFrdTh

(pcpr&fa ’_f)H-]/Z - (pCpI'SfG T)i—l/2=A~i[clwall'i_qspl-ay_'qint]i (313)

017])‘-], Ai=ridxi

wEtd o BAZAL AU BENH Hgsd oz gol T o of
g Aoz AHedd

arT;—br=0 (3.14)

j—‘j’]—?—y O—‘}E}'_LQ_‘EQO]] EH-EE]_' 7‘“'{[\‘ aTQ} bT“f_‘,

2k'k +m, c k' 8"
aT=C:>Fi+1/2+Ai[ Ko+ k"p8§ ]

- s 1ecy 8" K + 2k K :
br=CyFi_yp Tiey +Aim c,,T"+A,-( = C/‘;fav_i_ PXEY )Tﬂd(l)

‘-+—1—A- 2¢, K 8" +2q, k" 3~ 2m by K 8"+ micyhy, 88
27 e+ kol
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A7VN, Fiyyp=o0(urdiiye Fioyp=p(urd)i_yy ,

6" = Qg F7)-37] EEE9 A WA node point7hA 2] A=,

he= 2719 Adsd g2 dgs s,

Cp, Cp, Cp= AT F7] & spray=H€ 9 H g,

Ad"d 25 T & oj&ste] kst 719 2 2 3AF 2 YA S
AAs7) A% ARFPLEE AMGY dgE 2x Te AAzRDA
(3.11), (312), gz AY 2LEFF 4 (33)F °o]§dd T Hoz A &
F A

2%k SV T+2kSITY — m hy 8 6F

5k oK 3N (3.15)

T =

3.4 314 TOOL ¥ %3 USER SUBROUTINE

E dFdAAE PCCS F EAHA gaprlteld] F71-87] EFEY E/F
dde EABH] 98 HEAARANNZEQ CFX428  AFE3EATH39L
CFX-F3D ZE=dAE tdd €5 9 it 2L d4& dysied
RAA AL} g7l me dad FREE AME 7 Y=F 7] A6 o
FE AFEAA B ZE (user subroutine) 2 utility routineg A|Fd1 YoH,
AL A B FRE USRE A 2rgidt

£ dFA &= USRINT, USRSRC, USRCND9] AF&AIAMHF®E 3 [PALL,
IPREC, IPVERT, GETVAR 53 Z-& utility program< ©]£3to ofutnd
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L FPUG. B AFoIM AL AHANEFY B AsAMEE o
e o zon, duside A AMHA FHE0] FrRE 23 32%
2o

(1) USRINT

Z} variable®] %7]|A|(initial guess)E A, vjE¥W 3 2 address R A

(2) USRSRC

datEA R X A4k source term treatment

(3) USRCND

conductivity®] ®}8FA] (isotropic, anisotropic)/effective thermal conductivity

dte] FA4 R 22E AMEAAEFY F sl USRSRCAA FLMTMP
FEg Fratd dAstgen, F71-37EERS 5SS A& A8

CFX solverZ Ah&3tgrct.

3.5 4 wy

AARAI R e WA dg=e do os] Fdo] BYstm, AW
< B3 @ 2 AFALL F3 450 YAV YU AP T
E AAUF GFRSd U 7] A BAL EAsA) gornz ¥
A CFD ®ofolA o]g=z gle PPoeE 453L H4stz, o 84 2
g o] gste FwaAL AT A4Y FLFL Bild JALASLE 2A
Tk F Z=oA F ER5F JQ90A e wEHoz dugdd 1
3to] Awrgdde B T g o S oLt FUFL AR

F e B AoE TEY 452 dYsts 7E durHe uhge o
g g e AugAde 7] 98 ztzhe gde] AMLF F
AE JAAA F S FA WolA dH2AL BEAINES ZHL HA

e F d9& BEF REAIE AAFH |S FIrh. WestinghouseAl 2



i
Ot
-

APE00 PCCSoll Wizt a2 Ad8Z3d w=d[l11] o] FA = F
A {52 530<Re<9009) Reynolds & ¥ E 7FA 9 Pr =6 5°l i,
1mm 26 (orders of magnitude)® PCCS¢ Adg 7z 7
T A4 YR ARAE AXAINE AL §FA gun ‘{’r‘&%ﬂr. )2} A
T A%g A " A HFe AAAINES oo, duto digh

=2

o i rlr
X,
rlr

4 o
r$
wh I3

off Kl
rg
v
2
X

fr @
1V
T
]
oX
>,

?

L)
r}oiL
Mo
= 1
2
“g"rw;
N o »
[
m\o;EJ
/AN =5
%.m:
Lo 2 o
oo
Y
g
2
X
A
B,
HJ
A
O
rE
_>,
N
k1
o
olo
)V

Cell € & dAES Ueed, 28 329 3322%
B 34 HAE og Zo] 7le & & gtk £ dute FAE FAAHI
T odute] FELEE AXSHL, o] @& B AA WAXMY =& AN
th o] ZAYWE REE5E AAWRY EHYHS FI I, o] FFH Z=dA A
A% A HA =9 FU|EERE -,-E-] blowing $=& T3ttt & 4 (3159

B 3719 FE%o BAHHWE 4 22600225 4%
719 blowmg &% 7t AE 3, o] blowing £5& o] &3}
o3t A& (mass flux)d AF&o 93 %L

m’’ .= p,v, (3.16)
Q" e= oyVy*¥hy, (3.17)
9, FRAGL7) W59} 94—r°ﬂ %’*éil—t— dule] =2 Aagd gy

&%) 9% -‘?*%%*73: Z? Xl“ﬂ‘%;‘*"‘q] EH??} A 238+ (source term)ol] 1@ &
A

L8 [e]
ok A e AR A¢ YT e go| e o

S=S5,6,4S. (3.18)
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FEAAREVMO] 8 AuBANE ALY A £5F, U, 3%

L

TEC T ALE 2T ZH{4041).

T [Mass][Velocity)/[ Timel
A 2] [Energy]/[Timel

e
AZFEE  [Mass)/[Timel

TEo A% Z WMEEY JI9AE 4 (318)ddA S, ny B F e,
=5 %, Ay, AFEE vish oS 2ol vehd = Y.

£EF  Su=m.*v, (3.19)
AW Su= m,*hg (3.20)
AZEE Su=m, (3.21)

B d7eME 9 Ho AR Z7] L FrlY EYA F5AE HYsE

5% L dyx] BE&WAAY source®ol 9 e sl FU9 F
L@ 98 F7iHE EHE 1HIAY F F71Y Fdo] dojute A
A S g3 5, YA, a8 AFEEY FUHEFS 4 A4 o
sourcedoll ety ZFo] 2% AHE HIIT. EF 7|4 A" FF
o 9 FIdF F guUAE AN {5 FAAH iz BE FAA q
F=lo) dute] FA9 2% A4t Atg-gH)

RolA Zled dAumd D A WP JZsd FAAHE ALEz FEa oY
(user subroutines)2 ¥ = B AA AT AHEA} R3PS 9 329 Zo] A
Al usrint, usrsrc, L83 usrendE TAH dom, source ¥ A9 o FA H 2

EASFL usrsrcdllA @33k gl
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23 3.1 height function 71'@& o] &% A=e] AojAH

USRINT | ' USRSRC |

USRCOND|

(SETUP) (FLMTMP) (PHCHG)

(UNIT) (ASME) (HGT) (PSAT)

SETUP : Geometric Factors

UNIT : Cosine, Sine Calculations
ASME : Steam Table

FLMTEMP : Temperature Calculation

HGT : Film Thickness Calculation
PHCHG : Blowing Velocity Calculation
PSAT : Saturation Pressure Calculation

=29 32 A MBR2E 9% 9 Tz
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q:' or 7;m
K J, K
5/(0 d ;
> r y
T,
S 7}’ .
______ > d
Sl
» A4 i+
1) J,(i +1)
5/ S
delv

29 33 sA A 2 exE
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4 4 A}

41 A4 443 713

< O 2oy, g £ HNRLE AFE7] AT
d T 4.10] 2k

(1) 4=t 3AHLe 42 7HA

(2) ZAYHY 25+ dALE =W AE

(3) air baffle2 @€ =7 Al&

4) 43719 2= 2 AF5EHE B9 25+ 4229815 K)S 7H4

(5) FRE7IY FFEELS dds=d g2 0.005-0.025 74

6) YETFNA &E

Ao Z2HE F ALY TNN 259 Ao wWE FHFEE WAzl:=

2303 F718 olA7AZ RE A4S Ued AugEd U A2y
8 78 & o
= DBv
o=, (4.1)

Dy = SARXEANA F7)9 E3UH
"417194 ex7} 25Col T AFET} 50%LA S o] wANe=

42 457 AAZA
g o2 fan 2ol o N FolAr BAYFYG v £

=X 719 9= Ao 93] FFo TASGE AAdFAMAE ¢HZ
Azl A&t
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, dEBAAzAA dAME ofAE g ool A

= & 4 9t} o] 5 Cheung® Nakamural42,43]°l
g AMAE BAzHel de AT F, HAd dFZAHAM A=A &)
JE F717 Ad AFEE wE JMEH7 Y% ¢HAES A el

Si]
ol
tlo
w:
i)
S
to g

A

UFSEE AR By Py = —2af &, FFAAE zero

static pressure& Ab-£ 3% o).

&8 CFX Coded AA A4de oA HoAQ &g e AT
Fol AriAd FAA} TGz FAZAE AFTIEY FUHQ

S FARTG39)]. 7€ AQUFEE GFFAARLE HESA, 9
TAMeE AEdH Addgde=2 F9 3 (total pressure)S zeroZ &
T M e AA LY (static pressure)S zeroE A3t 31, o] ¢
BAzA] & ATAE 3] AANE =do A AWHA &=
I Y. S48 BAREAY #A g3 JdETFY dHEEALS
oS3 2o,

Py = Ds+%9|vl2 (4.2)

o 7] A, py= total pressure°] i p,E static pressure©] t}.

