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SUMMARY

Passive Containment Cooling System(PCCS) is designed to maintain 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

dimensional and axi-symmetric conditions, the effects of dome and chimney

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

liquid 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 increases the heat transfer coefficient, but it also

decreases the induced inlet velocity.

Also, the analysis of the dryout point as a function of liquid 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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1.1

basis accident)^ ^M-?l LOCA(Loss Of Coolant Accident)^ £•

71̂ 1 ^Efl^ ^ - # ^ ^ ^ - « |^S. p

(defense in depth) ^ %*£ *#S-^(barrier)

71

(active safety system) ir *l"ur<?l ^^-§-7] #^r 31 ̂ (containment spray

system)-!: # ^ 3 . Si5-4, 61 ^lf-^ ^ ^ - ^ ^

?fl^(passive system)

«?>^^(public safety)
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PCCS3 ^^*V°^ ^ vendorM 3 sfl
^ ) *iH3<>l # 4 . °1* ^ ^^<> l 7

J! 5Uxr ^ Westinghouse4 AP600[l]3

1.14
air baffled]

A\5L7\

heat sink ^ ^ t * ^>fl s\JL -g-7l m^5] ^ £ 1 - ^ ^ ^ -g-

1 ifl^-3 ^

3 ^ ^3-3

condensation)*

AP600 PCCS3 #^-§-71 ifl^^l^ ^ r^^fe -g-^

}*}:, PCCS3

3
^ ^ 3 subcooling

&*H PCCS3

^ 4 ^ el]

fe PCCS
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1.2

PCCS
^ ?7loll o)SV x^z]-aoVAi(dry cooling)

^^--§-7] <^Jf s ^ s } OJIPV ^vo f l o j ^ i$z]-woi-X](Wet cooling)^

^ 5 . 3.7]) 1 4 ^ ^ $14. Westinghouse s) AP600^r

^i^:ol € ^ ^ 1 ̂ (sensible heat transfer)6!]

#<g;g^(latent heat transfer)^ ^ i ^ l ^ ^ ^ & tfl^-^r-ir ^W tb

€4
AP600S}

A>J1 A)

104s ^ H - M ^^-8-7] tfl-^sj £ £ ^ ^ ^ ^ r 1̂ > ^ 2*\ peak*

S14C2]. °]t: A}5LHiiq<q 9X°]*\ PCCS l̂ ^- f =£71 wet cooling^

--£ 4
PCCS

1-

^ A ̂ 1 ^ € 1 (sensible heat) ̂ 1 ^ «V 1 ^ ^ ^ # 4 ^ ^ ^ 1̂ ^ °fl >M ^

M 7]?ltb ^Klatent heat)<̂ l ^ tb • l ^ ^ S ^7fl 4 ^ r̂ $14
Chun/Seban[3]̂ r tube

«H ^2fl^ Nusselt

4. n ^ £ ^ ^ S . S « - B 1 \ t f s s ] €6l7]- #^j-^ Reynolds

Kapitza ^M
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Fujita/Ueda[4]fe <4£5Ksubcooled) ^^Q 5.^-(saturated)

•°\o\] tfl$ <g*)-§- ^r*3§H i ^ i M l ^ r ^ # ^ 5 ] breakdown

. Shmerler/Mudawwar[5]rr tf^ # ^ 5 . ^ 3 ^ ^

1 (thermal developing lengthM u])^ 3 . 4 ^ 53*

. Chang[6]

r̂ Chang4

:€(fully developed)
r̂ ^-^*V Rayleigh

Yan[9]£

Yan<>l Prandtl-Kolmogorof 7>^3)- Hirshburg^

AP600# -i^I^- Westinghousefe USNRC
-AS. AP600 Standard Safety
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Analysis Report(SSAR)

•& ^3. AP600

wetting yl -i:

*> SI 4U1].

-g-

(pressure drop) ZL?\5L -§-7]

Westinghouse^

7} -§- ̂  «

WGOTHIC

o. M c A d a m s o ]

Colburn^i Churchill

analogy

AP600

dry cooling^ wet cooling^

^ 1/10 «L

PCCS^

7\ air baffled

1̂ geometric scaling'JH

Gr ^ , Re

ln> o)

PCCS^ll

Ambrosini[14]fe 2m dry cooling^ wet cooling0!]

*\ analogy
°1 "^••r-^^.s. dry patch-I-

Westinghouse-^ Heated Plate fe scale down S.4

Kreith

Colburn

£€4 PCCSi^ ^ I f e
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R e ^ -

4 2 . 4 3 . <y.g^ o ^ 4 5 ^ 7oM)rfl̂ - tf^-t- PCCS ]̂

Jung[15]^r ^ ^ ^ • y ^A>*fl^ (scale analysis)M ^ PCCS« l̂

Kang[16]̂ 8r PCCS^] ^ « ° 1 H w e t cooling^- dry cooling^)

fe analogy

-S .^ analogy^ E j - ^ ^ -

Kang[17]-& PCCS1- 1/26S. scale

5?
£.3. PCCS^l tfl

^r «1^- full scaled

fl ^sfl PCCS
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Westinghouse^lH fe GOTHIC SHofl <5flnv tfl̂ f. oflul*! ^ S . ^(Liquid

Film Convective Energy Transport ModelHs]- t}^ 1-D mechanistic model

^ ^ t ^ l ^ AP600°fl cfl*> Large Scale Test Facility£] ^ - 7 1 ^ - ^

heat transfer)^]

flow)6!

flow)4 ^^-fi-^(external

#*>^(heat and mass transfer analogy)^

Argonne National Laboratory (ANL)sl SUN[19]^ 3^>€ ^ - f r ^ s i H 3.

1 PCCS ^¥*1M4- Al£§>^4. SUN^r t $

£ o J CONTAIN 3HS1 s

S.o)§]-71 ^
-g- ^^-s}-«i -^

Westinghouse^ Small Scale Test^l <i^^-i-^: 20% 1̂

CFDCComputational Fluid Dynamics) \+fl-sfl^ 7 1 ^ ^ 4 - 8 - ^ 3L7H



-I: 4-8-tb ^ - f ^ -&£<?! Twfir aH^-grS.CbuIk temperature) T b #

fe- Tb#

PCCS4

g- Mechanistic Models ^7]^ sfl^^r analogy 7fl̂ « |̂ tfl^

CFD

<5flnV t f l^

1.3

AP600S} PCCS n^-Zr ^^1 ^*H £ - 5 ^ ^ S . ^ - ^ ^ ^ 7fl^ -ff-S-^-t- 7}

71 o]^.

CFD 7l^o.



air baffled

PCCS #

50m ^£(-frS7}- tf^Sl-fe- ^1^^-Ei -^^4^1) fl-2.2] full scale

- l̂ til

PCCS4 ^^r

°11 7l£l3H -S-^-i-^^^Cflow instability) ^ >8?fl^^- A (boundary layer

separation)^- ^^r ^ H ^ - ^ ^ 7 > ^ ^ £ wfl^l^ ^ &J7, o}&]^

pj^ife. £ 4 5 : J I ^ S H O ) ^t j- . # ^ ^ - 1 : £f-*V PCCS

elliptical problem^ H.S

-si-sfl ^4^1 ° l f - ^^ 3-f PCCŜ l

(1) qy
(2) Jf

_ Q —



(3) ^-71 .f}-s.°1Ho] ^ ^ ( p r e s s u r e loss)

(4) ofl^Hl fil«fl *\

(5) 4^"2:?i , plant

dry patch4 rivulet^

^^1-8-71

full sca le^^^l tfl«|] ^ ^ ^ • ^ • ^ • i - *l)^«1-sa^.^, PCCS ^ ¥

(1) ^

(3)

(4) q^si\ dry-out points]

(5)

(6)
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3. 1.1

Chun/Seban

(1971)

FujitaAJeda

(1976)

Chang

(1986)

Shmerler/Muda

wwar(1987)

YarvLin

(1990)

Kang

(1996)

<3!T1I8-1S

^7^1^/7]-^

^a/oj}ev-S-*il

^2)^^^/#

^3]^lfl^/#

^2)^^^/-§-

^^i^l^r^l tfl^ Data, oJj
^•s} Breakdown S^i.

^r3E, «a-^, ^2] ^o]7l- ^

•& *}*)

— 1 1 —



1.1
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pecs
2.14 £4. f^ofl

-i- 71

(ambient)^

#$=0.3.

3}

^ counter-current

2.2

2.2.1

(l)
(2)

(3)

(4)
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(5)

(6) ^7}

tflsfl

[21].

