creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

of
1%
X
>
—I—I
1%

A=

srdd AN A9
MARS—KS motion model?]
e 4% 9458 74
Implementation of multi-dimensional flow analysis

capability in MARS-KS motion model

for marine reactor safety analysis

2021d@ 24



Aordd Aasae A
MARS—KS motion model?]
tald #% dMAsE 7&

Implementation of multi-dimensional flow analysis

capability in MARS-KS motion model

for marine reactor safety analysis
ArdT & 9 7

o] =BE TEHAA APEROE AEH

2021d 24

Medstn tetd
SIEERE Rt

%%

drg o A FPERE AFY

20214 24

4
4o
(o,
o

oy BN Y

AN = H




M

-
T

2018y = A& A7)+ (IMO)

LAM2E 20509744

-
T

]
) g8 ARe 54

S

tel AdutelA wj &

5]

12]]
2

f

z
2008 tiH] 50% %

2 o
= =

s

A

]

7

FRAe = Al AR

5]

=
=

of Aol odE, A7 2

[®)
Qi

2=
T

MARS—KS motion model?] 7]4

e g9
AT %

3

3

a7

3)

[e)
T

4l

MARS-KS motion model® t}

3 -
Al

o 22 THA A

h e

9|

HA 2 MARS—KS motion model®l] tf

Volume

Eis

9

direction unit vector AHHe A, AAdEH S 117

el
~

7

?_(1'}\

g

)

4r

(Junction) X o]

WA, 28l31 MARS-KS

AAYH Ak 9]

MULTID

A=

Al &

d

i

t}, F A= JAdE MARS—KS motion model®l] tf

o] .

dER #3957 A% 7

A%

o
=

motion model

I8

ksl
-

HA, AefetwolA] MARS—KS motion model?] &

=
¢

e



g2 7d A=(H.K. Beom et al.,, 2019) A A}&39d /HI&E
Al Folg &3l 1D AXYES wAi% (Cross—flow) el st 4
e TAsAH. 1D FEVES ASE 98 12 vhxev]E e}
T2 go]Z JFEAE Tt &% oA siAdekgla, o]&
e} AEFA o vluste] I=e] AHAS s el =

=
BARE AFS AN WY 249 149 F4 ol LE YA

At A 2 ATE F L, 87N
gto]iz JhdwEAlel gk HSE FHST 1D AEXAES wxp
%5 7Zol o]o] MULTID HEVE HES 98] 339 &8
o} 3o 3xd A™y JIEdEAE Atk AR oo

e wE AR} ol E
ghelstolth. st 32kl S BE thFdt ggo] B3 oz &
qsES s vixE A AR Y ZEE A4
4 Sl Fgsle] % 2 % ZEA Flow
instability) ¥ 9 A9 < (Critical Heat Flux) 9] W3l A%S 3
B39t WA, RELAPS Z=5 &3 24 2dA #% &
A& 4% A3 (M. Colombo et al.,, 2012)Z MARS—KS &4
Ao} vlweH T 22 MARS—KS motion models Z3
A dEgt @5 Z2UdA 5 EdRPPoR Qs YEhve =

k4 & ¢ (Unstable region)& o= - vlusldth. F& =44

2
o

*ii* ""‘\-:'I.'_..



el

oy

o

il

rob whebd g

S
-,

7}

=
o

F743]

M

MARS—-KS,

AN E,

3“ A ,

o]
T35

Motion model,
1 2019-26252

Ll

Isid
ol

p—

iii



A1

A1 A
A2 A

A2

A1 A
A2 A
A 34

R e

Al 3%

Al A

1.
2.

s 3
}\1 % ............................................................ 1
ATH]Z T B e 1
QT BO] wevermmmssrsemenenenssssssssss s ssaa e 4
MARS—KS motion model 7§ AT - 6
Motion model ZJQ «eremesseesmrsesisesssessserinens 6
Motion model /A AT FEF corrrerersenersnrenens ]

