57 12 B O% X @ K F OF R Vol.57 No. 12
2023 4E 12 A JOURNAL OF XI’” AN JIAOTONG UNIVERSITY Dec. 2023

RN R EF R EHERMKERBSE
SEREB I & K& IEIE

VL W B B
(. PR RFAREI G 30 I TR EBE . 710049, P45
2. WRZWMARFH N TSR EKE LRSI, 710049, 744

FE. 44 ISAABRAFARALEBRBEABER RGP A, AT ZAeL g, ATER
BAERKENIE,RR T AR EARA L ER T AR RERKEXE, RALFASDH
S R DR R & X Y PN B S & S BV E 2 S v e SERL  E e R R
Tk, T THAI TOSQAN #= CSE % %4 #& & # K 5, 5 5 31 5 COCOSYS, ASTEC #=
MELCOR #2 53+ 3 25 R sb vk, &k ISAA . COCOSYS # 5 THAIT 5 3wtk b % 2089 2 K32 £
58 A —28.6%.59. 1% ; & it ISAA ASTEC #+ 5 TOSQAN 52 3o bk = o 44 89 5% K32 £ & A
H—12.3%.50. 9% ; & # ISAA.MELCOR # 5 CSE £ B ¥ KU R KE L5 A
—12.3%.90.3% ., HHEREAN AABAEB I A ABEMALEKREFREN R RAY, £—
RREZCENRBEABETREIR TR, FIRA T T LA ook dkik il xt A8 B 7 e
LRI E SR> F B, TAR LI ISAA £ 5 £ SR IRAT A4S L6 R 2,
FIRERAR KRG EET A,

KEW: ABRIRERRABARKEHELE; B4 LK

RESES. TL364 XHEREE: A

DOI: 10.7652/xjtuxb202312015 X EHHS :0253-987X(2023)12-0146-11

Development and Validation of High-Precision Containment

Spray Removal Radioactive Aerosol Model

LI Jishen', ZHANG Bin'?, MIAO Fan', YANG Hao', SHAN Jianqgiang'"*
(1. School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an710049, China;

2. State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: This paper improves the containment spray removal models in order to address the low
accuracy of the original models of the ISAA code. Based on single droplet collection particle
mechanism, new inertial impaction and interception models were used to accurately calculate the
collection efficiency of large particles. Additionally, a new correlation was used to explain the
Brownian diffusion collection mechanism of small particles. Moreover, thermophoresis and diffu-
siophoresis models were introduced to consider the contribution of steam condensation in the con-
tainment to the collection efficiency. In addition, THAI, TOSQAN and CSE experiments were

selected to evaluate and improve the model precision, while the calculated results were compared
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with the results of COCOSYS, ASTEC, and MELCOR codes. For the THAI experiment, the
maximum errors of the improved ISAA and COCOSYS in calculating the spray removal constants
are —28.6% and 59. 1%, respectively. For the TOSQAN experiment, the maximum errors of
the improved ISAA and ASTEC in calculating the spray removal constants are —12. 3% and 50.
9%, respectively. For the CSE experiment, the maximum errors of the improved ISAA and
MELCOR in calculating the spray removal constants were —12. 3% and 90. 3%, respectively.
The calculation results show that the improved model can simulate the attenuation trend of sus-
pended aerosols with higher accuracies and significantly improve the calculation accuracy of the
spray removal constants. This work helps to understand the scavenging mechanism of aerosol
particle by containment spray droplets, and provides analysis method with higher simulation

accuracy. At the same time, it discovers shortcomings in the simulation of aerosol behavior in the

current ISAA code and point out the future improvement directions of the code.

Keywords: aerosol removal;droplet collection;nuclear safety;containment spray

WAt e ae R MM Ear gk . &) ™
AR A Y RO PR 2R ERE
BER IR FEAZH ™ G R v, N
AR T AR ) (FP) BB R 1 2 4 . vl fig
L ] B 1 HE R B At AR s R R
71T 2 850 - 2478 7= ke e B B A 5 oy 5 BB M TS
e U IR 5O (8] 2 A 5T v R 2R PR Y
R Z =, B R & &R Wk R 4
(CSSE Sy — Tl ™ 0 = e 2% i 15 it DA AR 22 42 5%
AN HE F7 F0T 1 SR B T 1 IS e A T R
TF 5% 7™ 7 S 50 22 4 58 I IARORT T30 S P AV T R 1Y)
EERPIBEAE R A R R X,

Y F X R TS SV AG Y LV 2 PSR
TER T 2 A 5e Wbk 52 90 A 53, 3 46 5250 (14 F 5 B 2R
R R FR H AR PR AL T SR, R R
1, CSE 5256 1y R RIS S 56 1 B RUAG 36, e &
FEVE N~ SR B LA 1 000 MW Zh# PWR 14 1143
Z—. CSE SR H S0kl s <0 i Uk E 4T T
SR DT RS 56 22 4 58 Wbk 50 56, L b ) 438 7 s i
PR TP 2 M 0

