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Abstract

The plant policy-maker or operator depends on the analytical
results of computer code in order to make the appropriate decision on
the occurrence of severe accidents since the phenomena associated with
these accidents are too complicated to be investigated using the
experiments. The computer codes used in the analysis of severe
accidents by the domestic researcher include the MAAP and the
MELCOR codes. In this project, investigations of key mathematical
models in the MAAP code have been conducted. Sensitivity study of
the parameters used in these models is also performed. The present
results would assist in understanding the mathematical models adopted

in the MAAP code and explaining their simulation results.
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® Heat Transfer Between Water Pools and Gas Regions
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T 35
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T
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Nu, = 0.156(Gr Pr+Gr,Sc)"

Lay
NU=— N
: k(Tw _TOO)

Nu, = ——-———— (Nusselt number for mass transfer)
Dp(Yw _Yoo)

3
Gr = gﬁL (Tv;/ _Too)
14

(Grashof number for heat transfer)

3
r. = 9l (=Y. (Grashof number for mass transfer)

m 2
Pr=v/ia
Sc=vID
L=#KEL A

T, T, =% % &% Fl(Ambient):g &
B=1IT, =%k Gk

(M, - M)Z;’}é)i’%ﬁg 4 #ic

B =

oy =F ik i &
D =4 (¥
M =#icH fa 2

M =fifts a3+ &

1/3
q; =0.156 <L _Tfjs) Tole gy, -y, ) Mi=M
(av/Qg) T M
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m = 0.156 Dp(YW—I:) TWole iy —y yMi—M (25)
(av/Q) T, M
EA L EN R G
,i:/:f/\ #2ik F ( CD)? d 27\“‘\%']—-}‘1:
W |_lmApool[ sat (T )] (26)
pr \098
;El_ ’Fﬁﬁ L@ ulé"l@:— conv ( ) (27)
CpyPun Sc

Hconv = }H'/:l :%l(' f‘é I/’é“:ai

sat(T )_/If’é'g % W E}i—r7 éﬁ"f‘—"ﬁ-ﬂ.@

3 T 12 y Y (T )
I:)am = &fﬁ = A = sat 28
CRA ( P, )j 29
P PP,

q” = qlg - q;\’l + mhst;pl (29)

e Counter-Current Flooding Limitations (CCFL)

MAAP #z ;%3 % 2. CCFL #£:¢ # Z Wallis [13] ~ Hayamizu, et
al.[14] ~ Kutateladze [15]:4 2 Damerell and Simons [16]® & 525 3¢
(Correlation) » # 4 w45 it 4T

Wallis &5 ;% (g * -k 4 2 /& (Hydraulic Dlameter)-] ** 2 cm)

w

ii = j,pgD(p, - o, I (30)

£*1/2 =*1/2
jo t+mjt=c
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ii = §.p1?[aDlp, — py )} (31)
#¢ oo, AitT4pen4 5 i# & (Superficial Velocity)

j, » e 4penZ o & & (Superficial Velocity)

gsE74 2 B

D&-k4 2

Py p, ] 5 AR IR AR G R

Hayamizu 55 3¢ GE * 4 &l = Wallis)

[&] Y24 2 2132v27,  and VY2 =011m/s (32)

g
¢

Kutateladze &5 ;% (G * »t-k# 8 j>~cm)

g Henry sFm 3 S % [17] > x R hp o7 AR 3 (w4
CCFL g2 & & (Critical Size)®~ ;-3 /4 £ (Wave Length) » @ 2bde]

o e T B A ]

K;‘l/Z + K;‘l/Z =C, (33)
91K = Jeey?laolp, - p, I (34)
K = j.p"[golp, - o, ) (35)

C, =179
o = surface tension

UPTF &5 ;% (Damerell and Simons %5k ;%)

Ji; =0.7955-1.1564,j; (36)