COS

2.2.2
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H b u l k m a s s transfer

eddy^

-̂ £4*1-71 ^71-21

(1) £ ^

(2) ^71

(3)

(4) -5L7} ^<L5_

gug i) = 0 (2.4)

+

<9T

(2.7)
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Boussinesq

^r 9X3- 4 ^ -

(2.8)

2.2.3

Re -M-

2000 < Red < 4000

Gr ^r Sfe Ra

( 2 9 )

^ ~ 109 ^^ol4[25] . ^ - H - ^ 4 %&-s}^ Miyamotto^ Hugot[26,27]^

€ ^ ^4°)1 ^ ^ ^ 4°o^ €^^^°11 tfl«fl <$n Ra ^rfe ~ 105 ^5E.°U,
lm v]^}*\ &°)7} ^-^§1-^4. PCCSSj ^ ^ ^ ^ 4 bulks] ^r£x>l- 30

lm ^£3} feoloilA-] p r ^ fe $1= 4x lO9^.

23.4m 6]5 )
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Bfl(closed form)?}

01 o.

number k-£ }

Low Reynolds number k-e

low Reynolds

H t c

(2.11)

2.3

:?i(interface

-§• r L = r g = r r

(2.12)

(2.13)

(2.14)

££21-61) 71
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(2.16HH

(2.15)

(2.16)

, Re ^r^l ^ ^

°)1 t f l ^ ^ ^ ^ ^ ^ til^-g- ^ ^ ^ . ^ tfl7l<a- ^ - t f l ^ ^ a ^ . ^-£61 1OO°C°11

7]- SI^TH], Kang[16]^1

fe 2.3WD

e (2.17)

, h s =

h e =

(2.18)

bulk

heat transfer coefficient)^
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!• 4-8-^4. 33 #*H°IM ^t^ll 3 ft
r*l Nu ̂ rfe 4-g-4

( T , - T b )

(2.19)

(2.20)

W-«fl ^^i^r^l o|f-«H € ^-f, overall heat transfer

coefficient Ufe 4-8-4 ̂ °1 7]<£*t "r Si4.

(2.21)
L h g a s

^ 4 ^ Corradini[283^

Si4[28,29].

^ ^ ^ 7ii-a-^7i

Flux)# Til̂ sfl

^-(diffusion layer theory)

W £ H^r ^"(thin layer)# f-sfl S^ijfe-^, bulk4 interface^ partial

pressure *>!• °1 °a-^«)°)l tfl^ s n ^ ^ S 4fe ^t0] ^ ^ ^ ^ l ^ 4 f e ^

i l -g- lS «j-al 5A4. ̂ 2 ) ^ ^ - # ^ ^- f laminar boundary layeH

fe- Sparrow^ Lin ^ [
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7\\v}o\]

fe Uchida

empirical curve fit*

flux), m

m a " = m"W a - Dv p

mv" = m" W v - Dv

, Wa , Wv =

dWa

dy

V =

Dv = binary diffusion coefficient

m" = ma" + m v " =

(2.22)

(2.23)

(2.24)

(2.25)

^ 7 ] s) ^ ( b l o w i n g velocity)^

(2.24)

S14E33].

D
v v = 1 - W X

(2.26)

' Wv =

- 20 -



binary diffusion coefficient^. 4-§-4 £*)

( 2 2 7 )

m"4 Sh r̂fe 4^-

D
dy

= hMPv(W v > I-W v . b) (2.28)

h M =

W b =

h M D h Dh
Dv (W v -W b ) ( l -W v ) (2.29)

(2.26)^

71

^-71S)

- 21 -



m
P V

v

K v l

P V
a

Kai

_
mv

Mvp

mv + ma

Mvp
M a (p T -p v )

2.4 bulk

ASME steam , Hit,

fitting

(2.32)

(2.33)

(2.34)
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(2.35)

(2.36)

$n bulk

^ (2.19)3]- £ol 1 # ^ Tfl^I: 3 < ^ 3-f, ^ 3 ) ^

Jf-^(external flow)1-Hu ^A% ^Q free-stream

bulk ^r£ T b # QA ^ ^ ^ ^ SJl^l^ , ,

-^-^(cavity flow)^- £& vfl^-S-^-(intemal flow)<Hl^^ ^ a V ^ A S free

stream 35:̂ 1 «>1 ^^^f^l ^ ^ £ S ^ m ^ l ^ ^ fr^^* §

p2nr di ucpT
(2.37)

I p 2nr dr ucpT
•̂  0

tfl«l| ^^r^V StJS.S bulk

-^^(fully developed) -fr^-i- 7 ^ ^ | - ^ ^ £ ^ •&$. &S.&

. bulk -&£fe - f r - ^ ^ ^ ^ Jg

^ °11 bulk
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air + vapor

P=0

P=0

2.1
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3 ^

3.1

Nusseltfe

7l^]-ol ô  d r a g ^ A l ,

. Nusselt <>lJf Dehbi ^ [ 3 6 ] ^ -

I ^^] «fli- =?z}3.z\ 5314. oi

#51

, PCCS ^ 2 : ^ *!

^ PCCS

CONTEMPTS ^"^ S^oflAi ^^§}3i $J^ Uchida

CONTEMPTS- ^
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TT Colburn^}- Hougen[37]°fl 2l«fl ^ 2 £ S.^^1 °}^-, ^ ? Peterson :f-

ofl ^1^714^1 §^- c^^-^j-s-^. analogy 7fl^-ir f-«1) ^ -

M PCCS %^|
liquid film model)•§•

3.2

Kang[16]°l

4 R 1 } ] l f S 4 ! H 0.3

Ufl 517) H]|^-O1E|-JL

scale)* 7}*)3L, 51 ̂ (disturbance)^

3E(time scaled 0.01-lsec %£.<>)S.3. ^ ^ ^ 1 H^s l time scale°l 0.01-lsec

^^1€ ^r S14C19]. #s l ^^- Pr^r7f 3JE
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o]

01

( 3 2 )

TL(y)= 2 ( T ^ T ) v +2T-T1 O^y^S (3.3)

T=

3.3 <^^ ̂ 1 ^ &S

n ^ 3 . 1 ^ height function^ *l-8-*l-^[38] O JI^-* 7fl^«1-7l 41 t t JE.'fiS] 7fl

} = n (3.4)
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(3 2)^-

(3.5)-ir ^^t\c^

(3.6)^:

(3-5)

(3.7)

af ^+1/2 + c f = 0 (3.8)
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2dtCf

ife node H*l

node i4*l£) 7]all-

^ (3.8)̂ 11

Qint = Qsens ' Q

/film

p • TS)

evap

vapor

2MS6H Qwall

^4(heat flux), qsprayfe

(3.9)

, dipcjtfu T) , .
1" j ^ = Qwall + Qspray- Qint (J.LU)

- 29 -



(3.11)
fj im

=qsens +Qevap (3.12)
film

2

- 30 -

e} °<f«fl̂  (explicit scheme)#, ^ ^ - ^ ^ ^ ^ H ^ ^ l tfl*fl A o v ^-^^-£^ (upwind

scheme)^-

(3.13)

(3.14)



\+U2, Fi_1/2=p(ur<5)|_1/2 ,

-7} ^ ^ ° ) % «}*fl node point
£

kf

h f g

f

, kv

= ^
L7l^l -S-^Sl

^ 7l 5̂  *a ̂ . £. 1̂ T1

6)| rr]--g- ofl^-31] H} ;

^7l ^ spray^Ife-

T f ld(i) - ^

(3.11), (3.12), n?] JL «J|^ ̂ S . ^ £ ̂  (3.3)-t:

i
1 ~

3.4 *H TOOL ^ ^ € USER SUBROUTINE

fe PCCS gp

:>7l ^sfl tfiM^W^3E°J CFX4.2* 4^-^53 tj-[39].

CFX-F3D S=«H|Aife

A>-g-^l-^a.s-Ei(USer subroutine) U utility routine-i- ^1-̂ -̂ 1-ai Xl-S.^,

^-^-fl^: USRS A] ̂ - ^ 4 .