T AR 1) S50 F 5 4 v e R e Y H B9 Y /N Y
Wit . TOSQAN 3565 Fe 47 F 2% 95n Fi DA S il —
] 5 1 24, % B A R E (STC) J0RE AR IIA% H T = ik
Ja BB 2 =), SEER S SRR FEMLAAE R T
JK IR AT S 2 2 B AU e UKL , I L AT DA SR e el
IRV ] L ) 78 VR o 3 RRORE BE 51k 1y T K &
Bk, THAIL SC A & di bl 5t 28 KA
i 3 1 ER O B A 2 D ST AR BRI RO
WEEEAT A o AU I I R S5 3l AE THAT 52 50 1% i
HREAT L H (A AT AR A (CsD JURLAR Sy 24

http: // zkxb. xjtu. edu. cn

A 7 AL F 5 O I UK 2 R R AE £ = T i AR
BAT R o IR SET A R A AT R R S
-GBS T IR R X AN TR AR A I R R Y R
M LA B A [) W5 94K 378 8 V0T X 45 b AR SR I 25 BR 1Y
AL

AR S BIF A AR R I 2 B S S P BE 2E
SR XA R DA X i € L § N
AR TR A3 Sy 20 B MR FIHL BB R, B o R L g
T Powers ,RTM-96 fil RASCAL EF 1) 3 Fh & 5
KR E T ST L & B R A b
TR RARRZESR ., RAGRHNEEXRA
A Ry IR IR B 7 S Wk e B R A R 22 AE R
R MUY AE W 4 22 42 56 52 24 30 Tk ) T80 J5 T
HA#, Porcheron 2 3 F TOSQAN =& I
FBR SRR T & T — A AL Bk AL
PR RWE RS 2 B, Jf fE ASTEC 1 5L il
THAIL S HE C )z T3k it — 2 I £ 155
(4 M S BUES COCOSYS Y FLEA 3D IhhEmy it
EORAR S5 (CFD) AU,

TG I ks B H R B O IA
W% IR VR 1432 B, 5 OB 5 R [ AR SO ELAE
A B AT ST B IR ST IR 2 R AR IR T
BRR . PEAE RS R 3 BT R ISAA FE ¥
JE e M O 2 o A R S T B el L RN A
BRI . TR A R M b B A R LA I TR AT
h ARTERE B DAFTEIR 25, ISAA H R AT A9 45 il
PR AR AL T K EURE A IS B REOR L Bl 2 R
FRHE A SR AR SR T 5 A B IO SR RO S N IS
BET A T A BT O K BUR AE R . IR Ak SRR
BRI VA 2% 82 4 5e v 78 VRV B 2o R X IR B 80 11




148 W % oz M

857 %

BTHR o

O T R SR L A e YR LIS SR PP )
RGARTSCER RS ISAA T J3 J5UA 00 I A8 20 RS B2 1 A2
(Y 1) 1 R T B TR0 8 MG WAL S L L g 2 4 5
WL BR AL S T I E o HE Y ISAAL BEIRCT
THAI. TOSQAN #I CSE 52 % ¥l 2l ik AR 55 , I 43
55 COCOSYS,ASTEC il MELCOR #7315 45
RXFH . XU ARA BT T 2 A g WO X <
T IS IO T R AL S AR AL I8 5 g 1 o0 A T B

1 mAS WO L BRI S
T %

1.1 BRI EER

ISAA VY 25858 Ko7 TF e 1) — AL R G 9% ™
RO T RE R 2 B T A A H 0l Y
REARET ISAA SR I B AL S5 4 L il 2 A Bk
%m&@%%&%@m%ﬂﬂ%i@%%Tmﬁﬁ
O HES AR T R AL R A B 7 A RO

s A Al

KILE B B ISAA B8 7 76 S AT AL B A W 1) R IR B, o B e R 14 R 26 R AT e an
J2 L, B R AR oK ke 1 et 1e) K1 AT,
BT REB R ) <
WA, VA B S T

AP
Pr: 7 jJ> 3

~
5d g
o IR, i
i FEAH 2
=
i ]
% <: I %030 2% 1 A
47 B )
N T
JRAE AL IRIE RIS I HiI 2R

%E#%Tﬁﬁﬂ
) iR A e | |
T

Bl 1 ISAA EZEEHIFER KL R

Fig. 1 Relations and functions of main modules of ISAA

B A SEIEIR I AR A T AV S JIURE 1) Wi 4
% 9 3 5 KA Z TR T K IR . TSAA #4 T K
J3 CTHD A He 1T 55 55 W5 90k 22 6 AH 56 19 4% $ORN4% J5i [
ik 2445 7= 4 47 S (FPB) ASE B 55 155 bk 908 % 0 e
WKL S VE . A se BT A R 2 fis.