2 FIrEREP ECRGEC

4oah il 0 MAAP F25% 2 FFE R £ 0 2 B 4p 3 i@
Ba g 3 EFN GCM #5518 o Flpt - MAAP #2354 2 FI Fe 48 fio5d
g7 e chF Y 0 % _PWR -~ BWR - ABWR 12 2 AP1000 %
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(AUXESF-BWR ¥ AUXESF-PWR #&]#235%) ~ it et (HSNKRB &)
F255)~ F -k # @ (PTCAL &2 HTGPL % @l425%) ~ # %% &(BURN #|
2 5%) ~ B e 8 ef JE(SPRAY g&l425%) ~ %h /4 F J&(DEBRIS &l425%) ~ #
5 & (AUXFLO gl 4%5%) ~ # %84 ¥ B (Cooler) (FANCLR & 4%5%) ~
ks 774 3 (AUCREG ~ AUXFLO 22 WSTPOL #4758 )% o 11T
f 5 A 18 R FERY Ap BE 5N

® Pool Swell Calculation in Containment
LBV E g 2t BWR & ABWR Rl Fef8 7 % (Suppression
Pool) 1z # i& » @ i & -k R IR % 2 088 o & MAAP 425 >
RE R AT R o B PR S GA R LG s AR E
T AL HEpRLEKRE  HERRERP DT Gik(a)

(37)

2 DM, =M _\</b°t (38)

v, =% 25 -k gt % (specific volume)

V2¢ = %#B s é\" 'ng%

L4 5% % %8 (Non-Condensable Gases)#t R fF4p iR & W2 2 5 2 &

(Superficial Velocity, j,,)# ¢ 4 > Churn Turbulent 7 3 p 5
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Drift-Flux $-5% /4 %_

aU di

1-C,e, (39)

jg,t =

He tU,=mMSER
C, = 5 ¢ Jk & F]#c(Void Concentration Factor)

a=FReMN T Fe GE(MAAP £ B Z2a k)

AR LRz FitITd THONE

| +Wnc nc (40)

m:ﬁﬁﬁ%@ﬁwgzﬁﬁi: -

R, =# W% #&

T, =i ok g A

Pre = Pot = Pt (Tu) .

My e = mf. (43)
M,

m=~hﬁ%Wi$¢ﬁ?§¢$

M, =250 G AT & A e 3

Wi
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® Debris Bed Dynamics in Reactor Vessel Lower Plenum

DBBED ®|#2:¢ 1 & £ i vp i (Debri) 7 ot /B 4 1 AN
(Lower Plenum)#5 iy (7 5 > A AN T FA) s lga k¢ 2
particulate bed, continuum oxidic crust £ central region 14 %2 overlying
metallic layer » 4-™™ B] 777 o ,{g:} entrainment & 42 > 3 2 lp ik € &

* k2Rl ok AR B A A5 particulate debri bed - @ g ih Ak
(Crust) ¢ pih B ~RPV JGEEM 2 p3ne i Faj > Hg R &

=\

T ¥R 5 — s parabolic 975 5% o g oK B O~ 3 = Y iR 4 7 (Quenching)

BT d gy & AR 2 o

[a%:941 Water Heat Sinks
\:I Metal &) | Molten Pool

Q
Q 00000 009

PO %P 5500 C0%
\Cowrrre. 7L 7 1

0 o Q00

W7 Riask T LR

® Direct Containment Heating (DCH)
& MAAP f2;¢ p »DCH 1 & E4p it - @8 enE 2> & 5 3R
% f2 22 (High Pressure Melt Ejection, HPME) » pt I % & 2 Yo
H i F Vg & 4 H (Reactor Pressure Vessel, RPV) & Rk r

T

~ B R T £ z(Blowdown) it 2 G AREF B i AT - Aspk

4

' % DCH ik pw B3> > ¢ %
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® R Up w4 ok 22z (Blowdown)
% & (Debri)-§ %8 F e 3
&R EF