^ <g^-oilAl^ USRINT, USRSRC, USRCND^l ^f-g-xH J M ^ W IPALL,

IPREC, IPVERT, GETVAR ^ 4 ^ - ^ utility program^:

- 31 -



3.2^

(1) USRINT
7A variable^) S7l*l (initial guess)* -g^ , ^ t ^ ^ : ^ address * ] ^

(2) USRSRC

ofl^-^^] ^ ^ . £ ^|AV; source term treatment

(3) USRCND

conductivity£} ^ ^ ^ (isotropic, anisotropicVeffective thermal conductivity

USRSRC°114 FLMTMP

CFX solver!-

3.5 m

tut!:

B̂ CFD £

4 * °]-8-sH

Kr 7)2S)

. Westinghouse4^
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AP600

^ ^ M } - ^ 530<Re<900^] Reynolds *r ^ t - 7V*M p r =6.5^1 JL, °J}^

T M I ^ 0.1mm iL^ (orders of magnitude)^. PCCS^l 7-^cfltt

4
-L^ 3.3°flfe- «H Cell ^ ^rS ^1^1-i- M-^a^cfl, zi^ 3.2^ 3.3^

-̂Ê  blowing # £ » ^ t t 4 . ^ , 4̂ (3.15)51

blowing # £ 7 f 7)1 A>£] j i , o] blowing

flux)4 ^^#^1 ^ ^ <i^^ 4

(3.16)

(3.17)

(3.16), (3.17)S-¥-El Tfl^V^ ^ ^ 4 °11M^1, ^ ^ J i blowing

[40,41].

S = S p 0 p + S u (3.18)
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^ 3= [Mass] [ Velocity l/[Time]

i-i *1 [Energy]/[Time]

^ f : [Mass]/[Time]

: * # <5Su=me*vv (3.19)

m ^ l c5Su=rfie*hfg (3.20)

[%&-£: §Su=me (3.21)

(user subroutines)•& ^ B<Hl ^Ajsl^cf. A>^-X} ^ i j ^ o . ^ ^ 32s)- ^-o] a.

7\] usrint, usrsrc, n s ] j l usrcndS. T ^ S M Si-^-H, source «J
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lit, ,(fi

tnt ,qt

3.1 height function

7 J\
SETUP ) (JLMTMP) (PHCHG)

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

3.2
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or

Kf K

3.3
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4 *H t$

4.1 *fl*H 4 4 3

PCCS ^ -atl ^£l:-g- £ 4.H

(2) € ^ 1 ^ ^ ^ -&£^ «a^^s . 2:?i 4-8-
(3) air baffled ^ t i 2 :3 Aj-§-

(4) -fi-'a^ls] ^ £ ^ # ^ 5 ] ^ #31 ^ £ ^ -8-^(298.15

(5) M ^ l f i ] ^ ^ ^ r i : ^ -8-tfl#£6|) ir|.E|- 0.005-0.021-

(6) °g

(2.31)^ =|. ^ 7 1 1 -

(4.1)

p g =

r ^ 0.010271-

4.2

tf
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l : f1 Cheung 2f Nakamura[42,43]°ll

Pd = ~~2^ ^' ^ ^ ° H A 1 ^ zero

static pressure-1-
CFX Code^i -a^l ^ K i i $1°H

o.s. #«3-^ (total pressure)^: zeroS.

(static pressure)^: zeroS. A>-g-§f JLx} *}*] t o] <

Po = Ps + ijrplvl2 (4.2)

71 X1, Po"̂  total pressure0] JL ps^- static pressure0]1^,

^fe ps = 06l 3- t ^ ^ r pt

4.3 ^ 2 3 ^ -SLf

CFX 3Hfe ^^ f l - -U^^fetfl il<HA1 body-fittedsf multi-block

4*9=^: SL'fil-i- *H^*>31 S14. PCCS^l wet cooling^l
Ii7l-*>7] ^«flAi^ ojjn|-^^igc,]A^ ^i-^S}-(phase change)

^ 7 ] 7 ] . b u l k gaso]]
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two phasesd-f^l) , two components(§^1 --§-71) -fh^^-

^Aov^- user subroutine^- ^
^7ls] tfl^- ^ a-^V^^oll tfl«l|A-]^ CFX solver^

. -̂*1 low Reynolds number k-e SL-fi^ ^ e ^

t 4-g-sl-xl ^o.JE.5. ^^- t t n^ £71 $]*1M S^r ^^f
£ RNG K - e £ ^ « N Standard K-e S . ^

<̂  ̂  (logarithmic regionH H5] 31, low Reynolds number

k-e S . ^ A>^-f- ^^-ofl^ ^ ^ ^ < g ^ (viscous sublayer region)^ ^

^ Westinghouse[ll]4 Ambrosini[14]5l

^- t ^ ^ r ^ ^ i : all̂ ^1-71 ^^A-1 RNG

tfl # «g ̂  ^ ^ AJ-^. sfl ̂  §]- 71 ^ «D A] io w Reynolds number k-s S <i

. RNG K - e f i l l «>l-8-̂ - ^^-<Hlfe tfl^^^^ll 3 #*)1

A l ^ i s . ^>7l 3*11 y + » 30-100A>C]O)1 ^ J L low

Reynolds number k-e S.^4: 4-g-f- ^^-<Hl̂ r y+ l - 5

. =L?\
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a 4.3°H

i 60X200^] ^^l-?(l^- 80X400

o] ^ o ^ ^ ^ ^ A ^ 60X200 ^ V̂ 741 • 4-8-^1-514 •§}*),

Sun^l ^ a ^ ^-^r small scale AP600

Miyamotto[26]7l- ^

, ^ 4 » ^ ^ 4.2oll

lm o]^. -̂̂ -611 A] ^ J L 2.7TC^£S1

Westinghouse[ll]5l- Ambrosini[14]i ^«fl ^*<§€ ^^°flA1 # ^ ^ Sh
^ Sh =r» y l S ^ c h n^ 4.3<HlAi X

-g-^(interfacial shear stress)^ til^^^o.^. ^7\t\jL

<£ *r 91^. Duckler[45]^ s ^ M ^ ^ 50-70%
<H-3-*l- Hl-t^ VanTQl— ^0-40%

^ Kang[17]3
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4

Ambrosini[14]^

4 .6^^fe Fujita4

oL Sit)-, ^

44 -̂o) a.

Re

4 full scale s f l^ i A>-g-§fj74

Westinghouse[ll]4

6-7m/sec4

fe- lower bound A>oH

^44

t ^ : PCCS

4.4 «fl^ 1 4

smal l s c a l e4

°1 0.5 kg/sec^ ^ ^ Sun21

oflnv^T))^ S u n 4 «fl^

4

AP6004 PCCS

scale down*>

^ scale down«l
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^ analogy 7fl^#

. 2.3.2^1

analogy

• f

S c a l e Downer

^ PCCS^ ^^J2.^i(prototype)^ ^ ^ full scale

PCCS

PCCS1

dome# £^-*V full scaled

80°C<y ^ 4 - vertical - ^ ^

si
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3.71 nfl-S-ol^-jl ^ # £ 4 . ^ 4.9^

4.10-8: ^ 5 . 80°C°llAi ^»i. A£f-*> full scaled*\£\

al«ll ^Tfl M-Bfi4zL SU-fe-iHl ojfe swirling^

bulk ^SJ ^8r£ U ^£71- ^ - ^ -S-EflS. -B-^lS)7l nfl^-ol^jL ^ # £ 4 . full

scale ^ ^r^^fl^ofl t ^ 3g^- <g^^- T J ] ^ ^ 4 4 257.4^ 288.1 W / m 2 °K

^ 323.7 W/m 2

o . S ^ Jung[15]ol

M(chimney effect)^

.° 3.

gap

feiHI gap size7V ^7f^-o)l nj-s}- <

S 4.4°1]^ PCCS ^ 4 ^ ^ ^ f full scale

- 6
S
V *r SI4. ^ ^ 4.12^r ^ ^

IL SI4. ^ ^ ^ ^rS^II 4Bl-

Gap Size7l- ^7ff-ofl xtj-Ej- # £ f e ^ i i * M ^ : gap size7> 0.45m
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. S. 4.5*11 £• =r3 *I|W full scaled

^. .g- ^ cj4_ 3 ^ 4.13^1^^ full scale

^ dryout point

4. dome-i- a^-t!: PCCS ^^l|

0.13 kg/m-secol^Mot *}5L =1

' ^sf^ ^̂ 11 PCCS f i t # £ £ ^-f «»1

4-S.t!: ^ ^ spray ^ £ r ^ 16 kg/sec ^E.^31, °]
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4.1 PCCS

LIDh

Heat FIux(kW/m')

Film Flow
Rate(kg/m-sec)

Air
Velocity
(m/sec)

Air
Temp.
(°C)

Water Temp.
fC)

Relative Humidity

Westing-house[ll]