TV IR A IR R A R E Y 054k
J&i » B FPB B 58 W8 T %o 45 A RS R0 21 43 19
S RS URL BE RR ITRE Ah R DLUB AR AL  4h
TH B BEE  l TH S50 0 2 B o
— W 3R Ty R Y O G O IR ST AR IARNAR T AR
SR o E SR SR H R 1 B RIS AL 0 S L K I A
1 AR S B I T AR kAR B FPB R B B
Ji o B FPB BP0 I 2l ) 27 15080 51 37 45 Fp R F
Y53 (S AR T R I i o A . AE — AR 2

http: // zkxb. xjtu. edu. cn

RIS A WO I o 78 A 2 7 W A 2R A
W S R[] ERT 15 5 A SR sk, I Ak SR HERE T — 20
1.2 REZBHRERIISRKRE
B A 5T WM X A I A 2 Brad B S R K
JIFAT B BAG, BRI E 0 E DR T
7%t B2 R AT TR 3 B G3 o 9K U 8 5 3l 2 T B 1Y
i AR IE R T L Bl R . 7R AURS TS R v,
W S A UKL LA R /N 0 S A BORL A [] B
LK S I 2 W LA /NI A TSGR 2 . W
FEBR A B — B AR5 AR
dM,
dr

s M A2 I kB ST
(IPNEE

=— ..M, Q)

i;/\k,i j":’?@i?ﬁﬁgﬁl Xﬁéﬂﬁk




%12 VTR A N M 22 4 5 T e A TR MO 2% RS At U IR R B O e B e 149

ST

i

PLIK IR

SR A A BT K 2K

A

K2 Aasemiat AR

Fig. 2 Calculation flow of containment spray

LR E B RBA N
A/e,i - Li’(;f’.‘j (2)

Aorfre F i dl ¢ B EE sh ST Y R T =
BEV R RARTGE, ; WA X BORLZH j sk
RO, S MR R SR PR il L A
B ARTK R O .

3 S B R R ML R B, =R
AV TS I I FE R SR WA S8 e LA BRI (] PN
W VL T 40 A A4S R 40 50, WO R A 5 T T T I TR]
W R VRIS R LR R ST KA
HAFHEC .

I e ORI e 15 A SO 0 1 P 2 5
9 ] B U 4, DT 5 VT R T AR 38 . Oy T R e A
TSGR FH LR 5 22 20007 1430 158 e il 4 i B
el

e — (Stsjrl)" 3

. n = 0.7595 %%, St MG S T AR
B J3 00 5 TS 5 030 AH 28 I B0 L RO I

http: // zkxb. xjtu. edu. cn

A

ok

WP

DA

AHRBRL - e e

3 B A e I SR AL

Fig. 3 Collection mechanism of aerosol by single droplet

OB o T LA W BB T 3. 0 T
P AT RORG BE R T Park BUHIY PR AL

- 1—a, I 1 2
em = ]+UK[(I—+1)+—<30+4> (—H) ]
1)
J = 1—£a%+%ai (5)
K — 1—%a%+%ai 6)




150 W % oz M

857 %

e a0 WBOUH BT = r/ry 9 BORS 1 19 F
Hltso = pa/pe MIHEMAEREEZ L.
A W R AR 1 5l S RO Uk 5 o
TR0 JE] B A 3 Bl A B 7 AR U A T RO B
TR 5 R AR L T B Uk R B i 2 Ok 2
P3G R A I HOB AR R Se s/ N e 3 . PR i
BT e il T AR 23 R SRR 4 A BT L
FET Slinn BRI A B HOBRCER 0K A
w = e [14 0. 4Re! Sct 0. 16Re 2 Se14 ]
M)
s Re JE R Se it 4 R 4K
L Ab o 7 M 25 BR A A rh 5] A B K R B
LR, DL B8 2 4 5 rf 28 900 B o R o i £ AR
AITTER . TR o 5 B B2 W, U IR R Y i
BB BE [6] YRR 3% T AL S L AR MR R
(24 0.6Re" Pr'"")

UVaTq

_ 2.294,C, (C.Kn + b, /k,)
10: T (1 +3C,Kn) (1 + 2C.Kn + 2k, /k,)

(9
Kb Pr S IR B T, Ty 43 3 R SO R 2% 1
TR s Con IR R B3 Ry oy 3500 R AR TR 1) 4 5
oy HPRIEIRAF;C, A Cunningham ¥ AL 1E A
TG = 1146 A\ REGC = 2.2 MR LK.

