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Abstract

In this study, the Computational Fluid Dynamics (CFD) combines with
GOTHIC code to develop a new methodology for evaluating the flow rate and
flow resistance of the Maanshan Nuclear Power Plant of containment spray
system. This methodology also can be used to further calculate the flow
rate of spray system and containment cooling capability as the pump
ability degradation. Since the uncertainty of the developed model has been
quantified by the term of geometric meshing and modeling error, a new
methodology has been successfully developed for evaluating the
degradation problem of spray system. The results show that the flow rate
of spray system is still higher than the 2700 gpm even though the 1. 275%
analysis uncertainty, 3 psi containment back pressure and 25 ft pumping
head degradation are also been considered. The GOTHIC analysis based on
the flow and pressure condition further proof that the degradation will
not affect the containment pressure control capability, so the flange and
entirety spray system will not need any adjustment for the degradation

1ssue as the pumping head degradation lower than 25 ft.

Keywords: Computational Fluid Dynamics, Maanshan Nuclear Power Plant,

containment spray system, head loss.
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Mass Flow (Kg/S)

DEVIATION (%)
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k-¢ |Realized k-¢ | SST k-m

dP 13182.4|13173.604 |12930.64

2. GOTHIC H-3% % 57 & pl3R L7 v %

bt GOTHIC A 474 e * s ar o 3§ 2 (749
PR ERE S R RTINS S R L B e F AT
oo EREY P EE TP R S A B R
4 ¥+ Main Steam Line Break (MSLB) » 472 #2538 | ¥ 2 B % & 7%

AN

oo PLARA Y L K G2 B kA hniE AT
1. &8 % )2 Flref84-45/& 4 5 0psig & 3 psig

2. B k4= 48 B 5 120°F o

31



3. B84~ 4oAp ¥R R 5 100% -

4.8 R4 % @Ak o

S.h %4 A EA~ e 5 ek Ry o
BB o b FF R P AR AR B R U T PR R R

2B AT Y MMk L 5 f(F 10) A REEE R
L v

\\-

B2 wd WAL Y R FFE ke CRD 8 S

=3

ERI BRI AR R Y RF L 5 B 2

iRl @G 0 FSAR ¢ 2 FRURE (% 6l a)ie FRIET T -

w17 957 » AFTY aE 2 2 A A0 22 FSAR 2 B 4 22 pt

o3
(w
=
ij§

¥ SPARE < PR EAP P 0 TR RF AT YT L Sk

WS EE LG 2 FSAR AR - 5 K2 WenL B+ 40 500 42
PR SRS B PN S SR TS R

o F| AR E AP R E o B A T e

FIRAE R R4 484 B 0 - %7 B AR LY e

32



% 10 GOTHIC |8 % 68 F 5 2 %¥c

ROl | E A A e R E R R S
3

x5l a 0 psig 7 £+ 2700 gpm

% | b 0 psig FF A 1A 2R
SRR A BT

=S 0 psig HF* A 1B 2 g
el NLR Y e

%) d 3 psig B4 UA ZIERE
SRR A BT

%6l e 3 psig Fr 4 1B 2
SRR A BT

33



* 11 R E L H e B HAG R T

A B
IR B[ HAGEE T & RE &= [EIRH#ZEE 7T Permr

= (gpm) Pcrmr (psig) (gpm) (psig)

2400 73.14 2400 60.24

2450 68.74 2450 55.79

2500 64.24 2500 51.24

2550 59.64 2550 46.64

2600 54.84 2600 42.14

2650 50.14 2650 37.24

2700 45.24 2700 32.34

2725 42.44 2725 29.57

2750 39.74 2750 26.84

2775 36.94 2775 24.01

2800 34.14 2800 21.19

2825 31.34 2850 15.54

2850 28.54 2900 9.77

2900 22.74

3000 19.14

34




50 —

a0 —
30 —
E ]
20 —
Present Study
10— FSAR
v I IIIIIIII | llllllll | I TTTTTT I I T TTTTIT
1 10 100 1000 10000

tima{s)

® 17 1= B FSAR @ - R FEAR RIS 55 2 vt $H %

35



$ 1LREREBH

AR IR S GATR PR TE 2 2 0T T B
OB R SLFIRGE M FlE 7 T RIS A 4 e 2 B
@%ﬁ%bﬁ%%%%%?%;?@ﬁﬁﬁm%bﬂﬁ-%i%—