18

5-28

0.02-0.083

up to 12

up to 40

-

up to 60

Ambrosini[14]

11.67

Up to 30

0.013-0.17

up to 10

25-50

-

45-85

Kang[17]

5.5-23

15-30

up to 0.5

up to 8

16-25

35-75

up to 80

5 4.2

x/H\

0.2

0.5

0.8

20X50

6531.3

6474.1

6149.5

40X100

6505.4

6430.8

6135.3

60x200

6493.1

6418.2

6118.7

80X400

6488.9

6412.3

6123.8
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S. 43

Spray

*f l^ ; 0.2m

*f l^ 6 l ; 2m

5000

£S. ; 15-25 °C

# £ ; l-12m/sec

^ ^ ^ r l - ; 0.01-0.05

50-95 °C (hotter)

0.01-0.1 kg/m-sec

Test Run(Sun)

s f l 1 ^ ; 0.2m

#^v#; 0.65m

^^lfe°l; 5m

38209

-&£; 15-25°C

#S . ; 2m/sec

«£-lr;0.01-0.05

50-95 °C (hotter)

kg/sec

AP600

* 1 I ^ ; 0.45m

• ^ ^ ^ ; 4.87m

^ ^ 1 ^ ° 1 ; 50.4m

74146

-&£; 15-25°C

€ # £ • ! • ; 0.01-0.05

50-95 °C (hotter)

0.5 kg/sec

4.4

(w/m2° K, S=0.45m)

^^r£(°C)

full geom.

30

168.1+8.5

192.2+9.8

50

195.8+10.4

212.3+11.1

70

223.5+12.3

240.1+13.6

90

271.7+14.2

298.3+15.7
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S. 4.5

(m/sec, S = 0.45m)

full geom.

30

0.974/0.920

1.023/0.947

50

1.141/1.101

1.284/1.121

70

1.460/1.236

1.518/1.304

90

2.131/1.483

2.247/1.631
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o

30-

20-

10-

0-

T

1 D ° o • o O D a an o p ^

a Miyamoto Experiment Data
—•— Numerical Results

height (nri)

4.2 Miyamoto

CO
•k

a
5' ^ ,

n J I ^

a

c

i
—̂

o Ambrosini experiment data
- • W/H experiment data

CalcwithT.= 70°C

Calc with T, = 50 °C

—
_

101 102

UD / v * 1 0 3

4.3 Sh
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100-

o
T.

10
0 1

Kang's Experimental Data(at 70°C)
Calculational Result(at 70°C)
Kang's Experimental Data(at 50°C)
Calculational Result(at 50°C)

3 4 5 6 7 8
Inlet Air Velocity(m/s)

9 10 11

4.4 50°C

0.25 -,

0.20-

c
o

cti

2•
Li.
U)
V>

0.

0.

15-

10 -

0.05-

0.00

H = 1.8m

H = 1.0m

H = 0.2m

0.0 0.2 0.4 0.6 0.8

Non Dimensional Distance(y/S)

1.0

4.5
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o
o
M

ie
n

y=

o
aj

!=5
{3
03
CJ

9000-
8500 :

8000-
7500-
7000 :

6500 :

6000-
5500-
5000-
4500 :

4000 :

3500 :

3000-
2500-
2000-
1500 :

h =2.27Re,-1/3 (Subcooled)
- h'=0.606(Re/4)-°22 (Saturated)
• This Study(Tw=70°C)

-A A-

•—•—•—.

-A A A -

500 1000

Liquid Film Reynolds Number
1500

4.6

E

4.7
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o
X

300-
280-
260-
240-
220 -
200-
180-
160-
140-
120-
100-
80-
60 -
40-
20-
0

-Wet Cooling
-Dry Cooling

10 15
Distance from Inlet(m)

20

4.8

o
CD

2
CD

19.9 20.0 20.1 20.2 20.3

Distance From Shell Surface(m)

20.4

4.9
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r
50 100 150

node numver from the stagnant point

4.10 Full r£(Tw=95°C)

0.3 0.4 0.5 0.6

Gap Size
0.7 0.8

4.11 Gap Size
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|

8

V
el

•ffi

In
l

CD
cn
CD

<

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

nft

i • i * i

_

-

-

Q

<5

s

-

-

- . . - ' • • • - • • " ' • •

i • t * i • i

= 0 ^ mU.Ov/l 11

= 0.55m

/

/ ' ' • • '

// '.

-

1 . 1 . 1 • 1

30 40 50 60 70 80

Wall Temperature(°C)

90

4.12

400
380 -
360 -
340 -
320
300

S 280
« 260
1 240
§220
H 200

180
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140
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100

• HTC( S=0.45m)
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Wall Temperature(°C)

90

4.13
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50 T

4 0 -

3 0 -

o
2 0 -

10H

\

Dryout Point Tw=70uC

\
•

•

o-

0.00 0.05 0.10 0.15 0.20

Film Mass Flow Rate(Kg/m-sec)
0.25

4.14 Dryout Point
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<5flnV tl]«-^ 5 J S ^ i ?fl<+*>7l $n height

Nusselt

7fl ̂ -^ S€-ir «l-§-*H wet cooling

Westinghouse ^ Ambosini
«1H^ ^ 4 ^-7ls] ^ o g ^ ^ j . 6m/sec

Sh 41 ^ I

Fujita4 Uedaofl

Re ^o]i t^=. <i

PCCS

4 3-5*4. ^tb ^-oflA^ swirling^ oll

7>§]-^4. ° l r dome

bulk^ll^^ ^ W t :

- 56 -



ft

So] ^

3.7)}

dry po in t s^ <Hl ^ ^ wet cooling°ll

Hi51*1) I ; n|]

fe blowing effect*)!
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cP
D

Dh

S

Gr

H

h

hm

hfg

k

M

m

m"

Nu

P

Pd

Pr

q"

Ra

Re

S

Sc

Sh

T

u,v

W

X

specific heat

diffusion coefficient

hydraulic diameter

gravitational acceleration

Grashof number, (gpATS3)/v2

channel height

heat transfer coefficient

mass transfer coefficient

latent heat of evaporation

turbulent kinetic energy

molecular weight

mass flow rate

mass flux

Nusselt number, hDhA

pressure

dynamic pressure

Prandtl number, V/Q

heat flux

Rayleigh number, (g&ATS3)/av

Reynolds number, uDhA

channel width

Schmidt number, v/D

Sherwood number, hmDh/D

temperature

velocity components of x,y direction

vapor mass fraction

longitudinal coordinate
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y
+

y
r

transversal coordinate
nondimensional distance y, yu*A

distance from axis to shell surface

Greek letters

P
8

HT

s

V

P

Subscripts

a

b

c

e

f

g

H

h

I

i,j

in

L

S

s

sen '

sp

thermal expansion coefficient

film thickness

inner region length scale, [(v/Pr)2/(gf5AT)]1/3

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

t

tot

V

w

temperature

turbulent

total

vapor

wall

Superscripts

e

f

i

o

V

w

evaporation

film

film surface

old

vapor

wall
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curvilinear coordinate system^- >M"g-*H,

(body of revolution) ^ ^ H

£: PCCS

E. Boltz[21]fe

-S.^:

OS.

3- azimuthal angle

-n-^(mass flow rate)-&

JL
dt AX-nix Ay-niy) =
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^ A.I

AV, mx, n e l j i

(A-2)

of

motion)^:

(A-3)
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mom

dy

B1

momx+5x

A.2

A gj B momentum flux^ forced

Momentum entering the face A : momx = (OU • u rA(9Ay

Momentum leaving the face A' :

= pu • u u

Momentum entering the face B : momy= pv • u rA<9Ax

Momentum leaving the face B' :

m o m x + A y = pu • u

Net pressure force : —-^ •

v u

- 68



Gravitational force : Bx = pgcosft rA

Shear force on the surface B : ry = / / y -

Shear force on the surface B' :

*fl <H*fl 3°flA1 pressure drop4 viscous-shear force *}•=? ^-^)^}n, $\$] S.