ATFE pg =002 FTE p = 00l

43 79271 94 24 A%

CFX 2=+ AAE AAS=Y QoA body-fitted®d multi-block 7Hd &

o, FAAHAYEVMCl AT e Feje] 2Aes 2747
dFREe ¥ I RAdES AT Q. PCCSe wet coolingll
q3 W8S Hs7 Yeiae ARG AIH A ] 23 3H(phase change)
A4 Buk ohz 4asE AR Z717 buk gasel o3 F 2 FAAAL
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AR 4 48 4 mestq ZEY ok 3o} F, F7] FY A F
YH A2 two phases(€-%7]), two components(Z7] :‘"7]) 5oz CFX=
=& £ 71FE HEAA FAHYZEZE o8 d S FTAY EASE

Axn o, g B dFoMe 3FA AAE %
238 4-& user subroutine® F3le @Y 1A

il
9 F719 dF 2 FAFAH s e CFX solverdl A A|F3te AHEE

Aol g FAHNE A7l A 22Y SFHA T2
A AAE AT EF A AFAHR +EAHE AFE) A 4
FY3tgc. durH oz HAHNARFE FIHA
F7L3A W, ol HEY AJANTLE F
A2FHAEE o3 (A F dFFEH 22
B d4e 4y dalAe ¥ 23 € dFdA =228 43 A
o] a3ttt E3] low Reynolds number k-¢ 2L ¥ ZxdA g
& AE3R gornz HEAF e A7 d6AH B A HE 8
o, dwtd o2 RNG K-e 2dolY Standard K-e 2dS A& 7
2ol o4 9 9 (logarithmic region)o]l 18 3, low Reynolds number
k-¢ 2d-g AL FRoE HAE 9 9(viscous sublayer region)ol H
HoezRE A WA AAAELE AAAINEE 8782 Q. & A7
= Westinghouse[11]1¢t Ambrosini[14]¢} 2% & =Atst7] A ¥ 2A
i @A2dEE A4 AslA RNG K-e 2d& A&z, =
dulF €ASELE A4 st7l 9 A low Reynolds number k-¢ 2 ¢
£ A& AT RNG K-e 22 & o] & ZAede tisrdde 3 HA
AADE HJAAIEE 871 H8 y*E  30-100Ateldl  F3 low
Reynolds number k-¢ R d& A48 ALoe y'& 5 nite] HESE
AAYE 225 B2 ARALGE FoldUANE, 47U AAE ZA
AAM, £&, 2%, 283 AFELEY WIgE FTEI FEIEE 37
-r]?sﬂ, FELEI olg FWF g BTY AAE AEsAT. 29
o] %8 A Akl A AbeE AAEE AR AAFE L7 A6, G



A Az gaH o 2HE Fi FILE A¥sAed, 72
Ade] B, Azgo Wt we ZAY E% WMHE E 420 2
g3 fNTE @ fAxdae ® 430 e & 4204 EE u

s Zol 4 QA 20X5001 e ARSEE =

4 Az

AARANN ] A& eE Folugon, 60x2009 A 80X 400
W
o

N
N
>
N

o)
x

AAA S ZAAW & HMFgHL Y4 3%PUVIES & F U2, BFHA
o] ¥ HANXNE 60%200 ARAE A&} 59, A Fo| F
e BE o] AAAE F1E AXE vHFoR FUAIL FARAE
AL838t 22 k. 298 4.1 = Sund TFFRS 2L small scale AP600
o] & Ade] i HAAAE A4 RAF 1 U

S duto] gle FrIwel 9 dAZ B dig HE T3] A
AN Fe AQFA A 474 F£X304E FPA AdNFol dsiA
T &7 o3 g EAE E7]) 98 Miyamotto[26]7F s A3
Z2e 276 g FAHE FPstgey, AAE 2Y 429 YA
IFPNA B vk} Zo] Ade] wolo digh ¥y 2xWstE FRAA G
T2 Holgtes Im olF FEAAM FH3 27CHEY &EX0]E Kol jlo
U AwAEel B¥o) glolXE 4¥xe @ mastm gioh

2 AT AHgd 4LRdE AFE7] f8iA, £2 Add dAMe
Westinghouse[11]9} Ambrosini[14]9] 98] F=3d AHA & Sh 9%
AR I g T3 ALE Sh & ¥t 29 4394 & 5 X 4
A3 vl RMAI 4T B FE BAF2 2, 379 FdEET)
571l et Agx e A7t Frlee AE B+ JTd 2 4d: B
AFAA zEstA] &S FFEFA WEclztn BddEd. Kiml44]e 24343
2EEE & F giKe], A9y ZUELES Fro AuEErt St @
AAHANAM 2 S (interfacial shear stress)2 Bv|AFH oz Frlsln wrati
BE &I 3 FAF Frie vy AXA o FFEFH g E 71E9
ATELS A4HEYE A BAUNA Fol) % A FrtEFdE ATFAE
d we}t Zol7t gl AL ¢ 4 Y. Duckler(45]E 35 &3 9 50-70%
Are EHdY FUHE 7HA2Y AFE WY, Yan[9]L 30-40% H=x
718t gtk 28 440X Kangll7]l9] A& g 5" 4L AF
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g} FAZAFAE v EsPT HA 27 70CY ASAdE MAFAI} 2¥E
so]  wlE] <k Fe & RAF3: JYRAT Westinghouse[11]%
Ambrosini[14]9] ZAz}e} o] APAFNE AR vwd 2 X
3 HELET 50CE BFde ALATEE 6-Tm/secs] #2HE Adstne
Agdse NZFdE 2 AT doh. 29 45904 Kang(9]9] T2
A Fold @ HAFRIE BAFI Yed SEEXS uAVIAZ Fold
et Mo gRE Fro &7t &wElA e & F Jdvh

aY 4694 = FuntaQ]- Ueda?] 2¥4d39 HALE 70T 25 £ A
2545 Yehdlz vk 28l B 5 Jde AHY Ao I E ReF ol wet
dAGATE FidE BFS EOI Jx, dHGAF X 2Fd o3
AAE Aato] x3d AdEjolA Hu|Fo] WA= upper bound®t £53]
o A o] AGAGe 9§ dAGo] 2AEE lower bound Alolell EX3
AT

el A AAG vpe} o] B AT At Autmde o Axtel AY
AnE vZd B @ F7)9 Re F7t ofF L 943E& Adstacs vuF
Z dAEE & F AR} g2 B AFE T3 AE| 49HraSs PCCS
9] full scale 32l AM&3tnz}+ g},

4.4 8 A}

Sun[18]e] FX]sj4 A A}-&F F3<9 small scale®] AP600o] thal X3
g FR5t QqurFA gt ANERE vzt 27 47dAM e FF
o] 05 kg/secd A% Sun® ZAZH}e B AFAY ZAE H|wtz gle=d
At A= Sune A AT w3 ok =gk ¥ @A Sund Aot @A o
XstE AE B F Urh

dA7EA AP600°l PCCS Wztse & A71sly] sl B2 83 o184 4
T A87] 4 FZ=d g sjale] FaFHo Fo AFH dTFAAME
ol A3 Hkel 2ol scale down® A& B3] Hs) FEE A
FollA Aol ¢ gton, FAs4F FASFAXNE scale downd A E

o]
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A& RAAY Be 7189 S AT 4BYL RolAL FUY B
2 AYAME analogy AY & AHEstd GHY FuAoRE Segns
& ®33tel AN APs] Aol gk 2328ANE AT vht
2ol Amgu pulke] SRRl 71U FUAL WU o] W HPHo
2 Z7lex oo WLASE Hewd we ZA WE sbsAoel 2o

[¢]

= analogy Md& EYstd €48 ABHoziy FLgA4des 78 4

+ Be AE E?:]’?-l’ Adoke AL oudth. 2 AAdRFRAANA
Ago] £PHAE A E Scale Downdt APFAcME= FEF ¥H5F
v 25579} %% ol xTE 4 gz, wEtA AdA FERAAM BT F
EFLE 2ozt e Aes yddr IHEZE, PCCSY ¥Z4sHS BTt

7] YA = PCCSe AAREH (prototype)ol] S full scale 32jo] 483
o, €42 9% AAdF B oty ALRHAAN F7)7F BAHEA L
43 2719 XA o Wxa wEo okrld FHARE T ok &
th WA B Ao E AA PCCS F=d ui@d s4e FAstuA s,
= < B3 Z4zhe ATt WS F& &3 HrhstaA o,
ol

-

He £7E Polus] P8 PCCSE +hAE HEo Bhat A4
uF aﬂ*ﬂa 9% 9 dome T full scaledl W HHL FAFAT.
29 48ME HLESl 80T AS vertical 2ol BF o] o) IA
@ A%} gute] glo] Frlwe] o3 Wzto] o|Fe)A Ao U@ %74%74]
o REE RAFD AT A%o] g A F, TVl ST W) A

o g GALAFE Zdo 4@ AAGAR M F /20FES ol= A
A QRG] Qo) FAol oF FATo] WA UL F ULES AH BT
AL gnn dABASe) EXE Avnd AXgo] HFo] e

A AVREAANE AAYASI gase AL B 4 e o duhy
FollXe ddAde o dALGE usct ZAdFe A dALAF
TEE ALY TAMEEH F1Z0 %—’F% A2 A F Aede
ol o3 gdde] o]FoiAE EFIHL AYstn TN EFE &F
g E€d8ATE Ad wgsA de A& B £ Ut olv AAUWR BE%
SEEXE 2 &x9 Hugo| Yol A¢AH 3l

FREN =AL o Zo
o

29 AaYPe 7%

R
B
1
i
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A=)
80CAA F& X3 full scaleol A <]

29 410& HeE AHYGASF EX
ol 2PlH & & Y AAY F FRAMY 232 AFE FAAL
s WA dehtn Qlel ol: swirlingel 9% #%9 AR B4 W
bulk Zo £ 9 ¥E7t £& A4Hz §457] fEodn Bwa ful
scale 2 ¢AAQ0] e B AL ASE 27 25749 2881 W/ m® K
2 Fol EAY A% 42 B @ molT b ok F2 FIGeIA
FBUUA Zaol 71A Aoz BUAY. ¥H Fo| AL A FAMAAY
£ nege Aee WTARLASE 387 W m? K2 FaAde
QAGASA B3 o E ole Fol A AL I KdLEY F7
of JldstE Fol EAY A FrlY FYSEE sHAQY FLRG %