Motion model ZRAD «ereseessseemirsesiseissesssninens 13
Volume direction unit vector AW WA e 13
A EE TE3 AATFET T A 16
3 ZA o] TBF QF G e 17
A ARG AUOJE e 18
Y G5 AT E G e 19
Motion model®] MULTID AXHE FAF e 23
MARS—KS motion model AFAF - 37

1D AXUHE ZAZ v, 37
U]-L:U] E}J T':o ................................................................ 38
A TGO Ol FA QT 41

ﬂj}%% FASE ererereeenten e 43
47 FFOIIE O]l ST 44
67l TFOIIL O] F- T 45
87N TFOIIL O] F T e 45

- iv - 3‘



=
HE ZZ s

A 34 MULTID AX
1. 3;1}% < B9 %% ........................................................
2. 3;1}% Al H T 9 %% ........................................................

3. MULTID ZZUE A58 0l e

Al 4 ZF MARS—KS motion model &&37+ -

Al 1 2 Motion modelS &% FF EARZA A5 -

Al 2 2 Motion model& &% FALFE AS oo
A 5 A BE i
‘g_olllétlg .........................................................................
%_‘ﬂ_%zﬂ .........................................................................
EZ 1. MARS—KS motion model "7 :eeeeeee
Abstract ........................................................................
wrpe) 2

82

83
87



b

2.1]
3.1]
3.2]
3.3]
3.4]

b
e
>

A}%Z}(ﬂa%}{i O]:]a OO]:Z\_]I ...................................... 26
uh-u) e G A Y A AT e 58
A AT ulu|E A AT BT e 58

32k S B (F =) AEEA sidd Tt - 59
Ak SR (28 =) AEEA sidE A e 59

i - 2] 8



[78] 2.1] 6 AFGIE QI o sssisssssssssinns 26
[Z2¥ 2.2] MARS—KS motion model F 5 e 27
(2% 2.3] AAF ARe] wh= §Xoka W AA HAZE - 28
(78 2.4] 929 A fAS 93 mE A e 29
[2¥ 2.5] Volume direction unit vector AAFZA oo 30
[772] 2.6] Motion model QB AFE ZFA G A] woovvverennnene 30
[71¥ 2.7] Volume direction unit vector &4 - 31
[71¥ 2.8] Volume direction unit vector A& - 31
[71¥ 2.9] Volume direction unit vector A543} - 32
(29 2.10] #AHES 13 AATMELT & AS e 33
(29 2.11] 3]d F4ol #3 o/ 4 AT e 33
(22 2.12] A AR AUOIES 2 JPA e 34
[778] 2.13] 39 Fel 222 0] AJAF s 35
[78 2.14] 29 oted 2220 AAF HZ o 35
[78] 2.15] 712 AAA R O] BEA| orvrerersossssnssssssisnninns 36
(72 2.16] AAARR AAF BA] AA i, 36
(728 3.1] vleulE AR 2 % Z7 60
(23 3.2] vl E xF 3 ASE AT o, 61
(19 3.3] vievH yF AAA7MEE &5 i dat e 62
(7% 3.4] BB BEEE A AT i 63

1] O

7Viif -"'H._E'|'



H 3.5]

3.6]
3.71
3.8]
3.9]
3.10]
3.11]
3.12]
3.13]
3.14]
3.15]
3.16]
3.17]
3.18]
3.19]
3.20]
4.1]
4.2]
4.3]
4.4]
4.5]
4.6]
4.7]

D]',‘T;U]H Z% A= 3].]&%]@34_ ...................... 63

222 do]Z AT W A AT e 64
TAGE A2 A RE e 65
47) o) PETA] S AT AT} e 66
670 o] NITA] FAI AT s 67
871 o) N EA A AT e 68
3FY SHE AT 69
3AH S B (A 27) A AT e 71
3AH S B (D 27) GEEE e 73
3k S B (24 230) A AT e 75
3Ak SR (2% 7)) JNES EE e 77
3L A AT 78
32 AT ANGEA AT e 78
MULTID 1258 B0l (1) weerrererserensensenees 79
MULTID 1458 B0l (D) wrererererersensenees 30
MULTID 1258 BF01 (3) weerrerreriemersensenees 81
RELAPS A T El o, 90
RELAPS A AT} oererrererierneierineieiiseienine. 91
MARS—KS A E o, 992
MARS—KS Sl AT} oo, 93
%% %q_xé/\é 73741 H]Eé:ﬂ]_ ............................ 94
JAGEH DALDFE AF ALFTZ) o 95
AT PALFE AS QLA e 96
- viii - &t