TA^AXAy (A-4)

(A-5)

(A-2)t

Energy convected in the x and y direction

Ex = pucpT r

Ey = pvcpT r

Heat conducted in the y direction :
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Net viscous energy delivered to the control volume

%1-s.s. - viscous work U-&

- 70 -

f ) 2 Av (A-7)

. 1 ^(uTr) , 3(vT) -, ^ u
+ r 3x + 5y J ~ ^ 3 2 (

(A-2)#



^r ^ B. User Subroutines

cxxsxxxxx$xxx$«s«ssxxx*gssxsxxxxxxxxxxxssxxsxxxx*xxxxxxsxx«**sx$ssssxx«

subroutine usrint(u, v, w, p, vfrac, den, vis, te, ed, rs, t, h, rf, seal

+ , conv, xc, yc, zc, xp, yp, zp

+ , vol,area,vpor,arpor,wfact, diswal,ipt

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

+ , work, iwork, cwork)

c
cx«*xxxxx*xxxx**xx*xxx*x*xxxxx***x**x«c*xxxxxxxx*x»x»x«**xxxxxxxxxxxxxxx

c utility subroutine for user-supplied initial field.
CXXXXXXXXX**XXXXX**XXXXXXXXXXXXX*XX»XX»X*XXXXXXXXXXXXXXXXX***X*»XXSXXXX

c this subroutine is called by the following subroutine

c cusr init

cs*s****xxs*xxxsx*«xxxxxsxxxxsss«xsx**s*xsx*xxxxxxxxs*s:g*«xxxxxxxx:cx*xx

logical lden,lvis,lturb,ltemp,lbuoy,lscal, lcomp

+ ,lrect,lcyn,laxis,lporos,ltrans

logical lrdisk,lwdisk

c

character* (*) cwork

c

C++++++++++++++++ user area 1 for usrint ++++++++++++++++++++++++++++++

c area for users explicitly declared variables

C+++++++++-H-+++++ end of user area 1 for usrint ++++++++++++++++++++++

c

common

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

+ /allwrk/ nrws,niws,news,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

+ /iologc/ lrdisk., lwdisk

+ /logic/ lden, lvis,lturb,ltemp,lbuoy,lscal,lcomp

+ , lrect, lcyn,laxis,lporos,ltrans
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+ /mltgrd/ mlevel,nlevel,ilevel

+ /sgldbl/ iflgpr,ichkpr

+ /transi/ nstep,kstep,raf,incore

+ /transr/ time,dt,dtinvf,tparm

c

C++++++++++++++++ user area 2 for usrint +++++++++++++++++++++++++++++

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

+ ,kfluid(400),mfluid(400,100)

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

+ ,hgto_o(400),vinte(400)

+ /uctemp/tfldotUOO),tw,htc(400),htcsen(400), rmtc(400)

+ ,tflmot(400),tblk(400),rmfblk(400),ttotal(400)

+ ,rmfttl(400),tflmoto(400)

+ ,tw_o(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/qinto(400),qsen(400),rmf_flm(400),rmf_out(400), dvap(400)

double precision xinl,xin2,outf,outv

c

c
c

c

c

c

c

c

c

c

*** materia

denfi/denfo

rkfi,rkf o

rks

rkvi, rkvo

f cpi,fcpo

denfi,denfo

rmuf i, rmuf o

hfi,hfo

liquid water density

= liquid water conductivity

pecs steel wall conductivity

pecs inside vapor mixture conductivity

= liquid water specific heat

liquid water density

liquid water viscosity

liquid water enthalpy
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c
c

c

c

c

c

c

hvi,hvo
hfv

gra

cpfi,cpfo

cpvi,cpvo

cpsp

vapor water enthalpy

latent heat for evaporation

gravitational acceleration constants

= liquid water specific heat

vapor water specific heat

specific heat of spray water at the outer steel

containment

c *** description of variables ***

c xsi,ysi =coordinates of edge point of innermost solid cell

c xso,yso=coordinates of edge point of outermost solid cell

c cosbeti=unit normal vector at the center point of innermost solid cell

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

thickness of innermost solid cell

thickness of outermost solid cell

thickness of innermost fluid cell

thickness of outermost fluid cell

number of of solid cell in the film flow direction

ilast-1

1-D cell address of inner/outermost fluid cell

= 1-D cell address of inner/outermost solid cell

= inner/outer film thickness

= evaporation,spray mass flow rate

= temperature of inner/outer film flow

= temperature of inner/outermost solid cell

C++++++++++++++++ end of user area 2 for usrint ++++++++++++++++++++++

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)

+,seal(nnode,nphase, nscal)

+, den(nnode,nphase),vis(nnode,nphase),conv(nface,nphase)

dimension

+ xc(nvert),yc(nvert),zc(nvert),xp(nnode),yp(nnode), zp(nnode)

+, vol(ncell),area(nface,3),vpor(ncell),arpor(nface,3)

~ id

c
c

c

c

c

c

c

c

c

c

c

c

delsin =
delsot =

delvin =

delvot =

ilast

ilastm =

kfldin,kfldot

ksldin,ksldot

hgti,hgto

zme,zms

tfldin,tfIdot

tsldin,tsldot



+,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(news)

c

C+++++++++++++++ user area 3 for usrint +++++++++++++++++++++++++++++

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 ++++++++++++++++++++++

c

c statement function for addressing

ip(i, j,k)=ipt((k-l)*ilen*jlen+(j-l)»ilen+i)

c

c version number of user routine and precision flag

c

ivers=3

ichkpr = 1

c

C++++++++++++++++ user area 4 for usrint +++++++++++++++++++++++++++++

c to use this user routine first set iused=l

c

iused=l

c

C++++++++++++++++ end of user area 4 for usrint +++++++++++++++++++++++

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(ll,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')

emf=1.0e-6

emp=l. 0-emf

c a l l IPALLC «','«','BLOCK','CENTERS',IPT,NPT,CWORK, IWORK)

do iphase=l,nphase

do i= l ,np t

inode=ipt( i)

SCALdnode, 1,1) =0.01

t(inode,iphase)=288

enddo

enddo

c a l l iprec('BLOCK-NUMBER-l','BLOCK','CENTERS',IPT,ILEN,JLEN,KLEN,

+ CWORK, IWORK)

iblockl=ilen

jblockl=jlen

do 100 i=ilen,1,-1

do j=l , j len

do R=2,4,2

ipoint=ibloclcl+l-i

jpoint=j

ivertnu=K

jnode=ip(i, j , klen)

mfluiddpoint, jpoint )=jnode
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ivert=ipvert(jnode,ivertnu)

if(k.eq.2) then

xxeddpoint,jpoint+1)=xc(ivert)

yyed(ipoint,jpoint+l)=yc(ivert)

else

xxeddpoint, jpoint)=xc(ivert)

yyeddpoint, jpoint)=yc(ivert)

endif

enddo

enddo

100 continue

do j=l,jlen

do k=l,3,2

ipoint=iblockl+l

jpoint=j

jnode=ip(l,j, IQen)

mfluid(ipoint,jpoint)=jnode

ivert=ipvert(jnode,k)

if(k.eq.l) then

xxeddpoint, jpoint+l)=xc(ivert)

yyed(ipoint,jpoint+l)=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)

iblodcl=ilen

jblockl=jlen

do 101 i=ilen,l,-l

do k=2,4,2

ipoint=iblockl+l-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)

yeddpoint, 2 )=ycdvert)

else

xed(ipoint,1)=xc(ivert)

yeddpoint, l)=yc(ivert)

endif

enddo

101 continue

do k=l,3,2

ipoint=ilen+l

inode=ip(1,1,fclen)

kfluid(ipoint)=inode

ivert=ipvert(inode,k)

if(k.eq. 1) then

xeddpoint, 2)=xc(ivert)

yed(ipoint,2)=yc(ivert)

else

xed(ipoint,l)=xc(ivert)

yeddpoint, l)=yc(ivert)

endif

enddo

c calculate area for contact face between solid and fluid

ilast=iblockl+l

jlast=jblockl+l

ilastm=ilast-l

jlastm=jlast-l

c*«**«K»««»stj»<; area for user property data settings ««««*»«******««*»*

c — assign initial temperature

do i=l,ilastm

ifld_o=kfluid(i)

tfldot(i)=t(ifld_o,l)

enddo

do j=l,jlastm

write(8, *)i,xxed(l,j),yyed(l,j),kfluid(10),mfluid(10,20)

enddo



c — assign initial conditions

call setup

return

end

subroutine usrsrc(ieqn,icall,cname,calias, am, sp, su,conv

+ , u, v, w, p, vf rac, den, vis, te, ed, rs, t, h, rf, seal

+ . xp, yp, zp,vol,area, vpor, arpor,wfact,ipt

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

+ , work, iwork,cwork)

c

c

logical lden,lvis,lturb,ltemp,lbuoy, lscal, lcomp

+ ,lrect,lcyn,laxis,lporos,ltrans

c

character*(*) cwork

character cname*6, calias»24

c

C+++++++++++++++++ user area 1 for usrsrc ++++++++++++++++++++++++++++++

c area for users explicitly declared variables

c

C+++++++++++++++++ end of user area 1 for usrsrc +++++++++++++++++++++++

c

common

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

+ /allwrk/ nrws,niws,news,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,Ibuoy,lscal, lcomp