’tf‘?"tlp IR L T S —?)iw g f"#ﬁp‘f{'\/#'i“g?%}t‘

- R AT B R
=@ o M AT IR € FIATER T A TGS A R 0T
BREREEA AT RARDLITFRER o AT TP AR 2
CFD & 47 jiv% % & » ¥ 2 i 3 NEA/CSNI/R(2007)5 [4] £
NUREG-2152 [5] > ¢- 4t ¥ 4pin CFD B * *F BB X > A {7
(Analysis of Nuclear Reactor Safety)$t & & & ¢ * & p] (Best
Practice Guideling) k 4v #4572 ¢ 5 BIg g d B3 o451 1879 &
s EE 2L KRR
A w4 (Geometric Errors) » A 45 A A5k B F B H 2 2R
ES
2 - 34354 (Discretization Errors) » 3438 £ 5 J 3ATE T2
fRe S WA s S AR R B ahL B
3 54 % (Model Errors) » #iE V4o ¥ i i &2 F "2 B 2
2 S

MU R P S AR - AT DR A B RIEL (S

36



(-)pwPFEL

A RHCAIRNA o PEGTILEE w1 2384 0 CFD 2 A4 ¥4
AR 2R e FgE o AN ?%?#iiiﬁ
KpIWIRFFRG 2L - Py E ISO R EREELF
B s 20 IT16 B0 4 %% 400~500mm e i #-% 35 4 4.0 mm 2 3%

(R I5) > B /503 BB (uy o) & 0.8% 0 10 E A 74050 21 B

EEREFS RN PTG S A

{7 g =0.001mm

% 1010112 “,I'd"ETI'ﬁ"ﬂI'B' [101[171[121[131714°[15° 116 [17]
(mm) =3[0-3]0. 5[:.51.2 2 10] 14] 25 | 40 | 60 [100]140] 250 | 400 | 600 |1000

18]
1400

1800

2200

10~ 18|0.5]0.8[1.2 ) 11|18| 27 [ 43 | 70 |110)160|270| 430 | 700 |1100)1800

2700

4
]

6~ 10|0.4/0.6] 1 |1.5/2.5 B0 |15]22) 36 | 58| 00 |150)220( 360 | 580 | 900 (1500
8
9

18~ 30j0.6/ 1 1.5 0.6 132133 52 | 84 [130)210)330) 520 | 840 | 130012100

3300

| E=a Sl IRy N ]

30~ B0Jjo.6| 1 |1.5] 4 [0-6] 7 |11|16|25| 30| 62 [100]160|250|300| 620 [1000|1600|2500

3900

4600

C
>
> 3= 6J0.4{0.6] 1 ]1.52.5 B 12|16( 30 | 48 | 75 120|180 300 | 480 | 750 (1200
>
-
>
>
>
>

a0-120] 1 |1.5/12.5 1[10)15) 22| 35|54 &7 [140]220] 350|540 | 870 |1400]2200])3500

5400

2
4
4
0= B0[0.6|1.2) 2 | o |0.8] 6 (1319|3046 74 |120]100|300 (460 | 740 [1200(1900(3000
f
g

> 120~180|1.2 2 |3.5| & |1-2]12|18] 25 | 40|63 |100| 160|250 | 400|630 |1000{1600|2500|4000]6300
= 250-250] 2 | 3 4.5/ 10| 2 |14|20] 29| 28] 72 (115 185|200 460|720 1150|1850|2900| 4600|7200
> 950~3152.5| 4 | 6 |12 (2.5 16| 23| 32 |52| 81 [130| 210|320 |520|810|1300|2100(3200|5200|8100
> 315-400] 3| 5| 7 [13] 3 |18|25]36 (57| 69140 220|360 |570|890|1400{2300|3600|5700]8900
> 400~=500] 4| 6| & |15| 4 |20]27|40|63]07|155| 250|400 |630|970|1550(2500(4000|6300]9700

B 18 ®*% ISO #hik = 1 %

(= )Rz i

£-5t CFD i (7 4 47 > Flipfeorg = cn72 R > A2 7R T
ASME V&V 20-2009 [6]4F £ ¥ #fi2 k3t £ 3-8 > N kg 7325 >