S

g s

YV V VvV V

MAAP fz;¢ p 222 DCH #5543 @ 48 > - % Henry’s dispersed model

[18] 5 - &% Kim’s dispersed model [19] -

e Heat Transfer and Condensation from Gas to a Surface
HWALL @Az 2 & E i3 f Wi o P F@a @2 R4
P MR R @ AR AR L E Ao R A AR R
L2 8RB ZFE R AT o
T RER AR % 0 B L2 BB % Bc(Mass Transfer Coefficient,

H,.)
0.66
Hm:—Jii—{Eq [20] (44)
Cp, P, M., | Sc

He 1M, ="kea 3§
= F M

(45)

v
Sc = ﬂng = Schmidt Number

C
pr=#o=Ps _ prandtl Number (46)

D = % % 447 & (Diffusivity)
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a4

P,, = Log Mean Pressure Difference = Stg

sat (T fo )

In

P =4 R4
sat(T) if)@‘/ﬂ.}i TT mé&fr[i 3
PP, =f H P &7 A R

T, = *t #%;§ /& (Outside Temperature)

1/3
He, = H*k(V%J [21,22]

l

k=B

=-k ends 4 ZEF & (Kinetic Viscosity)

H" =10"

sat (Tfo)
P -

PP,

13
. 4LATC g 1
X =Log,,\L 0,.{l [ j —}
10( ) O10 ( fg J Vf 1_/0%
P

L=/~ ks B

AT =T, -T

fo wall

C/ :7J< E”J’”LL %ﬁ:

i", =h, +0.68C,AT

Py = /‘b r’J’J }Aﬁ
Y =0.129466 — 0.25566 X for X < 4.157

Y (Pr) = (YPr:lO _YPrzl)Loglo Pr+ YPr:l

Y,_, =0.1631-2.09294X +0.886X > —0.131X ° +6.865*10° X *

22

(47)

d /4 #% -k " (Condensate Liquid Film) & #uz_ # i# % #ic(H, ) &

(48)

(49)

(50)

(51)

(52)

(53)

(54)
(55)



Yo,y = 4.708466 —18.48X +9.4017X? —1.71X* +0.106 X*  for X <5(56)

Y, i, =0.27773X —1.53768  for X >5 (57)

Ed b EFE e FERE

Q;ir - (H conv +H rad )(T T )+ H m M w [P Pstg sat (Tfo )Khstg wed ) (58)

=F WP ZA SRR
N = B4 FORMET 39 B (T, )2 #4%
T =T, +0.25T, -T.) (59)
K ek ST

Weo,, =Wep, +HpAM,, [PP = P (T,,)] (60)

® Passive Autocatalytic Recombiner of Hydrogen (H2PAR)

A F B (A58 AR -k 38 F B, Advanced Pressurized
Water Reactor, APWR) & 3+ 4 # ;% p # v &£ = % (Passive
Autocatalytic Recombiners, PARs) ki€ 7 & # )k & 2 &4 » H it 7 »x

PR E BT 2 %% o MAAP 423N pi2 2. PARS ficV O & F
it 35 EPRI-ALWR & fe3- % [23]99% B efiss o

MAAP ﬁ;‘?_;\ [ /’ /ﬁ %j_‘ (W )"‘I d - —\ ;.L_ﬁ Z_

P

W, (kg / hr) = FEFPAR[0.029883(C - C,  +0.001009(C - C, )]% (61)

HY I C=PAR:EYT & § Mf s ¥
C, = NFH2ZMN=1& *¥ (Limiting) & 5 %8 # 4~ & =0 for normal

severe accident
=0.002 for a

23



conservative DBA
=& 4 (in bars)

tO’[

T=PAR it v & #:§ & (in K)
FEFPAR =5,596,037 [23]

MAAP 325 7= 3 Siemens_PARs #i3' [24]

dm,
dt

#¢ ¢ v=F A2 A % (Mole Fraction)=minlv,, , 15v,, 0.08)  (63)

— —nv(AP,, + B)tanh[100(v - v, )]/1000 (62)