S I e O L 8
e o 2 75 R MR OR
(2 +0. 6Rel’/ZScl”'3)ln<Pg — P )

p,— P,
aom
Xrb: D, WY WHREP, ARAES P
ZRVAEMTE R R T P, HZERIETT .

TEZR R AT T Ok RO 28 Ry SAE 78 W L
RAEMRAYE LT IR 2 Al . SR,
7 R ZHOR R AR A B K ¥ BE 22 42 78 28 1R 1
0 o PRI It Al 15 1 A 0 0 A 7

AL T #2245 Fhoad RE a8 L Bl

Er =1—0—epn)(1—epn) (1 —epp)
(1 —em) (1 —epp) an

2 HURIRUE B4 R4

ST OB R B HE R mE Ok L BR B A, THAL
TOSQAN F1 CSE 5 55 8 3% £ V7 Al i i AL RS , I 43
15 COCOSYS,ASTEC #l MELCOR #J¥ i % 45
SEHEAT A SCI0 B ) 5 R R O R Ok T

ern = 2Cy

(T, — T (8

CTH

EprF — 2Dg

Vald

http: // zkxb. xjtu. edu. cn

0 QR o W 1 el b A ok L O
S aM
dr \% \%
Arp e SO T R 0 N AR BLE R
Ac Oy H AR DURR Y BE T TR AR
212 A 43 90 AR 2 S I AR B U 30T 5 A VR
BRI, A SR DURR L BRI, X T — S g ik 72,
IR BT C 2858 1T A BT A g IR A [] JBURE BT
a3 B A T DA i B R A L B
C, (D)
C,(0)
K C,(0) AR 2 i Uk 5 i B A AR
F R R B, PT3E I S I LR
2.1 THAI SR
THAI 52 56% & T TF 8 A% I v HE %2 4= 76 M %
MY SEI BT, B T il D™ B SO ) 52 K R 1 HE 22 4
FE MRS A LR ORI AT Dy A R B A
4 7R 2R E I B 60 m’ AN
TN 9.2 m, HARN 3.2 m, SLIG 7 A A8 1o BE I A AR
PR . THAT B EPRBR T IR 4 A0 18 2 56
B DMELE AW -4 S50 v S SO e 43 A B2 41k 5 ol T
AR, THAT S250% B I ER S 80n3k 1 iR,

bitioag

_vA
C (12)

= exp(—Art) (13)

e RN I ESL R
AEAtRE [T A2

JE s

Wi

IR

[ZI 4 THAI %\T%%HI AW-4 i%\ﬁaﬁm
Fig. 4 THAI vessel and test configuration of AW-424]

XFF AW-4 525 Gl A 8.4 m Y 2 A TR
ARLEPE CsT AW . BA 307 Wik f w5
DXL BN 7.4 mL IR AN R R, M T I
VAT W R A FH 114 VS M T B3 R M 9 X 75 e I




12

VTR A N M 22 4 5 T e A TR MO 2% RS At U IR R B O e B e 151

S R R, AW-4 52 4 P ER 43 AT AR R
0. 15 MPa .90 ‘C # 60 %6 ¥ 4 X4 Wi B (RHD 1 9 1R 4%
PRI bR . AR T 5 A CsT ik 10 min J5 #)
S AR UTEAT N 76 B 32> 00 S2 8 rp kAT 7
R ) RS IAR . ISR A0 YT R 2 TR W I VR R
OIARANEE 3 TR . A WUk ] B 22 R L 22 ) RN 22 ) AT
PEAT T ok 8 8 R ooy 2 A 0 L DLDE A IS b X A
I8 I £ HSORIUAR o7 1) UK K /N 3 A 1) S
k1 THAI #BER AKX
Table 1 Technical specifications of THAI
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Table 2 Spray details of AW-4
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Table 3 Size classes of spray droplet of AW-4
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Table 4 Comparing calculated and measured removal constant of THAI
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Table 5 Facility and experimental conditions of TOSQAN

M 28 elEl

SER/m’ 7.0

FEARGER/m 1.5

EaE NN I EAZ/m 0.68

FAMEE/m 4.0

HHTE E/m 0.8

WIhh £ 71/ MPa 0.03
S S A I e TR B /K 353.15

FRIKTEAER /(g s ) 10

Sauter V¥ H 1 /pm 199

BERTHEE/ (m-s D 21

W PR e 1 s 1 / () 19
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B /(g e s ) 10
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Table 6 Size classes of spray droplet of TOSQAN
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Table 7 Comparing calculated and measured removal constant of TOSQAN
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Table 8 Physical and experimental conditions of CSE test
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Table 9 Spray characteristic of CSE-A9
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Fig. 9 Airborne concentration of Cs aerosol in CSE-A9
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Fig. 10 Airborne concentration of U aerosol in CSE-A9
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Table 10 Comparing calculated and measured removal constant of CSE-A9
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