168 A% F7lstded ol REHOZE Jung[lslol 7|&§ uted Zo) =
5 & ¥ (chimney effect)ol 93 Ao, LEHo 2= FoA YA F719
HFHEH o3 Aoz Agdn A dALGHF F BHEEC AASE ¥ &
< ez ZAgon matA Fo] dAZ X FFL TV Fd &%
7t 9§ FHEF/HE RES AAdGn B F Qo '

I3 4115 FAARIEE2 gap sized WE AL
K= gap size?t 7t wE dAGAFE AL S
sholl 2% F/HERGE 32| gttt ® 440E PCCS 34
TEAMe 2xstd g SRdAGAsS dEIALAT
o YetyiT. FoA & & o] ddEAGo] AA S v &
olRen, HHZEI FrHEe wet FLIAAGATE vHAFH
I YeE AL ¢ 4 Jdoh a9 4128 ¥E 2293 0 AEl
=2 sz v HEe 24 wi HEE&EE Ao udgHen
stz oo Gap Size7t F71% o8 £ Z4A3A W gap size?t

X,
¥
B
ot
B 19
o &
£
E R

ol
-
)
)

]

N

d
(%
o fdo g ¥ & o

e
w
a
0
o]

jinss
oy
o
o oy
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By AE A A3Z e A o wAgAHL Frlg TTHITM AT
28] Fhel o3 Rez AgHY. E 450 £ AdH full scaleTE
Nx Foe] Fo] 9% Fr]jo HFRFAELEESY FUIvh 3 EHAEE F
st TAStE T FERKASEE UeiTh HE 27t F7tE e met
710kl o GAGE 539 LASE F)9 HTEFASEES A 48 H
o2 F7tsted HE duto] g Aoy HHXETL 0ColFols £59
F7tZ&ol AZE & F Ik Y 4.139M = full scale FRoNA HH &
TF7t o ERE AevgE Yl Qi wEe 227t FUhge] w
gt EAeAlTE Frlsted ole AAWY 2% FUkd mE F7]9 E¢el
S7E §719 fdEEY St VIQlse RoE dAddHnh

29 4145 ¥H2% 70CA ZA$ A9 f3Fd o€ dryout pointE YERY

3 ek TFAM & F IR FIGA Ay S5 S B8
A Uetdx glew wetx Fol & A-F dAutdl & Yol A&
P 7] faMe FAAMLY FEY o Be 43S 82 S ¢+ 3
th domes XEE PCCS AA ATS &A3] AHAA7Z] Hajxe Auhf ol
0.13 kg/m-secolgdolojof &3 2 o]FoM Ao] M AFTE F HAA
¢ ¢ F A}tk bk A PCCS F+2E AU A S o] 44 53E §
AA7171 YA B3 FA spray %S 9 16 kg/sec AEol3, o FFH
I FH4YZd 228 AZHAP600! AS 72AHE 1t dAEH o

Hi B RAPo Bt £ Yok



# 41 PCCS &4 H¥8x4d

Westing-house[11] | Ambrosini[14] Kang[17]
L1 Dy 18 11.67 5.5-23
Heat Fi fm*
cat Flux(kW/m') 528 Up to 30 15-30
Film Flow
Rate(kg/m-sec) 0.02-0.083 0.013-0.17 up to 0.5
Air
Velocity up to 12 up to 10 up to 8
(m/sec)
Air
Temp. up to 40 25-50 16-25
()
Water Temp.
. - - 35-75
(C) >
Relative Humidity
up to 60 45-85 up to 80
¥ 42 AR o g FAHAAMY] EEHI(Tw=70TC)
GR
2050 40x100 60 % 200 80400
x/H
0.2 6531.3 6505.4 6493.1 6488.9
05 6474.1 6430.8 6418.2 6412.3
0.8 6149.5 6135.3 6118.7 6123.8
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E 43 ¥ 7z

-
A e

2 A Test Run{Sun) AP600
A2E; 0.2m NdE; 045
AL E; 02m N e m
FE e 2EE;066m |25 48m
b1 =
M gAsel sm |[AAECl; 504m
AR 5000 38209 74146
25%; 15-25C 2%, 15-25C 2%, 15-25C
ATFZEA|EE; 1-12m/sec |5 2m/sec AHAAZA
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E 45 2=zt o HEgF S ¥
(m/sec, S = 0.45m)

H2%(TC) 30 50 70 90

T2 A 0.974/0.920 | 1.141/1.101 | 1.460/1.236 |2.131/1.483

full geom. 1.023/0.947 | 1.284/1.121 | 1.518/1.304 |2.247/1.631
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Mass Fraction

¢ m Kang's Experimental Data(at 70°C)
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Heat Transfer Coeffieient(W/m? °C)
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gol B9

Cp specific heat

D diffusion coefficient

D hydraulic diameter

g gravitational acceleration

Gr Grashof number, (gBATS?)A?

channel height

h heat transfer coefficient
hm mass transfer coefficient
hgg latent heat of evaporation
k turbulent kinetic energy
M molecular weight

m mass flow rate

m” mass flux

Nu Nusselt number, hDy/A

p pressure

P4 dynamic pressure

Pr Prandtl number, v/a

q” heat flux

Ra Rayleigh number, (gBATS®)/av
Re Reynolds number, uDy/V

S channel width

Sc Schmidt number, v/D

Sh Sherwood number, hmDw/D
T temperature

u,v velocity components of x,y direction
w vapor mass fraction

X X longitudinal coordinate
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transversal coordinate

nondimensional distance y, yu /v

Greek letters

B
)

Nt

Subscripts

sen

Sp

distance from axis to shell surface

thermal expansion coefficient

film thickness

inner region length scale, [(V/Pr)¥/(gBAT)]V®

turbulent dissipation rate

viscosity
kinematic viscosity

density

air

bulk
convection
evaporation
film

gas

channel height
hydraulic
interface
coordinate index
inlet

liquid

channel width
sratic

sensible

spray
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T temperature

t turbulent
tot total

v vapor

w wall
Superscripts

e evaporation
f film

i film surface
o} old

v vapor

w wall
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curvilinear coordinate system< AM&3}e], &2 =2 E. Boltz[21]€ HAA
(body of revolution) F9o F&ol st AAZHF Felg AR E F =

gtk ol WAHL PCCS AT Age) dAng sssd 288 & o
& Zoz Budd, gew Po| ABRE, $EIRE, 11 UARE

¥ AlelA et Zol, ALY gulo o= AHAXY AYE r, 2 Hel
A HA B x=2, Ao FF9 B yE2F, T8 azimuthal angle
< 42 AY3IH, tAaAH L aAv=rafaxayE Ued £ g o] uliAH
g xF B £33 dF HWoZ Eo2E  HFH(mass flow rate)
m,=pu-rafayeli y& BFo] £ oY WeZE Folo: HHFL
m, = pu - rafAaxo] B},

ol MAA A AFHE YE F&3H, s AL A€ F Atk

. : . . 0 .
—g{(pﬂv)+(mx+%‘—Ax—mx)+(my+ an;" Ay—my)=0 (A-1)




a3 Al A2 J1&s] A% A2

o

A Aol av, m,, 28T mol HE TAAL gYgste] Agstd, v gEA
$50 B Ged AFuE PAAL 9L + Ak
0 3 N _
I (ur) + 3y (vr)=0 (A-2)

TEFEE WAL 28 A2dM% 2L AdHHA wES A 2¥A(aw of
motion)< H&3st] A& F Jov, wE A 2FHE & Zo] Jed

o},

d(mv),
ZFx=T (A-3) |
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A" mom

x+8x

a8 A2 Hl Ao A A

o] AojA Mo el A 2 B Aol th¥ momentum fluxe} forcew o3
2t}

Momentum entering the face A mom,=o1-u rafAy

Momentum leaving the face A’ :
MOM 4 4 ox = U * U rAﬁAy—i-%[pu -u rafgaylax

Momentum entering the face B : mom,= pv -u raAfAax

Momentum leaving the face B’ :
mom , 4 oy = 0U * U rAﬁAy-i-%[pu ‘u rafdaylax

Net pré'ssure force : — —gl;— ‘rAfAay



Gravitational force : B, = pgcosf rafaxAy
Shear force on the surface B : 7, = ﬂg_ rafax

Shear force on the surface B’ @ 7 4= y[ + aay (5 Qu

A o)A H A pressure drop?} viscous-shear force & FA| 3},

Q25¢ 4 A-30 Fgaw

gat‘(pu ‘TAHAXAY) -i--éQX-(pu2 ‘TAfAY)AX

ov
+(u oy Ay +u Jy AYIrAQAx
9%
oy?

srA@axay+ pgeosf crABAXAY

6
AFRE HA3Y (A-2)E 01%'6}04 A A dessid,

8u

ou ou
[ +ua— av2

% +Vau]— 5+ pg cos B

AR nE B34

oy Yaylrafax

CEN:

(A-4)

(A-5)

(A-6)

A FRAL AR U] rRE dIE HELEFeEHN FEIG.