+ , lrect,lcyn,laxis,lporos,ltrans

+ /mltgrd/ mlevel,nlevel, ilevel

+ /sgldbl/ iflgpr,ichkpr
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+ /sparm/ small,sormax,niter,indpri,maxit, nodref,nodmon

+ /transi/ nstep,kstep,mf,incore

+ /transr/ tirae,dt,dtinvf,tparm

c

C+++++++++++++++++ user area 2 for usrsrc ++++++++++++++++++++++++++++++

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),dytotUOO)

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

+ , delvotUOO)

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

+ ,sinbeto(400)

+ /ucnode/ilast,ilastm,jlast,jlastm

+ ,kfluid(400),mfluid(400,100)

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

+ , hgto_o(400),vinte(400)

+ /uctemp/tfldot(400),tw,htc(400),htcsen(400), rmtc(400)

+ , tflmot(400),tblk(400),rmfblk(400),ttotal(400)

+ ,rmfttl(400),tflmoto(400)

+ ,tw_o(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/qinto(400),qsen(400),rmf_flm(400),rmf_out(400),dvap(400)

double precision xinl,xin2,outf,outv

c condf = liquid film conductivity

c conds = pecs steel wall conductivity

c condv = pecs 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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C+++++++++++++++++ end of user area 2 for usrsrc +++++++++++++++++++++++

c

dimension am(ncell,6,nphase),sp(ncell,nphase), su(ncell, nphase)

+, conv(nface,nphase)

c

dimension

+ u(nnode, nphase), v(nnode, nphase), w(nnode, nphase), p(nnode, nphase)

+, vf rac(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)

+,seal(nnode,nphase,nscal)

c

dimension

+ xp(nnode),yp(nnode),zp(nnode)

+, vol(ncell), area(nf ace, 3), vpor (ncell), arpor (nf ace, 3)

+,wfact(nface)

+,ipt(»),iblk(5,nblodO

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

+,ipnodb(nbdry,4),ipfacb(nbdry)

+, iwork(*),work(*),cwork(*)

c

C+++++++++++++++++ user area 3 for usrsrc ++++++++++++++++++++++++++++++

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 usrsrc +++++++++++++++++++++++

c

c statement function for adressing

ip(i, j,k)=ipt((k-l)*ilen*jlen+(j-l)*ilen+i)

c

c version number of user routine and precision flag

c

ivers=4

ichkpr = 1

c

C+++++++++++++++++ user area 4 for usrsrc ++++++++++++++++++++++++++++++



c to use this user routine first set iused=l

c

iused=l

if(iused.eq.0) return

c

C+++++++++++++++++ end of user area 4 for usrsrc +++++++++++++++++++++++

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

c icall=l ; immediately before modifications for inlets, solid regions,

symmetry, etc.

c icall=2 ; after the equations have been modified for these structures.

c therefore any additional source terms should be added at the first

call(icall=l)

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

C+++++++++++++++++ user area 5 for usrsrc ++++++++++++++++++++++++++++++

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)

C+++++++++++++++++ start of source term of pressure eqn ++++++++++++++++

c if (ieqn.eq.ipres)then

c

c — assign bulk air/steam mixture temperature near the wall

do i=l,400

ttotal(i)=0.0

rmfttl(i)=0.0
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dytot(i)=0.0

enddo

do i=l,ilastm

do j=l,jlastm

jfld_o=mfluid(i,j)

ttotal(i)=ttotal(i)+t(jfld_o,l)*ddy(i, j)

rmfttl(i)=rmfttl(i)+SCAL(jfld_o,l,l)*ddy(i,j)

dytot(i)=dytot(i)+ddy(i,j)

enddo

tblk(i)=ttotal(i)/dytot(i)

rmfblk(i)=rmfttl(i)/dytot(i)

enddo

if(niter.eq.maxit)then

do i=l,ilastm

write(18,777)i,jlastm,dytot(i),ddy(i,l),tblk(i),

*rmfblk(i)

777 format(i3,3x,i5,5x,2(el4.7,5x,el4.7))

enddo

endif

do i=l,ilastm

ifld_o=lcfluid(i)

tfldot(i)=t(ifld_o,l)

enddo

c — calculate film temperature and thickness

tw=343.15

call flmtmp

do 212 k=l,ilastm

cp total=tfldin(i)

c — evaporated mass flow rate

ifld_o=kfluid(k)

rmf_out(k)=max(0.,SCAL(ifld_o,l,l))

dspace=abs((delvot(k)+delvot(k+1))/2. -hgto(k))

total=373.15
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if((hgto(k)+hgto(k+l))/2.0.gt.emf)then

call phchgo(k, rmf_out(k), rmf_flm(k), dspace, total, tint_o(k)

»,vinte(k),ptot,pvap,ilastm,dvap(k))

zme(k)=max(0,vinte(k))»areaot(k)*den(ifld_o, I)

qinto(k)=max(0,vinte(k))*den(ifld_o, l)*hfvo

qsen(k)=rkvo*(tint_o(k)-tfldot(k))/dspace

else

zme(k)=0.0

qinto(k)=0.0

endif

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

cp HTC Caluation

cccccccccccccccccccxrccccccccccccccccccccccccccccccccccccccccccccccccccc

if(zme(k:).gt.0.0) then

htc(k)=qinto(k)/(tint_o(k)-tblK.(k))

htcsen(k)=qsen(k)/(tint_o(K:)-tblk:(K:))

rNu(k)=(htc(k)*0.2)/rkvo

rmtc(k)=vinte(k)/(rmf_flm(k)-rinfblk:(k))

Sh(k)=(rmtc(k)*0.2)/dvap(k)

Sh(k)=Sh(k)/((1.569e-5/dvap(k))**0.333)

else

htc(k)=0.0

rmtc(k)=0.0

endif

212 continue

zme(l)=(zme(2)+zme(3)+zme(4))/3.

if(niter. eq. maxit)then

zmet=0.0

qtot=0.0

qstot=0.0

qltot=0.0

hlt=0.0

hst=0.0

rNut=0.0

rmtct=0.0

Sht=0.0



do i=10,ilastm-41

zmet=zmet+zme(i)

ifld_o=fc£luid(i)

qltot=qinto(i)+qltot

qstot=qsen(i)+qstot

hlt=hlt+htc(i)

hst=hst+htcsen(i)

rNut=rNut+rNu(i)

rmtct=rmtct+rmtc (i)

Sht=Sht+Sh(i)

enddo

qtot=qstot+qltot

htclav=h!t/(ilastm-50.0)

htcsav=hst/(ilastm-50.0)

htcavg=(hlt+hst)/(ilastm-50.0)

rNuavg=rNut/(ilastm-50.0)

rmtcag=rmtct/(ilastm-50.0)

Shavg=Sht/(ilastm-50.0)

write(25,2319)

2319 format (20x,' Average & Total Value ',

* /' i' 7x,'htcavg',8x,'mtcavg',9x,'Nuavg',10x,'Shavg',

* llx,' htclav', lOx,' htcsav', lOx,' zmet',

* lOx, 'qintot')

write(25,1111)1, htcavg,rmtcag,rNuavg,Shavg,htclav,htcsav

* ,zmet,qltot

7777 format(i3,8(lx,el4.7))

endif

if(niter.eq.maxit)then

c — print out the calculated results

write(28,2221)

2221 format(20x,' parameter profile ',

* /' i',5x,'mtc',15x,'htc',

* 15x,'Sh',15x,'Nu')

do i=l,ilastm

ifld_o=kfluid(i)

write(28,2223)i,rmtc(i),htc(i),Sh(i),rNu(i)
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2223 f ormat(i3, el4.7,5x, el4.7,5x, eH. 7,5x, f 10.4,5x, f 10.4)

enddo

endif

c

c — add/extract mass source term for steam evaporation effect

do 100 i=l,ilastm

ifld_o=kfluid(i)

su(ifld_o,1) = su(ifld_o,l)

c endif

100 continue

if(niter.eq. maxit)then

c — print out the calculated results

write(10,2323)

2323 format(20x,' Variable Profile ',

* /' i', 5x,' zme', lOx,' hgto',

* 15x,'mfout',15x,'tflm',15x,'tint',15x,'tfldot(i)',

* lOx, ' H T O

do i=l,ilastm

ifld_o=kfluid(i)

rmf_out(i)=SCAL(ifld_o,1,1)

write(10,3232)i,1000*zme(i),1000«hgto(i),rmf_out(i)