REESN I A S

37



1.3+ 5 & 4 34 + -] (Representative Grid size, h) ;
ARG T =T, A)/NE
B AV G iz WA NG RRED -

2.3+ 5 #8402 F15+  (Grid Refinement Factor, r) ;

_Piss
Tl = . =13

B9y b AR e (Bl ) $ U S e 74 3 715
3358 #rr & & % (Order of Accuracy, p)

L R RS S TR S

P~ Fa

P= [!n':j:,_._}] [‘F‘” e T qﬁp]] ’

A¥ o ap)BEAEE TRESD ©a() = In(32) )

4
-2

m sEESE:1- .S'Lgn(% %) ;

g Ty

AN

B¢ o signR] 3 BRI e 0 T 2] 90F feel § @

& &
—1:x =10,
sign =4 0:x =10,
1:x =0,

Mo Bl I SR s G TR o

38

o

3

pors

i



4.3+ 5 & BHfT écdp % (Grid Convergence Index, GCI) ;

Fs @, — @,

»
-1l e

H¢ Fs iz#ic &_izyp ASME V&YV 20-2009 2223k » i3 &

GCI

fing =

VR RBA R FIRR LB Bl FHY 2 e A

REE HiEs 125 Ak C RBEAGREEL 2o
5.% & & (Uncertainty, Unym , Unum) 5

1 = —=
mash I I

Ho K G A BT A A B G 95% 6 ok 2

FTasmziEidT, HkiEi 1.15-

ETINS

A%t b ASME fesh 4R 2 wrik 2. 3 4 > AIERE Y A2 R4 L IF

AP HESE R LB e #p ok 12 917 o

F 12 PR FLPREZ ER-BR L (Pa)E

Mesh size Pressure drop (pa)
733054 860857
3236505 870033
11744329 872032

B AR T R

39



p21 = leoarss — 1 5367
hﬂne

r32 = leearse — 4 6405 -
_fl.'le

P~ P2

p= [:n-:l._:.] [m e q[p]]=2.94419 ’

In [£2=%21=1.5329 -

-

q(p) = m( ) -0.25902 -

5= 1-sign(::5 zi) 1>

gerlt =_F

fing B
Toa

£2-%:/=0,0001114 -

—

L

gs‘{

HRPEFEG > R ER (U, £

0.0001114/1.15=0.0968% -

(Z)f 7 B R

FEHES Y R BRI e MEF
WAL G AR 2 qF 0 F AR 07 B R T
FRA o MR 2 R L L FM T 2 B
Feo T4 B CFD A 4797 2.8 % ¢ » 4ot e E AR KT
EEAR LR

YoBl 19 A7 o e P4~ 50 3 R B gt 2 28 CFD
AR ERVARET Y G 2% 2 AT R E o TN F

WP ERELY > CFD RN 2 2 BRI 552 A st o

40



600000

500000

400000

300000

dP(Pa)

200000

100000

NOZZLE dP Validation

+ Nozzle Curve (Taipower)
= CFD

0.2 04 0.6 0.8
Flow (Kg/s)

Bl 19 *f i RAT

41

1.2



System Head L0SS =AZ + AP, + AP,,,. + AP +AP_ .. ©

pipe Epary ring orifice

e ap * Rheit

F 34 5 2L F 3 -\
23 E 258 7

~AP__ % AP 3

orifice pipe atm ”—"

# 2 CFD» #ap BAZ 552 CFD 3% 3 B > F]pt & System

sparywring 7

Heal Loss *+ & # % & 2_ gJ? » % BAP

spary ring 7

BANZ ST &

AT FREEWE 2 ERUA YL
w,,=917768.5Pa > u,, =517768.5 X 0.8% = 4142.2 Pa °

=97834.1 Pa »

I-Lﬂps apry ring

Wpsp . =97834.1 X 2.0% = 1956.68 Pa °
spary ring

b APy g2 F F R CFD 2 #0582 127 R AT %
5 2% o
BIEAP iy DAL 55 0 S8 B R GB35 LT

(uniform probability distribution) f]
g2 SR I

0,,= 4142.2/y3=2391.5 Pa -

Gﬂp.spar_p ring = 1956'6:'8;‘\".'5: 1129.69 Pa >

7]