1.0, if v, <vg

= multiplier = 64
7= MR {0.6, it v, >V, (64)

AB E ¢85 % B> H 4™ & 577

#. 1 Siemens Law 555 F #ic

Constants of 1998 Siemens Law

Tvpe of PAR
FR90/1-100
FR90/1-150

| FR90/1-320

| FR90/1-750

| FR90/1-960

| FRO0/T-750 law 2001
| FROO/T-1500

e priig
MAAP #2538 pbo G » A S HApin & g in s < 384 H i

FH 2 S giAMiTR% 7 AT

24



A RE AR T R B2 E 0 MAAP A28 AL A b B T 5

(65)
He oW = gring

A= Br o f
C, = 3z % #(Discharge Coefficient)
P = glr FPFR4 o
v, = kg2 R
n = max(P.. /P, ny) (66)
P =BT T FREA
Mot = MiN@ writ, P, /P) (67)
1 it :0.83—Ex, x<0.2

0.22 (68)

R E bt B FEIMFE T2 BRL A1
T amF AL AR (BE) T B AN BN o T R R E -
BARR >R R E € ED - LES AR BEH e o SR R A PR
oo o 33 i G (Critical Flow) o — 45k se o 47423 > 2 )
PRSI B ERA N E R X e g RATE © T
ETRARE - 7 MAAP 2N RIE A D iRl B4 v (n, > 575 7
#251(66)-(68)) > B F ~ THERA Gt E(P_/P)B N IRA RS L E
(M) » RIp BT G R FIFRA I > @ gt 2 gr G RS TRft i

2o £3RF(BD) kg o B PESY =, 0 @ AT AW T SRR
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B o F 2B T ERA4 5 1000 psia m ¢ F&R 4 €990 psia T '#

1 800 psia> iz MAAP #2357k % 2 #7558 > § T 25 4 13 830 psia
(R4 225 3a) P IPB4FE >y, » o FELe LR 0 Rk
o TR TSRS BEER o A R E 1 RFEE T E (8543.223

lbm/s) » 4-B] 8 #17F

gt FAERA T 4 - B > H74R ¥ B * 99 Moody Model
[25]#72*+ & g e & 5 7881.96 lom/s: @ if * BILEEE > A 442N
GOTHIC[26] %73+ & ehgeft i £ 5 7883.70 Ibm/s - & = —"z A RS sl

MAAP A28 4] % g2t B 4 b @ k2| Erfefh oo T 2 B ek o £ e
o e ook BT 0 64 B BT R .
%‘ 2 n:rit ’ ncrit ’ 77’L|J lﬁ?%#q

Break Flowrate (Ibm/s)
2072.04
4144.07
5482.09
6552.35
7470.83
8288.14
8543.22
8543.22
8543.22
8543.22

[EEN

1
2
3
4
5
6
7
8
9

N e T

[HEN
o
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2 B o {g
L NIRRT IR
9000 |
. 8000
2
£ 7000
=2
‘E" 6000
2 5000
3
2 4000
3000 \
2000
800 850 500 950 1000
pressure(psia)

B SMAAP £ Eg T R4 b chptr i g

—

EAp i
MAAP #2 ;% F 5% 2 47258 (69) k3-8 F 255 gApin iR ™ aigk

v

TR o HEMANH AR AT R B A E B TSR 4 L 14.7 psia
m b p5RR 4 5 1000 psia T AT EEAR LK AL o @ MAAP F258 F F h

% 31 (69) ~ GOTHIC #2;%¥* Moody Model #73*+ 5 z_ 2./ it & 5§ 4P
B o PIE TR 920 o At RlY o AP K S=1 e 2
A B 2 A (69)-(T1) B B Ap i in T AL iR R e @ S