N

*

Energy convected in the x and y direction :
E,=puc, T rafay
E,=pvc,T radax

Heat conducted in the y direction :
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Eky=-k‘al rofax

ay
Net viscous energy delivered to the control volume :
ou ou
2( e NS & oy &Y
HelAM 71€8 FEE F viscous work & FAsted AojA| Ao thit o
Uz BYe s,
oE oE oE
%[pcpTAv]+ axx AxX + ayy Ay =— a;y Ay+;z(g—$)2AV (A-7)
9 4g ggsa

AFRE TAA (A-2)8 o] &3t ,_-155}3},_

2
oc,l %? +u ?f ]— T (A-9)
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B 2 B. User Subroutines

ot 22222222322 222222332 2832222323322 322322223232232323232332%332322 223222223
subroutine usrint(u, v,w,p, vfrac,den, vis, te,ed, rs, t, h,rf, scal
,CONV, XC, yC, ZC, XD, YD, ZP
,vol, area, vpor, arpor, wfact, diswal, ipt

, iblk, ipvert, ipnodn, ipfacn, ipnodf, ipnodb, ipfacb

+ + + +

, work, iwork, cwork)
c
(o222 3222232222223 3223333832223 8323222333232 3482233233423322223322323223 2222
¢ utility subroutine for user-supplied initial field.
(22222322283 3232222 2223233222330 232338 2333823233233 23323422222322222 2282 %29
¢ this subroutine is called by the following subroutine
c cusr init
[ 22222223 2222222322233 8232223822322 23222223¢82234322322233222223 223423248841
logical lden,lvis, 1turb, 1temp, 1buoy, 1scal, 1comp
+ .lrect, lcyn, laxis, 1poros, 1trans
logical 1lrdisk, lwdisk

character=(*) cwork
c
cttt++++++++H++++++ user area 1 for usrint +++++++++++++H+H+HHHHHHHHHH+
c——— area for users explicitly declared variables
ct++t+++++H+++H+++ end of user area 1 for usrint ++H++++++++H++H+HH+H
c

common

/all/ nblock, ncell, nbdry, nnode, nface, nvert, ndim

/allwrk/ nrws,niws, ncws, iwrfre, iwifre, iwcfre

/addims/ nphase, nscal, nvar, nprop

. hdvar, ndprop, ndxnn, ndgeon, ndcoef, nilist, nrlist, ntopol
/chkusr/ ivers, iucall, iused

/idum/  ilen, jlen

/iologc/ 1rdisk, 1wdisk

+
+

+

+

+

+ /device/ nread, nwrite, nrdisk, nwdisk
+

+

+ /Togic/ 1den, lvis, 1turb, 1temp, 1buoy, 1scal, lcomp
+

,1rect, lcyn, laxis, 1poros, 1trans
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+ /mltgrd/ mlevel,nlevel, ilevel

+ /sgldbl/ iflgpr, ichKpr

+ /transi/ nstep,Kstep, nf, incore

+ /transr/ time, dt,dtinvf, tparm

cHttttttt++++++ user area 2 for usrint ++++tHttribbbttbbrebebbEbEE

c———— area for users to declare their own common blocks

o

C

these should start with the characters 'uc’ to ensure

no conflict with non-user common blocks

+ /ucgeomn/xso(400), yso(400), ddy (400, 100), dytot (400)

+ , cosbeto(400), areaot(400), volot (400)

+ ,delvot (400)

+ ,xed (400, 2), yed (400, 2), xxed (400, 100), yyed (400, 100)
+ , sinbeto(400)

+ /ucnode/ilast, ilastm, jlast, jlastm

+ , k£1uid (400), mf1uid (400, 100)

+ /ucfilm/hgto(400), zms(400), zme(400)

+ .hgto_o(400), vinte(400)

+ /uctemp/tf1dot(400), tw, htc(400), htcsen(400), rmtc(400)
+ , tf1mot (400), tblk(400), rmfblk(400), ttotal(400)
+ ,reftt1(400), tflmoto(400)

+ , tw_0(400), tint_o(400)

+ , rNu(400), Sh(400)

+ /ucprpo/rkfo, rkvo, denfo, denvo, hfo, hvo, hfvo, rmufo, rmuvo, cpfo, cpvo

+ /ucproc/rKs, tsp, cpsp, gra, enf, empf
+ /ucimsi/qinto(400), gsen(400), rmf_£1m(400), rmf _out (400), dvap(400)
double precision xinl, xinZ2, outf, outv

a Q a o Q a Q a o Q

=% material property decription ®xx

denfi/denfo
rkfi, rkfo
rks

rkvi, rkvo
fepi, fcpo
denfi, denfo
rﬁufi,rmufo
hfi, hfo

liquid water density

= liquid water conductivity

pces steel wall conductivity

pccs inside vapor mixture conductivity
= liquid water specific heat
liquid water density

liquid water viscosity

liquid water enthalpy
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o) hvi, hvo = vapor water enthalpy
c hfv = latent heat for evaporation
c gra = gravitational acceleration constants
cpfi, cpfo = liquid water specific heat
cpvi, cpvo = vapor water specific heat
cpsp = specific heat of spray water at the outer steel
containment

#x% description of variables *x%
xsi, ysi =coordinates of edge point of innermost solid cell
X80, yso=coordinates of edge point of outermost solid cell
cosbeti=unit normal vector at the center point of innermost solid cell

cosbeto=unit normal vector at the center point of outermost solid cell

aQa a a a a o a a a a a a a a a g a  a

delsin = thickness of innermost solid cell

delsot = thickness of outermost solid cell

delvin = thickness of innermost fluid cell

delvot = thickness of outermost fluid cell

ilast = number of of solid cell in the film flow direction
ilastm = ilast-1

kfldin,kfldot = 1-D cell address of inner/outermost fluid cell
ksldin, ksldot = 1-D cell address of inner/outermost solid cell
hgti, hgto = inner/outer f£ilm thickness

zZme, zms = evaporation, spray mass flow rate

tfldin, tfldot =  temperature of inner/outer film flow

tsldin, tsldot = temperature of inner/outermost solid cell

Cti++++++++++++4+ end of user area 2 for usrint +++H++H+HbHHdbHHEH
c
dimension
+ u(nnode, nphase), v(nnode, nphase), w(nnode, nphase)
+, p(nnode, nphase), vfrac(nnode, nphase)
+, te(nnode, nphase), ed(nnode, nphase), rs(nnode, nphase, 6)
+, t(nnode, nphase), h(nnode, nphase), rf (nnode, nphase, 4)
+, scal(nnode, nphase, nscal)
+, den(nnode, nphase), vis(nnode, nphase), conv(nface, nphase)
dimension
+Axc(nvert),yc(nvert),zc(nvert),xp(nnode),yp(nnode),zp(nnode)
+,vol(ncell), area(nface, 3), vpor (ncell), arpor (nface, 3)
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+,wfact(nface), diswal(ncell)

dimension

+ ipt(=), iblk(5, nblock)

+, ipvert(ncell, 8), ipnodn(ncell, 6), ipfacn(ncell, 6), ipnodf (nface, 4)
+, ipnodb(nbdry, 4), ipfacb(nbdry)

dimension

+ iwork(niws),work(nrws), cwork(ncws)
c

CHt+t+t+++++++++ user area 3 for usrint bttt

c-——— area for users to dimension their arrays
c
c-——— area for users to define data statements
c

c++++++++++++++++ end of user area 3 for usrint +++++++++++HHtHHHdEHt

c
c-——— statement function for addressing

ip(i, j.k)=ipt((k-1)=ilen=jlen+(j-1)*ilen+i)
c

c-———version number of user routine and precision flag
c

ivers=3
ichkpr = 1
c

CHtt+++++++++++++ user area 4 for usrint R

c———— to use this user routine first set iused=1
c

jused=1
c

Cctttttti+++++++++ end of user area 4 for usrint +H+ttttHtHHHibbt

c
if (iused.eq.0) return
c
c——— frontend checking of user routine
if (iucall.eq.0) return
c
c - area for initial temperature settings - ———————-

open(8, file='geoml.dat’)
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open(9, file="geom.dat’)
open(10, file="film.dat’)
open(11, file='cond.dat’)
open(12, file='check.dat’)
open(13, file='intial.dat’)
open(17, file="HTC.dat")
open(20, file='interface. dat’)
open(21, file="SPR.dat")
open(22, file="SMOM.dat")
open(23, file="SHT.dat")
open(24, file='SMF.dat")
open(25, file="heat.dat’)
open(28, file="Numb.dat’)
enf=1. 0e-6

emp=1. O-enf

call IPALL( *", =", "BLOCK", "CENTERS', IPT, NPT, CWORK, IHORK)
do iphase=1, nphase
do i=1,npt
inode=ipt(i)
SCAL(inoge, 1,1)=0.01
t(inode, iphase)=288
enddo
enddo

call iprec(’BLOCK-NUMBER-1’, ‘BLOCK’, 'CENTERS’, IPT, ILEN, JLEN, KLEN,
+ CHWORK, IWORK)
iblockl=ilen
jblocki=jlen
do 100 i=ilen,1,-1
do j=1,ilen
do k=2,4,2
ipoint=iblockl+1-i
jpoint=j
ivertnu=k
jnode=ip(i, j,kKlen)
mfluid(ipoint, jpoint)=jnode
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ivert=ipvert(jnode, ivertnu)
if(K.eq.2) then
xxed(ipoint, jpoint+l)=xc(ivert)
yyed (ipoint, jpoint+l)=yc(ivert)
else
xxed (ipoint, jpoint)=xc(ivert)
yyed(ipoint, jpoint)=yc(ivert)
endif
enddo
enddo
100 continue
do j=1, jlen
do k=1,3,2
ipoint=iblockl+1
jpoint=j
jnode=ip(1, j.Klen)
mfluid(ipoint, jpoint)=jnode
ivert=ipvert(jnode, k)
if(K.eq.1) then
xxed(ipoint, jpoint+l)=xc(ivert)
yyed(ipoint, jpoint+1)=yc{ivert)
else
xxed (ipoint, jpoint)=xc(ivert)
yyed(ipoint, jpoint)=yc(ivert)
endif
enddo
enddo
call iprec(’BLOCK-NUMBER-1", 'BLOCK', 'CENTERS’, IPT, ILEN, JLEN, KLEN,
+ CWORK, IWORK)
iblocki=ilen
jblocki=jlen
do 101 i=ilen,1,-1
do k=2,4,2
ipoint=iblockl+1-i
ivertnu=k
inode=ip(i,1,Klen)

kfluid(ipoint)=inode
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ivert=ipvert(inode, ivertnu)
if(K.eq.2) then
xed(ipoint, 2)=xc(ivert)
yed(ipoint, 2)=yc(ivert)
else
xed(ipoint, 1)=xc(ivert)
yed(ipoint, 1)=yc(ivert)
endif
enddo
101 continue
do k=1,3,2
ipoint=ilen+l
inode=ip(1,1,klen)
kfluid(ipoint)=inode
ivert=ipvert(inode, k)
if(k.eq.1) then
xed(ipoint, 2)=xc(ivert)
yed(ipoint, 2)=yc(ivert)
else
xed(ipoint, 1)=xc(ivert)
yed(ipoint, 1)=yc(ivert)
endif
enddo
c-——— calculate area for contact face between solid and fluid
ilast=iblock1+1
jlast=jblockl+l
ilastm=ilast-1
jlastm=jlast-1
cIxzxTITTTxXXIXXEXX grea for user property data sett_j_ngs (2333333223333 3 33 ¢ 3