42



=2644.869 Pa=0.430% -

— |2 2
Gs_}'sram head loss |G_\|.z + G;’_'.P_spm-}. ring

\
F®ATE A 378 7 2% 1%z system head loss ) =g 1.4842% 2.

e TR EREE 2B 2o, =1.4842% 0.430% = 0.63767% °
Wik AERA L BFLE o BT RE D ER 5 VEog, 0 7

PIEH RS 20,,,=1275%KiE L BE BT ML

N
s
v

BrY R

43



PR P G R B R T R i B R
19 B EE AR BRE  Aii 4 B4 R4 FSAR 2k iE
B kbR FAMIER T 0 F A BT A 2 2 AN B

BAITFERZ BHRT O ERRAERE AR RELTE ML

4B 20 # % > Fi4s FSAR # Beltech 1% ff 3 #sbie 7 & &

718 2 i@ 20-80 psi 2 F BT 5 & i 3000-2000 gpm = + 0 &
if L R W E R TR R Rk e B2
FHY ALY ER B PR ﬂﬁ%@iiﬁﬂ’xgﬁﬁ

2

- 14 R A E A a7 as
e r“:—,t‘!‘\‘:\i-gf’:ﬁ'l Z_ F?'z/h/n L[i’_ FL 9213(—,

=)
P
i
cke

(5
“’\

B -
/xg_lff‘.,—}

3200-2500 gpm > # i A 47555 B 4 6% o AT G k507
- TAARPT P -

1. B0 niF2 & FIFERER 4 3psig T3 F i 4
B4 MPEE BB R4 -5 48.24 psig
(45.24+3=48.24 psig) » = ™2 49 psig 1T 5 i AR

2 B AIUKEE T AT FARRZ AR -
%%13%ﬁ’§_CH)&ﬁ?E’@?Ui@&Rﬁ%ﬁ
30 ft2 ™ > Bh kARG 49 psig pF o kSRR

44



gpm ;s = & ¥ m 1.275% * # B - P &4 5 2682.7 gpm
(2717.3-2717.3% 1.275% = 2682.7 gpm) » ¥ % + & 2700 gpm 23k
TR K

CERRF 2 FFRERER LS 25t 2 FRF

BTk SRRV i 27414 gpme g pE o TR 4 G 1.275% % R

Pk kuiv g 2706.5 gpm (2741.4-2741.4x 1.275% = 2706.5 gpm)2 it

o7 £ 2700 gpm 2. & ok KiTn kAP 2k fyonre

TRIEFDEPE TSR R TL AT AL o pldo o o FIA A
2o RNV OUE IR R 2 REEI A B AR R G P OB

SYSTEM _HEAD _LOSS=AZ +AP,,,, + AP, +AP

pipe nozzle

Flpt B R RGP OREERAEE 35 ftpF o R I D F R e

BRI E 2700 gpm TS 10 fto A R EF EE AR Y @
L
v

+AP,

orifice

B+ FSAR z %33 & o

]Ig; 1500 1 OFT LOSS
& ——30FT LOSS
1000 ——80FT LOSS
500 | = Beltech(FSAR)
0
0 10 20 30 40 50 60 70 80 90
I FH B B (PSI)

]%d] 20 }"—:ﬂ_&é' FSAR?%%;\A;'\*%%E: MT]"’@PB 'Eﬁp?/a 3R i«u’ ] [i"};f‘u

45



£ B T

2013 T B RKGFHAELAIER G2 fand

R ERAR 4

& sk B (GPM)

30FT

2682.7

25FT

2706.5

46




GIER S SRR RN LY £ SRS S
PRLEFRER  FERFURER FELH P ] F

R 0 TR - B LR
AR E R E > R FAERE A PRI RS R L

N
ﬁi
=i
[ =t
2
=N
17,
_\"
fis

A TR AT o

4o B 21-B 23 #7000 A R enFIER A BB REEIE A kR
T oo AR RTFE TR PSRRI A AR B NIRT R
iﬁ@o@ﬁ%ﬁ?’ﬂﬁiﬁ??ﬁ@éuT&%:

1 S g o EER A R ARLR R g% T

% RINGS3 s s dic® i+ v RING4 @ & # 5 & 4 &

LITIT A o e g CREEAE A iE < B (4ol 23) 0 R-F
MY A2 Fooom @R I R R R R o
3. “//f'i 7}\_{5?‘—" T}'@',}é“jFSOVQ? |J F’&FI%\\;,,LEQ\%TL;—‘DZ

DR TG A RIRT B R BRPF

doo e g g HH & 0 GOTHIC i 7 B a2 v

2 =7 2L
7‘}{5: ‘51-1.—]‘:, o

RISz g A EEY Pz BRIRE TR ERY

o+

L3700 @ iR B 5 e B 24”#70:1%\!?.’,}?}\ Bdp % 80 ¥k
FEPF M-S g b o F LT IR H e f b R RT o [ FERE e B R R

47



HEAZE A9 psig e fe d AT AR T 2 RURE R ¢ 7 B Rkt
Bk B APGRIRT R T § A E P E A
J& o APFT AR 80 voRER AR B o F ks 2 25 ROFFE L K
R HEIIERE Rork: W RSB AR 0 T
HboB B

r?ﬁ%%@WW$Fﬁﬁi%ﬁiﬁ§%iﬁiﬁﬁ’&ﬁﬁ
: H

N

i

£
I
N
\l
o
122
(@]
@
™
=
i
(“
=
Tk
\_
=T
74.
=1

L g 7

o g viE 2706 gpm & H*

o
'J‘l
*TL\‘J
By
A
B!
N
ol
hr}
4
@
IR
Wa
jh\ N
=g
e
d
T
1l

TK SRR OFTHG [EFH A R S 4t T RR B
i E R RE
100
90
80
70
£ 60 o
B e RING 1
]E: >0 e RING 2
g 40
30 \ RING3
20 =——=RING4
10
0
0 20 40 60 80 100
IE]BH #E =T BE(PS1)

B 21 RFREAEA OFT oo ff L KSR E R ERER B2 g 1

AR %

48



KO 25T T R e 25
i = BRARE
90 -
80 -
70 F
60 |
%50 i ——RING1
IE 40 ¢ ——RING2
K30 . ——RING3
20 - ——RING4
10 -
0
49 54 59 64 69 74 79 84
I PH #E 77 BE(PS!)

B 22 ﬁ/ﬁ’]\ﬁ#ﬁi 25FTF‘$’V}T§E,3‘€ BEREST BB

A%
7KBH T8 < 80FTH} [EIfHASIE B A 45 2 Fr BREA
it B B A IE]
90
80
70
60
“é 50 ——RING1
E%' 40 ——RING2
ET) ——=RING3
20 \ ——RING4
10
0 .
0 20 40 60 80 100
Bt RH £ EE (PST)

Bl 23 R FKEF4E % 80FT pF - kst in BAE X B2 %1

AR %

49



psia

70

60

50

40

no loss

30 loss 25ft

loss 80ft

20

10

N 10 100 1000 10000

W 24 3 Fin ok R AT RE f SUE R A2 T RS

50



% —‘ﬁi7 ]’ﬁ]!p,géﬁpgf/bﬂ REW "‘J'/rjrk'_!!i_%~ 2726 gpm » YLEE T
o m 4 oy @RS 2 LR A s U ME R 2 R

Ao led MRGFHY RF|ZRFEVEEEL 2 T i

ﬁi:),(fé,J(EE}FRTa’ ;‘%’rfip/(J‘.Vb’: /FL J\FP}?“T@_;/%?E? iga
2 o AT IR B2 L GOTHIC 2 &~ 73

B S Z BIEAR B2 n R e 7 A A

FLBPEE 2 - AL s R SRi e R P £ATR
£

il

T,

RSN S A

(m

Ko Ipint 3
A A5 ey 40 4% 8 CFD ¥ GOTHIC 4

TR IR EE AR BB R EFY PGianTi

FEMAT 2mantR o AR Skdp i RlE i RB R 0 &
#E R 4 Beltech 5 i 1+ ei & = O] 16 0 R 5 K 6% R
PEARAR 0 T M JUSEAT 25 2 RGP OREEAE A o WP R R ¥
LR At BT o E R AR R R T
AT R o RO KRB RAE 80 R 2w > R kA2 AR TR
FEFIE ;- R Eg A NMTERE SRR A (-
#J1* GOTHIC i& 7 A 45 s % 7 AE 7 » (. 25 2 -KEE4F 4 T >
FIFE R &P B ad friv 4 0 2 RF) G LR E W bl gm