P &t kg or 0 MAAP A2 R B gR R SR B en 2 g N AR

IR o
2P(1a){1_“(1;7)+y{1wﬂ
a y—1
W,, =Cy A ; (69)
(1 x)av,(l_“ 11, J
a n’
1
1+ [@-x)/x]v, v, ) (70)
S =Slip Ratio
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y=1.327
x=-T fiTag K&

0.15
0.83———x, x<0.2
0.22
* L
77 crit = 0 69 _ 2 r+1 (71)
y+1
0.69 — (x-0.2),x>0.2
0.8
Ny ol =
HEFHFR IR
7000
6000
g 5000 )
2 4000 \H.*' . —¢=NAAP(S=1)
T 3000 Ny ~ —m—MAAP(S=2)
= D
u-? 2000 Gothic
1000 = [\ 0O Y
0
580 680 780 880 980 1080 1180
enthalpy{Btu/lbm)

= AR o1 B R n B AR A el 1

PR RT ORA R 0 AR LERIT RS RE
SRR 0 g SR T HReNiERK o A B 0 F R R R T K A denzt
TR o TR R R R Rt a R N AR R B A
Mo Fpt > A ke =% > HBC RS E 7 F o MAAP 4255 7 §
A RFRA D PR DR HBEAGELZEE ) & TR~ KN
Ber A RIEE T Z 55 (4cB 10 A1) e A H A - Bk bR
PR REHBRTE BT RN 2 B - BEAES 20
rheg g A g Fex F P Aokt 1000 psia @ bR G 147
psiac MAAP A8 3+ BB TRt n BT F ¥ P Ak Rk B R hB T o
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Bottom Breck Side Breok Top Break

W10 =7 Fac =%
(D) A&k
BATVEIRY o EPRTRR IR R 2N AR Y T AR

N2 L= = /1
EEA R

“_” onf 211 72

B0 x=mT A 2 B i R
h,=8#-3% % & (Incipient Pull-Through Water Height)

- | P (&ﬂl’” ©
(gAp)°®® 19.4 Ap

Fr =V,(gd)™ (74)
Bo = ds *(gAp)™® (75)
Nu = 4,0,°°6 " (gAp)** (76)
V= iR
Vy= F iR
g= T4 s B
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= AR R

1_ 7
2P(1a){ “(1—77)+7[1—77 7 H
a y—-1
W,, =C, A ; (77)
l-«a 1
(l—x)aV|(+ WJ
a 7
083—Ex x<0.2
0.22
* v
L= +1
T it |:0.69—[2j7 ] (78)
y+1
0.69 — (x-0.2),x>0.2
0.8
A ’al*m”Lr“‘Lami”’iJ/m KR EZ B iRl g o 2L 3R

ECkirApBAES &7 U4 R ) B * ATUGCR D AR (72)F BT
- 45T =gz & (Equilibrium Quality) > &8st v 52 B B3 g h(Ck =3 &)
Feh, (3% B8 &) > h, > 4258 (73) %% > 4255(74)-(76) - % h,>h FF > ¢
FAP T BT /%@g KR e AR R (L Bl(Lla) ¥ T ) o
Fh<h propoimdt S Eipse ok (LB(Lb) 7)) F35 5 1A
FMpLv AR GER 0 B % 2 4258(66), (67), (77)2 (78) L@ Rt v TR

?T s 'E 'lif’%\' 3
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L
T | . »
\m@%/&y N 78 =
J/ g %..W//%g/ ¥z m ol|lo|lo| o
/ w%//////ﬂ//@%/ﬂﬂw/wﬂ% % el | = oINS
/L 3 : s|3|s|s
[ B 4 ] S
L N\ o) <1 = i e e )
N @
N A
O A = _
——— 8 il (N
& S
4 wh ) &
s Wl o ™ o | o
12 A & 2| S
o Y 3 3|3
S S S| S
£, mAr y,ﬁ.w o o | o
# < | ¥
@ o = |
N, ™
I P
S E
— 2
g
= 4]
4
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7% iF % (Liquid Entrainment) >

x = 0,064/ {1_0,5h1£1+h£ﬂ % h<h (79)

b b

£ % »z i (Vapor Pull-Through) >
x = 0,064/ ¥ h>h, (80)
0.4

- Fry (o ®
ke A A RN, —d{325[§0j ] (81)
P .1 TR A N (82)