¢ ——— assign initial temperature

do i=1,ilastm
ifld_o=kfluid(i)
tfldot(i)=t(ifld o,1)
enddo
do 3=1, jlastm
write(8, ®)i, xxed(1, j), yyed(1, j), kfluid(10), mfluid (10, 20)
enddo
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C ——— assign initial conditions
call setup
return

end

subroutine usrsrc(ieqn, icall, cname, calias, am, sp, su, conv
.u,v,w,p,vfrac, den, vis, te,ed, rs, t,h, rf, scal
, Xp. ¥YP, 2P, v0l, area, vpor, arpor, wfact, ipt
, iblk, ipvert, ipnodn, ipfacn, ipnodf, ipnodb, ipfacb

+ + + +

, work, iwork, cwork)
c

(o122 2223232322222 2323333373222 3 3232323333722 3332223222333 2 2322222322322 229

c
logical lden, lvis, 1turb, l1temp, lbuoy, 1scal, 1comp
+ ,1rect, lcyn, laxis, lporos, 1trans
c
character=(*) cwork
character cname*6, calias*24
c

Chtbbttttrbbti++ USEr area 1 £Or USISIC ++HHHrtttbit bbbt
c——— area for users explicitly declared variables
c
ctt+t+++++++++++++ end of user area 1 for usrsrc +++H+HH++HH+H++H++4+4
c
COmmOn
/all/ nblock, ncell, nbdry, nnode, nface, nvert, ndim
/allwrk/ nrws,niws, ncws, iwrfre, iwvifre, iwcfre
/addims/ nphase, nscal, nvar, nprop
,ndvar, ndprop, ndxnn, ndgeon, ndcoef, nilist, nrlist, ntopol

/chkusr/ ivers, iucall, iused
/device/ nread, nwrite, nrdisk, nwdisk
/idun/  ilen, jlen
/logic/ 1den, lvis, lturb, ltemp, 1buoy, 1scal, lcomp

) ,1rect, lcyn, laxis, lporos, ltrans
/mitgrd/ mlevel,nlevel, ilevel
/sgldbl/ iflgpr, ichKpr

+ + + + + + + + + o+ o+
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+ /sparm/ small, sormax, niter, indpri, maxit, nodref, nodmon
+ /transi/ nstep,Kstep, nf, incore
+ /transr/ time, dt,dtinvf, tparm

C

cHtt++++++t++H++H+ user area 2 for usrsrc bttt b bbbt

c——— area for users to declare their own common blocks
c these should start with the characters ‘uc’ to ensure
c no conflict with non-user common blocks

+ /ucgeom/xso(400), yso(400), ddy (400, 100), dytot(400)
+ , cosbeto(400), areaot(400), volot(400)
+ ,delvot(400)

+ , xed (400, 2), yed (400, 2) , xxed (400, 100), yyed (400, 100)
+ . sinbeto(400)

+ /ucnode/ilast, ilastm, jlast, jlastm

+ . kf1uid(400), mf1uid (400, 100)

+ /ucfilm/hgto(400), zms(400), zme(400)

+ .hgto_o(400), vinte(400)

+ /uctemp/tf£1dot(400), tw, htc(400), htcsen(400), rmtc(400)

+ , tf1mot(400), tb1k(400), rmfblk(400), ttotal(400)

+ . rmftt1(400), tflmoto(400)

+ ,tw_0(400), tint_o(400)

+ ., rNu(400), Sh(400)

+ /ucprpo/rkfo, rkvo, denfo, denvo, hfo, hvo, hfvo, rmufo, rmuvo, cpfo, cpvo
+ /ucproc/rKs, tsp, cpsp, gra, emf, empf

+ /ucimsi/ginto(400), gsen(400), rof_£1m(400), rof_out(400), dvap(400)
double precision xinl,xinZ, outf, outv

c
c condf = liquid film conductivity

c conds = pccs steel wall conductivity

c condv = pcecs inside vapor mixture conductivity
c fcp = liquid film specific heat

c frho = liquid film density

c fmu = liquid film viscosity

c hfg = latent heat for evaporation

c gra = gravitational acceleration constants

. .

c
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cttt+4++++++++++++ end of user area 2 for usrsrc +++++++t+tdtHttHtiH+
c
dimension am(ncell, 6, nphase), sp(ncell, nphase), su(ncell, nphase)

+, conv(nface, nphase)

dimension
+ u(nnode, nphase), v(nnode, nphase) , w(nnode, nphase), p(nnode, nphase)
+,vfrac(nnode, nphase), den(nnode, nphase), vis (nnode, nphase)
+, te(nnode, nphase), ed(nnode, nphase), rs(nnode, nphase, 6)
+, t(nnode, nphase), h(nnode, nphase), rf (nnode, nphase, 4)
+, scal (nnode, nphase, nscal)

dimension
+ xp(nnode), yp(nnode), zp(nnode)
+,vol(ncell), area(nface, 3), vpor(ncell), arpor (nface, 3)
+,wfact (nface)
+,ipt(=*), iblk(5, nblock)
+, ipvert(ncell, 8), ipnodn{ncell, 6), ipfacn(ncell, 6), ipnodf (nface, 4)
+, ipnodb(nbdry, 4), ipfacb(nbdry)
+, iwork (=), work (*), cwork(®)
c

Ct++++++++++++++++ user area 3 for usrsrc bbbttt

c-——— area for users to dimension their arrays
c
c-—— area for users to define data statements
c

CH++++++++++4+++4+4+ end of user area 3 for usrsrc +HH+itttttdbddddibbt

c
c—-- statement function for adressing

ip(i, j,k)=ipt((k-1)*ilen*jien+(j~1)=ilent+i)
C

c———=-version number of user routine and precision flag

c
ivers=4
ichkpr = 1

. )

ct++++++++++4+++++ user area 4 for usrsrc i+ttt
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c-——— to use this user routine first set iused=1
(o]

iused=1

if(iused.eq.0) return
(o]

ct+t++++++++4++++ end of user area 4 for usrsrc +t++ttttbbbbtdttasebbt

c

c——— frontend checking of user routine
if(iucall.eq.0) return

c

c———— add to source terms

c this routine is called twice for each iteration after the convection
c and diffusion coefficients have been calculated
¢ icall=1 : immediately before modifications for inlets, solid regions,
symmetry, etc.
¢ icall=2 . after the equations have been modified for these structures.
¢ therefore any additional source terms should be added at the first
call(icall=1)
c at the second call , substitute models may overwrite what has been put into
the
c coefficient ans source arrays.
if (icall.eq.1) then
c

CcHttt+tt+i+++++++ user area 5 for usrsrc bbb

c

c¢ find variable number for enthalpy

c call getvar(’'usrsrc’,’'P ", ipres)
call getvar('usrsrc’,’V ", iv)
call getvar( usrsrc’, H ",ient)

call getvar('usrsrc’, 'SCAL ', ivar)

ctt++++++++++++4++ start of source term of pressure egn ++H++++H+H+HH+t

c if (ieqn.eq. ipres)then

c

¢ ——— assign bulk air/steam mixture temperature near the wall-—————-
do i=1,400

ttotal(i)=0.0
rmfttl(i)=0.0
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dytot(i)=0.0
enddo
do i=1,ilastm
do j=1, jlastm
jfld_o=mfluid(i, j)
ttotal(i)=ttotal(i)+t(jfld_o, 1)*ddy(i, j)
rofttl(i)=rmfttl(i)+SCAL(jfld o.1,1)*ddy(1, )
dytot(i)=dytot(i)+ddy(i, )
enddo
tblk(i)=ttotal(i)/dytot(i)
rofblk(i)=rmfttl(i)/dytot(i)
enddo
if(niter.eq. maxit)then
do i=1,ilastm
write(18,777)1, jlastm, dytot(i),ddy(i, 1), tblk(i),
srmfblk (i)
777 format(i3,3x, i5,5x,2(eld.7,5x,e14.7))
enddo
endif
do i=1, ilastm

ifld_o=kfluid(i)
tfldot(i)=t(ifld o, 1)

enddo
¢ ——— calculate film temperature and thickness
tw=343.15
call flmtmp
do 212 k=1, ilastm
c
cp total=tfldin(i)
c
¢ —— evaporated mass flow rate
ifld_o=kfluid(k)
rnf_out(k)=max (0, ,SCAL(ifld o0,1,1))
dspace=abs((delvot(k)+delvot(k+1))/2. -hgto(k))
c

total=373. 15
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if ((hgto(k)+hgto(k+1))/2.0. gt. enf)then
call phchgo(k, ranf_out(k), rmf_f1lm(kK),dspace, total, tint_o(k)
#, vinte(K), ptot, pvap, ilastm, dvap(k))
zme (K)=max (0, vinte(k) ) *areaot(k)*den(ifld o,1)
ginto(k)=max (0, vinte(k))*den(ifld_o, 1)*hfvo
gsen(K)=rkvoz(tint_o(k)-tfldot(k))/dspace
else
zme(K)=0.0
ginto(k)=0.0
endif
CCCCCCCCCEECCCtCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
cp HIC Caluation
CCCCCCCCCEECCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCECCCCCCCCCCCC
if(zme(k).gt.0.0) then
hte(k)=qinto(k)/(tint_o(k)-tblk(k))
htcsen(k)=gsen(k)/(tint_o(k)-tblk(k))
rNu(k)=(htc(k)=0.2)/rkvo
rotc(K)=vinte(k)/(rmf_£flm(K)-rmfblk(k))
Sh(k)=(rmtc(k)=0, 2)/dvap(k)
Sh(k)=Sh(k)/((1.569e-5/dvap(k))=x0, 333)
else
htc(k)=0.0
rmtc(k)=0.0
endif
212 continue
zme (1)=(zne(2)+zme(3)+zme(4))/3.
if(niter. eq. maxit)then
zmet=0.0
qtot=0.0
gstot=0.0
qltot=0.0
hlt=0.0
hst=0.0
IrNut=0.0
rmtct=0.0
Sht=0.0



do i=10, ilastm-41
zmet=zmet+zme(1i)
if1d_o=kfluid(i)
gltot=ginto(i)+gltot
gstot=gsen(i)+gstot
hlt=hlt+htc(i)
hst=hst+htcsen(i)
rNut=rNut+rNu(i)
rotct=rmtct+rmtc(i)
Sht=Sht+Sh(i)
enddo
gtot=gstot+qgltot
htclav=hlt/(ilastm-50.0)
htcsav=hst/(ilastm-50.0)
htecavg=(hlt+hst)/(ilastm-50.0)
rNuavg=rNut/(ilastm-50.0)
rotcag=rmtct/(ilastm-50.0)
Shavg=Sht/(ilastm-50.0)
write(25,2319)