AP EALR -

51



B33 1;1;—

1 BECHTEL, “Containment BLDG area 1&2 Piping Plan Contaunment
Spray,” P-ZC-207(a), Rev. 6.

2 Final Safety Report, Maanshan Nuclear Power Station Units 1 and 2,
Revision 39, Taiwan Power Company, 2005.

3 Calculation Sheet: Containment Spray System Design Flow
Parameters, 3-M-BK-116.12, Rev. 1, Bechtel Corporation, 1984.

4 Nuclear Energy Agency, “Best Practice Guidelines for the use of CFD
in nuclear Reactor Safety Applications”, NEA/CSNI/R(2007)5, 2007.

5 United States Nuclear Regulatory Commission, “Computational Fluid
Dynamics Best Practice Guidelines for Dry Cask Applications- Final
Report”, NUREG-2152(2013), 2013.

6 The American Society of Mechanical Engineers, “Standard for
Verification and Validation in Computational Fluid Dynamics and
Heat Transfer”, ASME V&V 20-2009, 2009.

7 Calculation Sheet: Containment Spray Area coverage verification,
3-M-BK-216.06, Rev. 1, Bechtel Corporation, 1984,

52



QY

#include "udf.h"
#include "mem.h"
DEFINE_PROFILE (pump, t, i)

{

real Psum, Pavg, area,NV_VEC(Vmag), NV_VEC(A), Qflow, Qflow_ini, Vinlet, Porifice, Ppipe,Pmod, Qcurrent,
Vsum, Mflux;

face_tf;

Qflow=0;

Vsum=0;

Psum=0;

area=0;

Pavg=0;

Vinlet=0;

Pmod=0;

Qcurrent=0;

Mflux=0;

Qflow_ini=0;

begin_f_loop(f, t)/*looplFI|FH » f_loop s tE i 1 FE Bl 2 485/
{

F_AREA(A, f, t);

NV_D(Vmag,=, F_U(ft), F_V(ft), F W(f,t));
Psum+=F_P(f, )* NV_MAG(A); I*EE&EEE 7/
Qflow_ini+=NV_DOT(Vmag, A); I* & EfafE R E>/
area += NV_MAG(A);/* & mfE*

}
end_f_loop(f, t)/*loopl 455+

Pavg=Psum/area; /[*iE 1R ] 29>/

Porifice=1.075529e7*Qflow_ini*Qflow_ini-9.11996e-10*Qflow_ini;/*FI| FIE&f& i e B AR R TE /I8 it
RN PTEE A TR

Ppipe=6.23979e6*Qflow_ini*Qflow_ini-6.66205e-10*Qflow_ini;/*FI| FHE&fE i &5 B & BRI IH >/ I =
B A] A s A R R 1

Pmod=Pavg+Porifice+Ppipe;/* (& [FH RUKTE*/
Qcurrent=-1.526025e-18*Pmod*Pmod*Pmod+5.715495e-12*Pmod*Pmod-7.376737e-6*Pmod+3.483927; /*%t
BOHTHYRS TR &R =R T e pump s R 4
/*Qcurrent=-4.683319e-7*Pmod+0.8090869;/*LINEAR™*/

if (Qcurrent<=0)
Qcurrent=0;

else if (Qcurrent>=0.22352)
Qcurrent=0.22352;

Qflow=Qcurrent*0.1+ fabs( Qflow_ini )*0.9; /& E /T lcsa i EERSEiiE » B e

[*tgncheck®hifor Qflow_ini*/

Vinlet=Qflow/area;/* & & & & i i fo 2R >/
begin_f_loop(f, t)

{

F_PROFILE(f, t, )=Vinlet; /*§HE A G —(E i O4a58

}
end_f_loop(f, t)
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printf ("the Qflow_ini = %f, Pavg = %f\n *, Qflow_ini , Pmod);
printf ("the Qflow = %f, QCcurrent = %f\n", Qflow , Qcurrent);
printf ("the Vinlet = %f, the Area, %f \n", Vinlet, area);

}
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