T " (gAp)*| 406 (Ap

FACHEANEIRERF TR h(BLr =E Ik R)e
hy(# 7 B B & AR FHF B R)OM G- R IR A
B 52 AR (79) ek F &4 (h<h)® 2 4255 (80) e % > i (h>h,) »
ORFSH BREET R A G S AR (BLE B4 U E o F ok
R R oA h>h R EF AR F g Br IR S
KR & BRI R 4o B 12() %5 s 4%k h<b BFoBL T R AE A A ook o
Yol 12(D)#77m o ok At Rl T =% @ h S PE e € 2 R F
G s BT SR AU A TORR & AR R 4o ) 13(Q) 977  4r % h,<b
P BT SRR S TR doB) 13(b) o o R B e gt RS 0 £
* = 4238 (66), (67), (77)22 (78) &8 pt v fofh i B » 4rdk 4o
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(a) (b)
B 12 (a) h>h B r imin s it kR 4o(b) h<har mims ok

() (b
B 13 (a) h>h B v jm s 5 -kRfe(b) h<h B v s 5 1
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% A MAAP #2553+ B plplr 2 R in &
%2558 (EQ. (79) 2 (80)) = i £ (Ibm/s)
2167.07
2167.07
2167.07
2167.07
2167.07
2167.07
2167.07
0.446 3098.76
0.1859 4440.81
0.06 6646.10
0.04879 7063.84
0.03960 7475.13
0.0321 7869.22
0.0261 8239.03
0.0212 8580.90
0.01733 8888.59
0.01417 9163.94
0.01163 9404.40
0 9532.08

olo|~N|lola|r|lw|N]| - [

() EMmLT

TG AT AR E Y o AR B TR plieE

2= 21
iR ip

3.25(1-h/hy 2
BB T LR x:[_j (83)
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‘ B Fr (p ) '
RS “? N (4\: = ) — g 9 84
A AR F A F B R 0 hy d[—0.395(_Apj ] (84)

FUENFE AR > R S EN@)RFE IR O RFIFIAR
hyd > A258B84) %7 o g h,>h PFo 4 g ad sl o ind i
AOKR L AR RE > 4o 14(0)% 77 5 % hy<h BF > BLv R RE L TR
4ol 14(b)#75m o 3-8 D REA T 5L > £ 2 4255(66), (67), (77)
BT fEEr fh g > ok 5o

() (b)
B 14 (8) h>h B iR s 5 kR de(b) h<hmr mims T4l



% 5 MAAP #2383+ B BpLr 2 TR in &
kg R (ft) g & (Eq. (83)) e £ (Ibm/s)
1 2167.07
2167.07
2167.07
2167.07
2167.07

2167.07

2167.07
2167.07
2167.07
2167.07
2167.07
2167.07
2167.07
0.9880 2170.41
0.8594 2319.32
0.5984 2729.03
0.3060 3626.32
0.08228 6002.53
0.000478 10749.52

O©| O Nl o O & W N

At h i kIR A2 KT GRS BTk A A2 AT
Wt A pi e R R 2 A RRT R 2 RACRA Y T

ol EALT AT TEFRR A R ARG R § 8 B AT
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2,

Bplg o A ORI ERT > THEBEXR P E T ER RN GE
Ao gk iR TR R SR DR B R

+
fde e UK R T 0 T R A 2 e g AR
3

12000

__ 10000

"E‘ 8000
% <000 —— TR
E R ol = kA
g 2000 - FE - EER
= AR
2000 e
—JETETEER

0

) 5 10 15 20
7R A = E(ft)

B 1572 FHABRERAT =3 > MAAP 25873 S et it £
KEH P A bk bl TR
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