2319 format(20x, ' ————— — Average & Total Value ~———————— !
x /" i'" 7x, "htcavg’,8x, 'mtcavg’,9x, ‘Nuavg',10x, 'Shavg’,
*  11x, "htclav’, 10x, "htcsav’, 10x, ‘zmet',

* 10x, ‘'gintot’)
write(25, 7777) 1, htcavg, rmntcag, rNuavg, Shavg, htclav, htcsav
* ,zmet,qltot
77 format(i3, 8(1x,el4.7))
endif

if(niter.eq. maxit)then

¢ =—— print out the calculated results
write(28, 2221)
2221 format(20x, '———~———— parameter profile ———————————— ’,

= /" 1i",5x,'mtc’,15x, 'hte’,
* 15x, "Sh’,15x, "Nu")
do i=1,ilastm
if1d_o=Kf1uid(i)
write(28,2223)i, rmtc(i), hte(i), Sh(i), rNu(i)



2223 format(i3,el4.7,5x,eld.7,5x,e14.7,5x,£10.4,5x, £10.4)
enddo

endif

c
¢ ——- add/extract mass source term for steam evaporation effect
do 100 i=1, ilastm
ifld_o=kfluid(i)
su(ifld o,1) = su(ifld_o,1)
c endif

100 continue

if(niter. eq. maxit)then

¢ ——— print out the calculated results
write(10,2323)
2323  format(20x, ' —-———-—~ Variable Profile —————-——",

* /°  i",5x%, zme’,10%, "hgto’,
® 15x, ‘mfout”, 15x, “tflm’,15x, "tint", 15x, "tfldot(i)’,
% 10x, "HIC")
do i=1,ilastm
ifld_o=kfluid(i)
rmnf_out(i)=SCAL(ifld o,1,1)
write(10, 3232)1i, 1000*zme(i), 1000*hgto(i), rmf _out(i)
* . tflmot(i), tint_o(i), tfldot(i), htc(i)
3232 format(i3,el4.7,5x,el4 7,5x,e14,7,5x%,£10.4,5x, £10. 4,5%, £10. 4,
* 5%,f10.4)
3202 format(i3,el4.7,5x,el4.7,5x,e14.7)
enddo
endif
ct+++++t++++++++++ end of if(ieqn. eq, ipres)++++++t+t++tHt++++++Ht++t++
if (ieqgn. eq. iv)then
do i=2,ilastm
if(hgto(i).gt.e-10)then
ifld_o=kfluid(i)
tfldot(i)=t(ifld o,1)
deltav=zme(i)*vinte(i)
su(ifld_o,1) = su(ifld_o,1)+deltav
if(niter.eq. maxit)then



write(22,5555)1, su(ifld_o, 1),deltav
5555 format(i3,2(5x,el4.7))
endif
end if
enddo
end if
cttttttt+++++++++ end of if(iegn. eq. ivmwom)-+++++ttttttttHHttHHtdt
if (ieqgn. eq. ient)then
do i=2,1ilastm
if(hgto(i).gt.e~10)then
ifld_o=Kfluid(i)
tfldot(i)=t(ifld_o,1)
deltah=zme(i)=xcpvos (tw—-tfldot(i))
su(ifld_o,1) = su(ifld_ o, 1)+deltah
if(niter.eq. maxit)then
write(23,8808)i, su(ifld_o,1),deltah
8808 format(i3,2(5x,el4.7))
endif
endif
enddo
endif
ctt+t+++++++++++++ end of if (ieqn. eq. ientlpy)+++++++Htt+tHtttttt+HtHHHHH+
if(ieqgn. eq. ivar)then
do i=2,ilastm
if (hgto(i).gt.e-10)then
ifld_o=kfluid(i)
deltmf=3*rmf_flm(i)*den(ifld o, 1)=volot(i)
su(ifld o,1) = su(ifld_o,1)+deltnf
if(niter.eq.maxit)then
write(24,7770)1i, su(ifld o, 1),deltnf, zme(i), tfldot(i)
7770 format(i3,2(5x,e14.7),2(5x,e14.7))
endif
endif
enddo
endif
c+++++++++++++++++ end of if(ieqn.eq.imass)+++t++++ttttttttttttt+++t+t
cttHttt+++++++ end of if(icall. eq. 1)+ttt

_86__



endif
return
end
subroutine phchgo(K, rmf_blk, rmf_int,ds, ttot, tflm,
*  vint, ptot, pvap, ilastm, dvap)

c
¢ This routine is to caculate blowing velocity at the interface of
¢ evaporating film based on concentration gradient
c vitot : vapor volume fraction
c ds : distance from interface to mesh center
c ttot : mixture gas temperature at the mesh center
c tflm : liquid film temperature at the interface
c vint : vapor blowing velocity at the interface
c rmv, rma : molecular weight of the vapor, and air
c
C ——— set necessary constants
rmv=18.0
rma=29.0
em6=1. 0e-6
emp=1. -emb
c¢———— calculation of vapor mass fraction at the interface nodes
dels=ds
tflml=tflm
ttotl=ttot

ptot=psat(ttotl)
pvap=min(ptot, psat(tflm))
pair=ptot-pvap
cp binary diffusion coeff. from CONTEMPT4
dvap=(4.40e-6*xtf1ml**2, 334)/ptot
rof_int=(rmvespvap)/(rmvzpvap+rma*pair)
c mass fraction at the interface and first node(linear interpolation)

¢ ——— calculation of mass fraction derivatives
vint=(dvap/dels)*(rmf_int-rmf_blk)/(1.-rmf_int)
return
end
SUBROUTINE USRCND(CTROP, COND
+ .U, V,H, P, VFRAC, DEN, VIS, TE,ED, RS, T, H, RF, SCAL
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+ . XP,YP,ZP, VOL, AREA, VPOR, ARPOR, WFACT, IPT
+ . . IBLK, IPVERT, IPNODN, IPFACN, IPNODF, IPNODB, IPFACB
+ , WORK, IWORK, CWORK)
C
R R R A R S N R R R AR SR A AR A B SRS KB KA RERRE ST AT ERERER
C
LOGICAL LDEN,LVIS, LTURB, LTEMP, LBUOY, LSCAL, LCOMP

+ . LRECT, LCYN, LAXIS, LPOROS, LTRANS
C

CHARACTER=*(*) CWORK

CHARACTER*6  CTROP
C

CH+++++++++++++4+++ USER AREA 1 +++++++++Httdt+dtbttti+H4HHH+H44444
C-——— AREA FOR USERS EXPLICITLY DECLARED VARIABLES
C
C+++++++++++4++++++END OF USER AREA 1 +4++++++++++++++++++H++++++4+
C
COMMON
+ /ALL/ NBLOCK, NCELL, NBDRY, NNODE, NFACE, NVERT, NDIM
+ /ALLWRK/ NRWS, NIWS, NCWS, IWRFRE, IWIFRE, IWCFRE
+ /ADDIMS/ NPHASE, NSCAL, NVAR, NPROP
+ ,NDVAR, NDPROP, NDXNN, NDGEOM, NDCOEF, NILIST, NRLIST, NTOPOL
+ /CHKUSR/ IVERS, IUCALL, IUSED
+ /DEVICE/ NREAD, NWRITE, NRDISK, NWDISK
+ /IDUM/  ILEN, JLEN
+ /LOGIC/ LDEN, LVIS, LTURB, LTEMP, LBUOY, LSCAL, LCOMP
+ , LRECT, LCYN, LAXIS, LPOROS, LTRANS
+ /MLTGRD/ MLEVEL, NLEVEL, ILEVEL
+ /SGLDBL/ IFLGPR, ICHKPR
+ /SPARM/ SMALL, SORMAX, NITER, INDPRI, MAXIT, NODREF, NODMON
+ /SOLCON/ SOLCON
+ /TRANSI/ NSTEP,KSTEP, MF, INCORE
+ /TRANSR/ TIME, DT, DTINVF, TPARM
C
C++tt++++++++++++USER AREA 24+ttt bbbt
C—— AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS "UC’ TO ENSURE



c NO CONFLICT WITH NON-USER COMMON BLOCKS
+ /ucgeom/xso(400), yso(400), ddy(400,100), dytot(400)
+ , cosbeto(400), areaot(400), volot(400)
+ , delvot(400)
+ , xed (400, 2), yed (400, 2) , xxed (400, 100), yyed (400, 100)
+ . sinbeto(400)
+ /ucnode/ilast, ilastm, jlast, jlastm
+ , Kf1uid(400), mf1uid (400, 100)
+ /ucfilm/hgto(400), zms(400), zme(400)
+ ,hgto_o(400), vinte(400)
+ /uctemp/tf1dot(400), tw, htc(400), htcsen(400), rmtc(400)
+ ", tflmot(400), tb1k(400), rmfblk (400), ttotal (400)
+ ., rmftt1(400), tflmoto(400)
+ , tw_0(400), tint_o(400)
+ ,rNu(400), sh(400)
+ /ucprpo/rkfo, rkvo, denfo, denvo, hfo, hvo, hfvo, rmufo, rmuvo, cpfo, cpvo
+ /ucproc/rkKs, tsp, cpsp, gra, enf, empf
+ /ucimsi/qinto(400), gsen(400), rmf _£1m(400), rmf_out(400), dvap(400)
double precision xinl,xin2, outf, outv
c
CHtt+++++4+++++++++END OF USER AREA 2 -+ttt bt
Cc
DIMENSION
+ COND(NCELL, NPHASE, *)