* ,tflmot(i),tint_o(i),tfldot(i),htc(i)

3232 f ormat(i3, el4.7,5x, el4.7,5x, el4.7,5x, f 10.4,5x, f 10.4,5x, f 10.4,

* 5x,fl0.4)

3202 format(i3,el4.7,5x,el4.7,5x,el4.7)

enddo

endif

C+++++++++++++++++ end of if(ieqn.eq.ipres)+++++++++++++++++++++++++++++

if(ieqn.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,l) = su(ifld_o,l)+deltav

if(niter.eq.maxit)then
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write(22,5555)i, su(ifld_o,1),deltav

5555 fonnat(i3,2(5x,el4.7))

endif

end if

enddo

end if

C+++++++++++++++++ end of if(ieqn.eq.ivmom)+++++++++++++++++++++++++++++

if(ieqn.eq.ient)then

do i=2, ilastm

if(hgto(i).gt.e-10)then

ifld_o=kfluid(i)

tfldot(i)=t(ifld_o,l)

deltah=zme(i)*cpvo«(tw-tfldot(i))

su(ifld_o,1) = su(ifld_o,l)+deltah

if(niter.eq.maxit)then

write(23,8808)i,su(ifld_o,l),deltah

8808 format(i3,2(5x,el4.7))

endif

endif

enddo

endif

C+++++++++++++++++ end of if(ieqn.eq.ientlpy)+++++++++++++++++++++++++++++

if(ieqn.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,l) = su(ifld_o,l)+deltmf

if(niter.eq.maxit)then

write(24,7770)i,su(ifld_o,l),deltmf,zme(i),tfldot(i)

7770 format(i3,2(5x,el4.7),2(5x,el4.7))

endif

endif

enddo

endif

C+++++++++++++++++ end of if(ieqn.eq.imass)++++++++++++++++++++++++++++

C+++++++++++++++++ end of if(icall.eq.1)++++++++++++++++++++++++++++++++
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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

c evaporating film based on concentration gradient

c vftot : 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 — set necessary constants

rmv=18.0

rma=29.0

em6=1.0e-6

emp=l. -em6

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* tflml* *2.334)/ptot

rmf_int=(rmv«pvap)/(rmv*pvap+rma«pair)

c mass fraction at the interface and first node(linear interpolation)

c calculation of mass fraction derivatives

vint=(dvap/dels)*(rmf_int-rmf_blk)/(1.-rmf_int)

return

end

SUBROUTINE USRCND(CTROP,COND

+ , U, V, W, 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

LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL, LCOMP

+ , LRECT, LCYN,LAXIS,LPOROS,LTRANS

C

CHARACTER***) CWORK

CHARACTER*6 CTROP

C

C+++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++

C AREA FOR USERS EXPLICITLY DECLARED VARIABLES

C

C+++++++++++++++++END OF USER AREA 1 ++++++++++++++++++++++++++++

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+++++++++++++++++USER AREA 2+++++++++++++++++++++++++++++++++++++

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), areaotUOO), volot(400)

+ ,delvot(400)

+ ,xed(400,2),yed(400,2),xxed(400,100),yyed(400,l00)

+ ,sinbeto(400)

+ /ucnode/ilast,ilastm,jlast,jlastm

+ ,lcfluid(400),mfluid(400,100)

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

+ ,hgto_o(400),vinte(400)

+ /uctemp/tfldotUOO),tw,htc(400),htcsen(400), rmtc(400)

+ ,tflmot(400),tblk(400),rmfblk(400),ttotal(400)

+ ,rmfttl(400),tflmoto(400)

+ ,tw_o(400),tint_o(400)

+ ,rNu(400),Sh(400)

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

+ /ucproc/rks, tsp, cpsp,gra,emf,erapf

+ /ucimsi/qinto(400),qsen(400),rmf_flm(400),rmf_out(400),dvap(400)

double precision xinl,xin2,outf,outv

C

C+++++++++++++++++END OF USER AREA 2 ++++++++++++++++++++++++++++

C

DIMENSION

+ CONDCNCELL,NPHASE,*)

C

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)

C

DIMENSION

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

+, VOL(NCELL),AREA(NFACE,3),VPOR(NCELL),ARPOR(NFACE,3)

+,WFACT(NFACE)



+,IPT(«),IBLK(5,NBL0CK)

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

+,IPNODB(NBDRY,4),IPFACB(NBDRY)

+,IWORK(»),WORK(*),CWORK(«)

C

C+++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++

C AREA FOR USERS TO DIMENSION THEIR ARRAYS

C

C AREA FOR USERS TO DEFINE DATA STATEMENTS

C

C+++++++++++++++++ END OF USER AREA 3 +++++++++++++++++++++++++++

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

C+++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++

C TO USE THIS USER ROUTINE FIRST SET IUSED=1

C

IUSED=1

C

C+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++

C

IF (IUSED.EQ.O) RETURN

C

C FRONTEND CHECKING OF USER ROUTINE

IF (IUCALL.EQ.O) RETURN

C+++++++++++++++++ USER AREA 6 +++++++++++++++++++++++++++++++++++++

C

C CONDUNODE.IPHASE.l) = XX-COMPONENT OF CONDUCTION TENSOR.

C C0ND(IN0DE,IPHASE,2) = YY-COMPONENT OF CONDUCTION TENSOR.

C C0ND(IN0DE,IPHASE,3) = ZZ-COMPONENT OF CONDUCTION TENSOR.

C C0ND(IN0DE,IPHASE,4) = XY-COMPONENT OF CONDUCTION TENSOR.
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C C0ND(IN0DE,IPHASE,5) = YZ-COMPONENT OF CONDUCTION TENSOR.

C C0ND(IN0DE,IPHASE,6) = ZX-COMPONENT OF CONDUCTION TENSOR.

C CONDUCTIVITY FOR INTERNAL SHELL SURFACE

if(niter.gt.1)return

tw=343.15

do 201 i=l,ilastm

if(qinto(i).le.l.0e-3)go to 201

ifld_o=kfluid(i)

dto=abs(tfldot(i)-tw)

dfvo=delvot(i)-2.*hgto(i)

if(hgto(i).gt.1.0e-6)then

rkvoeq=max(0.,(qinto(i)*dfvo)/(Tw-Tfldot(i)))

else

rkvoeq=rkvo

endif

rkvoeq=max(0.,min(rkvoeq,100.))

COND(ifld_o,l,l) = rkvoeq*sinbeto(i)

COND(ifld_o,1,2) = rkvoeq*cosbeto(i)

C0ND(ifld_o,l,3) = 0.

C0ND(ifld_o,l,4) = 0.

C0ND(ifld_o,l,5) = 0.

C0ND(ifld_o,l,6) = 0.

writedl, 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 +++++++++++++++++++++++++++++

C ENDIF

RETURN

END

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), xxedUOO, 100), yyedUOO, 100)

+ ,sinbeto(400)

+ /ucnode/ilast,ilastm,jlast,jlastm

+ ,kfluid(400),mfluid(400,100)

+ /ucf ilm/hgto(400),zms(400),zme(400)

+ ,hgto_o(400),vinte(400)

+ /uctemp/tfldot(400),tw,htc(400),htcsen(400),rmtc(400)

+ , tf lmot(400), tblkUOO), rmfblk(400), ttotal(400)

+ ,rmfttl(400),tflmoto(400)

+ , tw_o(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/qinto(400),qsen(400),rmf_flm(400), rmf_out(400),dvap(400)

double precision xinl,xin2,outf,outv

c — Inside film height (hgti)

c dels : cell thickness of the interfacing conducting wall

c zme, zms : mass for evaporation, and spray

c areain, areaot : area for inner- and outer surface of

c the conducting wall

c ysi, yso : radial distance of the inner- and outer surface

c of the conducting wall

hgto(l)=(hgto(2)+hgto(3)+hgto(4))/3.

do 10 i=2,ilast

aso =+(denfo*gra*cosbeto(i))/(3.*rmufo)

csol=-denf o*gra*cosbeto(im) *hgto(im) * *3/ (3. «rmuf o)

cso2=+zme(im)*areaot(im)/denfo

c — sprayed water
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cso4=-zms(im)*areaot(im)/denfo

cso =-(csol+cso2+cso4)

hgto(i)=hgtl(aso,cso)