DIMENSION
+ U(NNODE, NPHASE), V(NNCDE, NPHASE) , W(NNODE, NPHASE)
+, P(NNODE, NPHASE)
+, VFRAC(NNODE, NPHASE) , DEN (NNODE, NPHASE) , VIS (NNODE, NPHASE)
+, TE(NNODE, NPHASE) , ED(NNODE, NPHASE) , RS(NNODE, NPHASE, 6)
+, T(NNODE, NPHASE) , H(NNODE, NPHASE) , RF (NNODE, NPHASE, 4)
+, SCAL (NNODE, NPHASE, NSCAL)

DIMENSION

+ XP(NNODE), YP(NNODE) , ZP (NNODE)

+, VOL(NCELL), AREA(NFACE, 3), VPOR (NCELL ), ARPOR(NFACE, 3)
+, WFACT (NFACE)
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+, IPT(*), IBLK(5, NBLOCK)

+, IPVERT (NCELL, 8),, IPNODN (NCELL, 6), IPFACN(NCELL, 6) , IPNODF (NFACE, 4)

+, IPNODB(NBDRY, 4 ), IPFACB(NBDRY)
+, IWORK(=), WORK (*) , CHORK (*)
C
Ct++++++t++++++++++ USER AREA 3 +++++++++++++++HHHH+ 4444+
C--—— AREA FOR USERS TO DIMENSION THEIR ARRAYS
C
C-—— AREA FOR USERS TO DEFINE DATA STATEMENTS
C
CH+++tt++++++4+++ END OF USER AREA 3 +++++++ttttttdtttttttttti++
C
C———— STATEMENT FUNCTION FOR ADDRESSING
IP(I, J,K)=IPT((K-1)*ILEN=JLEN+(J-1)=ILEN+I)
C
C-——VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
C
IVERS=3
ICHKPR = 1
C

CH+++++++++++++4+++ USER AREA 4+ttt bbb

C--— TO USE THIS USER ROUTINE FIRST SET IUSED=1
C

IUSED=1
C
Ctt++ttt++++4+++++ END OF USER AREA 4 ++tt+++tttttttttttttttttttt
C

IF (IUSED.EQ.0) RETURN
C
C——— FRONTEND CHECKING OF USER ROUTINE

IF (IUCALL.EQ.O0) RETURN

CH++++t+++t++++4+++ USER AREA 6 ++++++++++++t+Ht+t++H+tttbbttt4H4++4+

C

C COND(INODE, IPHASE, 1) = XX-COMPONENT OF CONDUCTION TENSOR.
C COND(INODE, IPHASE, 2) = YY-COMPONENT OF CONDUCTION TENSOR.
C COND(INODE,IPHASE,S) = ZZ-COMPONENT OF CONDUCTION TENSOR.
C COND(INODE, IPHASE, 4) = XY-COMPONENT OF CONDUCTION TENSOR.
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c COND(INODE, IPHASE,5) = YZ-COMPONENT OF CONDUCTION TENSOR.
c COND(INODE, IPHASE, 6) = ZX-COMPONENT OF CONDUCTION TENSOR.
c —— CONDUCTIVITY FOR INTERNAL SHELL SURFACE ——————
if(niter.gt.1)return
tw=343.15

do 201 i=1, ilastm
if(qginto(i).le.1.0e-3)go to 201
if1d_o=kfluid(i)
dto=abs(tfldot(i)-tw)
dfvo=delvot(i)~2. *hgto(i)
if (hgto(i).gt.1.0e-6)then
rkvoeg=max (0. , (ginto(i)=*dfvo)/(Tw-Tfldot(i)))
else
rkvoeg=rkvo
endif
rkvoegq=max (0. , min(rkvoeq, 100. ))
COND(ifld o0,1,1) = rkvoeg*sinbeto(i)

COND(ifld o0,1.2) = rkvoeg*cosbeto(i)
COND(ifld o0,1.3) = 0.
COND(ifld o,1,4) = 0.
COND(ifld_o,1,5) = 0.
COND(ifld o0,1,6) = 0

write(11,3232)i,qinto(i), cond(ifld_o,1,1), cond(ifld o,1,2),
* cond(ifld_o,1,3), rkvo, rkvoeq, cosbeto(i), sinbeto(i)
3232 format(i3, ‘condo= ,8(3x,e9.3))
201 CONTINUE
C+++++++++++++++++END OF USER AREA 6 +++++++++++++++++H+++d++++44
C ENDIF
RETURN
END

2222233222332 2333332223333 32 2 3322333223322 22333222232223222322323224

subroutine flmtmp
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common
/ucgeom/xso(400), yso(400), ddy (400, 100), dytot(400)

, cosbeto(400), areaot(400), volot(400)

. delvot (400)

,xed (400, 2), yed (400, 2), xxed (400, 100), yyed (400, 100)

, sinbeto(400)
/ucnode/ilast, ilastnm, jlast, jlastm

,Kf1uid(400), mfluid (400, 100)
/ucfilm/hgto(400), zms(400), zme(400)

, hgto_o(400), vinte(400)
/uctemp/tf1dot(400), tw, htc(400), htcsen(400), rmtc(400)

, tf1mot (400), tblk(400), rmfblk(400), ttotal(400)

,rmftt1(400), tfimoto(400)

, tw_0(400), tint_o(400)

,rNu(400), Sh(400)

/ucprpo/rkfo, rkvo, denfo, denvo, hfo, hvo, hfvo, rmufo, rmuvo, cpfo, cpvo

/ucproc/rks, tsp, cpsp, gra, emf, empf

/ucimsi/ginto(400), gsen(400), rmf_f1m(400), rmf_out(400), dvap(400)

double precision xini, xin2, outf, outv

Inside film height (hgti)
dels : cell thickness of the interfacing conducting wall
zme, zms : mass for evaporation, and spray
areain, areaot : area for inner- and outer surface of
the conducting wall
ysi, yso : radial distance of the inner- and outer surface

of the conducting wall

a o aoa o a a o a Q o O

c —-

hgto(1)=(hgto(2)+hgto(3)+hgto(4))/3,

do 10 i=2,ilast
im=i-1
aso =+(denfo*grazcosbeto(i))/(3. *rmufo)
c§01=—denfo*gra=cosbeto(im)*hgto(im)**3/(3.*rmufo)
cso2=tzme(im)*areaot(im)/denfo

sprayed water
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csod=—zms(im)*areaot(im)/denfo
cso =—(csol+cso2+csod)
hgto(i)=hgtl(aso, cso)

10 continue

aQ aa 0 o o a

calculation of outside film temperature
uop, uom : average liquid film velocity
hco : convective heat transfer coefficient (outside wall)
hvo : vapor entalphy at the interface of the outer ...
tbulko : outside bulk temperature
cpsp : specific heat of sparyed water

do 20 i=2, ilastm

tw=343.15

tsp=298, 15
hgtavgo=(hgto(i)+hgto(i+l))/2.

dfvo=delvot(i)-2. =hgtavgo

‘uop=denfo*gra*cosbeto(i+l)*hgto(i+1)#*#*2, /(3. *rmufo)

uom=denfo*grazcosbeto(i)*hgto(i)=*2. /(3. *rmufo)

deno_o2=dfvosrkfo+rkvozhgtavgo

cflmot=denfo*cpfozuopzhgto(i+1)
+areaot(i)*(2srkfosrkvo/deno_o2
+2srkfo/hgtavgo)

cfldot=(-2%areaot(i) *rkvosrkfo)/deno_o2

cflmom=—denfozcpforuom=hgto(i)

ctsp=—areaot(i)*zms(i)=*cpsp

cresto=(areaot(i)*rkfo*(-2xtwsrkfo*dfvo-2%tw*rkvoshgtavgo
+zme (i) *hvorhgtavg=dfvo) )/ (hgtavgozdeno_o02)

x

sumo=-(cflmom*tflmot(i-1)

+cfldot*tfldot(i)+crestotctsprtsp)

* if(hgto(i).ge.1.0e-6)then
if(abs(cflmot).ge. 1. Oe—6)then
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tfimot{i)=sumo/cfimot

else
tflmot(i)=tw-0.5
endif
else
tflmot(i)=tw-0.5
endif

tflmot(i)=max(tfldot(i), tflmot(i))
tflmot(i)=min(tw, tflmot(i))
if (hgto(i).ge. 1. 0e-6)then
tint_o(i)=-0.5%(-2srkfos*dfvostflmot(i)

x +zme (i) shvoshgtavgoxdfvo

% -2srkvozhgtavgostfldot(i))/deno_o2
else

tint_o(i)=0.0

endif

tint_o(i)=tint_o(i)-1.
20 continue
return
end
133233233233 3333 3333333 3333333333333 33322322322232 2232232233230 33 33333
function hgtl(asl, csl)
as=asl
c bs=bs1=1.0eb
cs=cs131, 0e9
if(as.ge.1.0e-9)then
hil=-cs/(2. *as)
c hi2=bs/(3. *as)
hi3=sqrt(hil=hil)
hidp=hil+hi3
hi4m=hil-hi3
hiSp=sign(1.0,hidp)*abs(hidp)=*=*(1./3.)
hiSm=sign(1.0, hi4m)=*abs(hidm)=*=*(1./3.)
hi5=hi5p+hi5m

cp » hiS=abs(hi5)
cp write(15,14)i,hi5
cp 14 format(3x, i4,el4.7)
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else
hi5=0.0
endif
hgtl=max(1.0e-13,hi5)/1.0e3
return

end

given temperature (t), returns saturation pressure (press). err

set true if temperature is below triple point or over critical

c

c

c

C temperature.
c given temperature (t), returns saturation pressure (press). err
¢ set true if temperature is below triple point or over critical

Cc temperature.

c

£33 32333232332 323333 3333333223233 2223283337322 32333 2333322332323 848329
function psat(t)
real=8 k(9)
data Kk /-7.691234564€0, -26.08023696€0, -168. 1706546€0,
x 6.423285504e1, 1. 1896462252, 4.167117320e0,
x 2.097506760e1, 1.e9,6.0e0/
data crt/647.3e0/, crp/22120000. €0/, ctrp/273. 16e0/

if (t.1lt.ctrp)then

psat=0.0
elseif (t.gt.crt)then

psat=crp
else

fr = t/ert

fri =1.0- fr

psat = crp*x exp({(((((K(5)*fri+k(4))=frl
* +K(3))=fri+k(2))*fri+k(1))=£fri)
x Z(((k(7)*fri+k(6) )=£fri+l, 0)*£fr)
x - fr1/(k(8)=fri=£ri+k(9)))
endif

return
end

(02222232223 833222223233 322 3222372332223 22 2332232203239 232233 333322232233
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subroutine setup

common
+ /ucgeom/xs0(400), yso(400), ddy (400, 100), dytot(400)
+ , cosbeto(400), areaot(400), volot(400)
+ . delvot(400)
+ .xed(400, 2), yed(400,2), xxed (400, 100), yyed(400, 100)
+ . Sinbeto(400)
+ /ucnoder/ilast, ilastm, jlast, jlastm
+ . kf1uid(400), mf1uid (400, 100)
+ /ucfilm/hgto(400), zms(400), zme(400)
+ ,hgto_o(400), vinte(400)
+ /uctemp/tf1ldot(400), tw, htc(400), htcsen(400), rmtc(400)
+ , tf1mot (400), tblk(400), rmfblk(400), ttotal (400)
+ ,rmftt1(400), tflmoto(400)
+ . tw_0(400), tint_o(400)
+ ,TNu(400), Sh(400)
+ /ucprpo/rkfo, rkvo, denfo, denvo, hfo, hvo, hfvo, rmufo, rmuvo, cpfo, cpvo
+ /ucproc/rKs, tsp, cpsp, gra, emf, empf
+ /ucimsi/ginto(400), gsen(400), rmf_f1m(400), rmf_out(400), dvap(400)
double precision xinl,xin2, outf, outv
emf=1,0e-6
empf=1. O-emf
¢ ——— assign xsi,ysi and xsO, yso
do i=1, ilast
xso(i)=xed(i, 1)
yso(i)=yed(i, 1)
enddo

¢ ——— calculate inner and outer solid surface area for contact
cp face between solid and fluid based on cylinder edge
do i=1,ilastm
do j=1, jlastm
ddy(i, j)=sqrt((xxed(i, j+1)-xxed(i, j))=*2.
=+(yyed(i, j+1)-yyed(i, 3))=*2.)
enddo

enddo
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do i=1,ilastm
ysoc=(yso(i)+yso(i+l))/2
rlntho=sqrt((xso(i+1)-xso(i))==2, +(yso(i+l)-yso(i))==2 )
areaot(i)=rlntho

enddo
call unit(xso,yso, ilast, cosbeto, sinbeto)

-—— calculate cell thickness

do i=1, ilast
delvot(i)=sqrt((xed(i,2)-xed(i,1))*x2+(yed(i,2)-yed(i, 1))==2)
volot(i)=areaot(i)=delvot(i)

enddo

——— User property data settings

Q O Q Qa

—— initial data for liquid film
tini=323
tabs=273.15
tinc=Tini-Tabs
dt=1.0el0
-—— water property calculation by ASME steam table
INEED = 1 TEMPERATURE / = 2 PRESSURE / = 3 SPECIFIC VOLUME/
= 4 SPECIFIC ENTHALPY / = 5 SPECIFIC HEAT/
= 6 SPECIFIC ENTROPY / = 7 VISCOSITY/
= 8 THERMAL CONDUCTIVITY
iunt=0

iwnt=1
iknw=1
xinl=tinc

¢ —— Initial data for PCCS steel

—— Initial data for spray
ined=5
call asme(iunt, iwnt, iknw, ined, xin1, xin2, outf, outv)
cpsp=outf
--— Gravity accleration
gra = 9.8
- speéific heat calculation
ined=5
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c——

2222

call asme(iunt, iwnt, iknw, ined, xinl, xin2, outf, outv)
cpfo=outf
cpvo=outv
thermal conductivity calculation
ined=8
call asme(iunt, iwnt, iknw, ined, xinl, xin2, outf, outv)
rkfo=outf
rkvo=outv
specific density calculation
ined=3
call asme(iunt, iwnt, iknw, ined, xinl,xin2, outf, outv)
denfo=1. /outf ‘
denvo=1. /outv
specific enthalpy calculation
ined=4
call asme(iunt, iwnt, iknw, ined, xinl, xin2, outf, outv)
hfo=outf
hvo=outv
hfvo=abs(hfo-hvo)
viscosity calculation
ined=7
call asme(iunt, iwnt, iknw, ined, xinl,xin2, outf, outv)
rmufo=outf
rmuvo=outv
assign initial spray flow rate

do i=1,ilast
zme(i)=0.0
zms(i)=0.0
if(i.ge.15.and. i.le.25)zms(i)=0.5
if(i.ge.2.and.i.le,99)tflmot(i)=tsp
enddo

print out calculated geometric data
write(9,2222)

format(25x, ' —-——————~- data of xed,yed —————mm—————v )
do i=1,ilast
wriﬁe(9,100)i,(xed(i,k),yed(i,K),K=1,2),cosbeto(i),volot(i)
% areaot(i)
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100 format(i3,11£10.5)
enddo
close(9)
return

end

o123 2222232322232 2232233223223 233222222 222222223222 22 3222322223223 23229

subroutine unit(x,y,nx, cosbet, sinbet)
dimension x(400), y(400), cosbet(400), sinbet(400)
doi=2, nx-1
x1=x(i-1)
yl=y(i-1)
y2=y(i)
x2=x(1i)
x3=x(i+1)
y3=y(i+l)
bunmo=abs ( (x2-x3) * (x1-x3) *(x1-x2))
if (bunmo. ge. 1. 0e-10)then
cyl= yl=(-x3+x2)*:x2
cy2= y2x(x3-x1)=(-x3+2xx2-x1)
cy3= -y3=x(x2-x1)zz2
bunja=cyl+cy2+cy3
slope=bunja/bunmo
cosbet(i)=1./sqrt(slopex=2+1.)
sinbet(i)=abs(slope/sqrt(slopex*2+1,))
else
cosbet(i)=1.0e-6
sinbet(i)=0.9999
endif
cosbet (i)=max(0. 024, cosbet(i))
end do
cosbet(nx) = cosbet(nx-1)
cosbet (1)=cosbet(2)
sinbet(nx) = sinbet(nx-1)
sinbet(1)=sinbet(2)
return

end

_99_



FP7IBRB NS | JE7|BEIMUT FEZEHIANAZ INIS A Z=

KAERI/TR-1614/2000

AZ/RA | PCCS As NS g Ty v A

f:ii’_‘} ;_”i :jﬁ BEE (BY2AeNER)

EEE e B9, 294, 299, AEH(EAZNEATD)
zwA | ua |wadw azaARdTL Wy 2000
5 o] A = E | Qe(v )9 )| 27

By QARANZ FHAATIE A

MRel® (B v ), B ), _ ¥ | RIMER AR
e At WE

28 (1520249 |

FANEFE Y FHZ 7] §F FES T A5PFEE7] A 9gFe
F2dgo AFES BAY F e dAEDS et A 2L PEALL F
A A Z=Q CFXOlA A& user subroutined 53te] T} AFAA AL A
Hol Ao F EHEATE A7) A FAHA S FYI{AT. A ALE 2d A
87ts8E& &

S ZEsS] A8 SN ARE 7)Ee] S AA AY 2 AL Bast
o A ATE AP 97 Sh & 2 dAGASFE vuF F dFsgen, AL
du FAx iﬂ” Sun®l ZAel B AXsgch ALY dunds AHRFPe PCCS
o A3 A FELEBH] Fada A FEol BT FAAAg 2T A
T FdT EF FE g AACASFE Friv o3 GAGAFA ulE] 204
o]} AA dEFHUA. gap sizedt ¥ &7 FF AGAT ALAFAA F719
FEEE v 4TS Yolry] A8 gz Mol FPHUD, Ate] FFel w
£ dry point3] 4ol A, wet coolingol] &% 4 FFL HIUEUCL

L

FAH7Y= | PCCS, =, =4 AW, CFX, user subroutine, wet cooling,
a0gAs) | FdEA4F, Sh , dryout point




BIBLIOGRAPHIC INFORMATION SHEET

Performing Org. Sponsoring Org.
£ I8 ponsoring g Standard Report No. INIS Subject Code
Report No. Report No.
KAERITR- 1614/2000

Title/ The Development of Evaporative Liquid Film Model for

Subtitle Analyzing the Cooling Capability of Passive Containment

Cooling System

Project Manager
Hong-June Park (Power Reactor Technology Development)
and Department
Researcher and Young-Dong Hwang, Hee-Cheol Kim, Young-In Kim, Moon-Hee Chang
Department (Power Reactor Technology Development)
Publication . ' Publication
Taejon Publisher KAERI 2000
Place Date
Page Il & Tab, | Yes( V ), No ( ) Size
Note Korean Next Generation Reactor Development
Classified | Open{ V ), Restricted( ), )
Report Type Technical Report
___ Class Document

Sponsoring Org. I Contract No.
Abstract (15-20 Lines) |

An analytical model was developed to simulate behavior of the liquid film formed
on the outside surface of the steel containment vessel of PCCS including the
ellipsoidal dome and the vertical wall. The model was coupled with CFX code using
the user subroutines provided by the code, and a series of numerical calculations
were performed to evaluate the evaporative heat transfer coefficient at the interface.
Numerical results for Sherwood number and evaporative heat transfer coefficient
were compared with the experimental data. The results were in good agreement
with the experimental data. The calculated liquid film thickness showed good
agreement with that of Sun except an upper portion of the channel. The model was
applied to the full scale of PCCS to investigate the effects of dome and chimney on
the evaporation rate. The results showed that the heat transfer coefficient in the
dome region, where the flow cross—sectional area decreases and the swirling occurs,
was lower than that of the vertical annulus region. The calculated evaporative heat
transfer coefficient was about 20 times larger than that of the dry cooling.
Sensitivity studies on the gap size and the wall temperature were also performed to
figure out their effects on the heat transfer coefficient and inlet air average velocity.
Through the analysis of the drtyout poin, the minimum liquid film flow rate to
cover the entire surface of the vessel was estimated
PCCS, Dome, CFX, user subroutine, wet cooling,

dry cooling, evaporative heat transfer coefficient,
Sherwood number, dryout point

Subject Keywords
(About 10 words)