10 continue

c — calculation of outside film temperature

c uop, uom : average liquid film velocity

c hco : convective heat transfer coefficient (outside wall)

c hvo : vapor entalphy at the interface of the outer ...

c tbulko : outside bulk temperature

c cpsp : specific heat of sparyed water

do 20 i=2,ilastm

tw=343.15

tsp=298.15

hgtavgo=(hgto(i)+hgto(i+1))/2.

dfvo=delvot(i)-2.*hgtavgo

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

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

deno_o2=dfvo«ricfo+rkvo*hgtavgo

cflmot=denfo«cpfo*uop*hgto(i+1)

* +areaot(i)*(2*rkfo*rkvo/deno_o2

* +2*rkfo/hgtavgo)

cfldot=(-2*areaot(i)*rkvo*rKfo)/deno_o2

cflmom=-denfo*cpfo*uom*hgto(i)

ctsp=-areaot(i)*zms(i)*cpsp

cresto=(areaot(i)*rkfo*(-2*tw*rkfo*dfvo-2*tw*rkvo*hgtavgo

* +zme(i)*hvo*hgtavg*dfvo))/(hgtavgo*deno_o2)

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

* +cfldot*tfldot(i)+cresto+ctsp*tsp)

if(hgto(i).ge.1.0e-6)then

if(abs(cflmot).ge.1.Oe-6)then
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tflmot(i)=sumo/cflmot

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.Oe-6)then

tint_o(i)=-0.5*(-2*rkfo*dfvo* tflmot(i)

* +zme(i)*hvo*hgtavgo*dfvo

* -2*rkvo*hgtavgo*tfldot(i))/deno_o2

else

tint_o(i)=0.0

endif

tint_o(i)=tint_o(i)-1.

20 continue

return

end

function hgtl(asl,csl)

as=asl

c bs=bsl*1.0e6

cs=csl*1.0e9

if(as.ge.l.0e-9)then

hil=-cs/(2.*as)

c hi2=bs/(3.*as)

hi3=sqrt(hil»hil)

hi4p=hil+hi3

hi4m=hil-hi3

hi5p=sign(1.0,hi4p)*abs(hi4p)«(l. /3.

hi5m=sign(1.0,hi4m)*abs(hi4m)**(l./3.

hi5=hi5p+hi5m

cp hi5=abs(hi5)

cp write(15,14)i,hi5

cp 14 format(3x,14,el4.7)
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else

hi5=0.0

endif

hgtl=max(l.Oe-13,hi5)/l. 0e3

return

end

C *""*" —— —

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

c set true if temperature is below triple point or over critical

c temperature.

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

c set true if temperature is below triple point or over critical

c temperature.

function psat(t)

real*8 k(9)

data k /-7.691234564e0,-26.08023696e0,-168.1706546e0,

* 6.423285504el,-1.189646225e2, 4.167117320e0,

* 2.097506760el, l.e9,6.0e0/

data crt/647.3eO/, crp/22120000.eO/,ctrp/273.16eO/

c

if (t. lt.ctrp)then

psat=O.0

elseif (t.gt.crt)then

psat=crp

else

fr = t/crt

frl = 1.0- fr

psat = crp« exp((((((k(5)*frl+k(4))*frl

* +k(3))*frl+k(2))*frl+k(l))*frl)

* /(((k(7)«frl+k:(6))sfrl+1.0)*fr)

* - frl/(k(8)*frl*frl+k(9)))

endif

return

end

css«****«s****s*****»*ssssssse**sss»s**ss *********************s******
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subroutine setup

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,ilastm,jlast,jlastm

+ ,kfluid(400),mfluid(400,100)

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

+ ,hgto_o(400),vinte(400)

+ /uctemp/tf ldot(400), tw, htc(400), htcsen(400), rmtc(400)

+ , tf lmot(400), tblk(400), rmfblk(400), ttotal(400)

+ ,rmfttl(400),tflmoto(400)

+ ,tw_o(400),tint_o(400)

+ ,rNu(400),Sh(400)

+ /ucprpo/rkf o, rkvo, denf o, denvo, hfo, hvo, hf vo, rmuf o, rmuvo, cpf o, cpvo

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

+ /ucimsi/qinto (400), qsen (400), rmf _f lm (400), r mf _out (400), dvap (400)

double precision xinl,xin2,outf,outv

emf=1.0e-6

empf=1.0-emf

c — assign xsi,ysi and xso,yso

do i=l,ilast

xso(i)=xed(i,l)

yso(i)=yed(i,1)

enddo

c — calculate inner and outer solid surface area for contact

cp face between solid and fluid based on cylinder edge

do i=l,ilastm

do j=l,jlastm

ddy(i,j)=sqrt((xxed(i,j+l)-xxed(i, j))**2.

*+(yyed(i,j+l)-yyed(i,j))**2.)

enddo

enddo
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do i=l,ilastm

ysoc= (yso (i) +yso (i+1)) /2

rlntho=sqrt((xso(i+l)-xso(i))*«2.+(yso(i+l)-yso(i))**2.)

areaot(i)=rlntho

enddo

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

c calculate cell thickness

do i=l,ilast

delvot(i)=sqrt((xed(i,2)-xed(i,l))**2+(yed(i,2)-yed(i,l))**2)

volot(i)=areaot(i)*delvot(i)

enddo

c — User property data settings

c — initial data for liquid film

tini=323

tabs=273.15

tinc=Tini-Tabs

dt=1.0el0

c water property calculation by ASME steam table

C INEED = 1 TEMPERATURE / = 2 PRESSURE / = 3 SPECIFIC VOLUME/

C = 4 SPECIFIC ENTHALPY / = 5 SPECIFIC HEAT/

C = 6 SPECIFIC ENTROPY / = 7 VISCOSITY/

C = 8 THERMAL CONDUCTIVITY

iunt=0

iwnt=l

iknw=l

xinl=tinc

c — Initial data for PCCS steel

c — Initial data for spray

ined=5

call asmedunt, iwnt, iknw, ined, xinl, xin2, outf, outv)

cpsp=outf

c — Gravity accleration

gra =9.8

c — specific heat calculation

ined=5
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call asme(iunt, iwnt,iknw,ined,xinl,xin2, outf, outv)

cpfo=outf

cpvo=outv

c — thermal conductivity calculation

ined=8

call asmedunt, ivmt, iknw, ined,xinl,xin2, outf,outv)

rkfo=outf

rkvo=outv

c — specific density calculation

ined=3

call asme(iunt,iwnt,iKnw,ined,xinl,xin2,outf,outv)

denfo=l./outf

denvo=l./outv

c — specific enthalpy calculation

ined=4

call asme(iunt, ivmt, iknw, ined,xinl,xin2,outf,outv)

hfo=outf

hvo=outv

hfvo=abs(hfo-hvo)

c viscosity calculation

ined=7

call asme(iunt,iwnt,ifcnw,ined,xinl,xin2,outf,outv)

rmufo=outf

rmuvo=outv

c assign initial spray flow rate

do i=l,ilast

zme(i)=O.0

zms(i)=0.0

if (i. ge. 15. and. i. le. 25)zms(i)=0.5

c if(i.ge.2.and.i.le.99)tflmot(i)=tsp

enddo

c print out calculated geometric data

write(9,2222)

2222 format(25x,' data of xed,yed ')

do i=l,ilast

write(9,100)i, (xed(i,k),yed(i,k),k=l,2),cosbeto(i),volot(i)

*,areaot(i)



100 format(i3,llfl0.5)

enddo

close(9)

return

end

subroutine unit(x,y, nx, cosbet,sinbet)

dimension x(400),y(400),cosbet(400),sinbet(400)

do i = 2, nx-1

y2=y(i)

x2=x(i)

x3=x(i+l)

y3=y(i+l)

bunmo=abs((x2-x3)*(xl-x3)*(xl-x2))

if(bunmo.ge.1.0e-10)then

cyl= yl*(-x3+x2)**2

cy2= y2*(x3-xl)*(-x3+2*x2-xl)

cy3= -y3*(x2-xl)**2

bunja=cyl+cy2+cy3

slope=bunj a/bunmo

cosbet(i)=l./sqrt(slope**2+l. )

sinbet(i)=abs(slope/sqrt(slope**2+l.

else

cosbet(i)=1.0e-6

sinbet(i)=0.9999

endif

cosbet(i)=max(0.024,cosbet(i))

end do

cosbet(nx) = cosbet(nx-l)

cosbet(1)=cosbet(2)

sinbet(nx) = sinbet(nx-l)

sinbet(l)=sinbet(2)

return

end
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