97
98

109
109

(213 .11 MARS—KS 98 57 WA g o

= ;_(} /\é

ar

[Z19 4.2] Motion model &=}

-.'f_l'lr T]|

=Tl

L
i

S

,iX,



A1AAN 2
AlAATHNg 8 B

719 stel FIEE AR 1992 /]S g ek
(UNFCCC)E AzZro7 19979 wEAA (Kyoto Protocol),
a8la 20159 284 (Paris

Agreement) O & o]o]zt}, o]y
st AR ¥4 Huie &

A7k 8] wES qtAlste] A
2dsE Fol Aotk g, AMute|A wiEEE 247kxe]
ZAFALZI T (IMO) & 919 =9
ko o5 FAAIFE 199749 L AUHFF(73/78
MARPOL)ollA]  “duto =z He] 7] eqle] WAE fgh 3
S A, 2018delE IMO vt AAA AE 271
e = A"t Adteld HiEHE 2AVEAE 20509 7HA]
7

2008 thH] 50% 7FE=3s)7] 9%
T+



u] =32 MITeA
Al (J. Buongiorno et al., 2016)

a3l

—_—
110

-
T

uh ek, 73 el Ao}

o

A
=

AF

.

A

4

9]
Terra—Power

-
-

A}

il

Il

Z

Gl

2]

e

CORE—POWER A}$}

2020

47129

S
) B

st 97l (KEPCO E&C)

AT,

g o

2

77}

=
=

22 BANDI-60s

1graa 2%

S

60MW 2]

(UNIST) 20194 =

<]

(I.LH. Kim et al.,, 2019), SAly3t7]<

&tof 37

=
==

7% MINERVAE ¥

al.,

AU.H. Kim et

= idskal

MicroUranus

A

2019).

=

Aol Al gE, Az 8 At

o

)

A A

s

_('34

e

f 0



wabe], AAE QIS 7he] ARG E T AAE Q1T
ob A Ao st kAl B

HAEKINS) oM = FAHFTE ASHdfAI=2 MARS-KSE
AHE Folth. MARS—KSE = xg A9 (KAERD o] w5 €
2854 993 (NRC) 9] RELAP5/MOD3(U.S. NRC, 1998) =
EE 7Hko g kst m=o]w (J.J. Jeong et al., 1999), 4x}¥
Al A7 el A ATHES bHsAZEARE, SAEAE

M FER TP AY] ool sfFdde A= AR
&

= I
= Ao 542 ddde kA B7keln, MARS-KS
Motion model®] WA & X5 7S & A9 531
2 A3 . MARS—KS motion model Moving reactor?
A s Qe EEHAT sHAIRE 27] REE Jhdo] ¢kR ]
A go} o] & AESl7] fBiA = B2 Jide] HQsk Aol
ole] AMgtgtuwo A= 20173 HE MARS—-KS motion model?]
© ™ (H.K. Beom et al., 2019), ¥ A+

o]
A —
L AT oA vt #F ANFHY AL 9% ==



Al 22 ATHS

A& 3291 MARS—KS motion model?] thx}¢ EIRS RS
& T3] g8 2= AT 3 e AE B A5
SE&AFE FIeT. A WAlZ MARS—KS motion model®l
&l oS 2 77 AFEE AT AFEAE 21EHA Rl =

MARS—-KS motion model& MULTID HXJE=Z 333513l th
F WA= 4" MARS—KS motion modelel] W3t 7 =o]t}
MR m=e] st AAA HF:S Sl 1D HEVE, WAk,
o,

to AAads sttt WA, 12k sy E1E 9% 1D
HAEIVE ASTE 98l ASdigtuwos] MARS—KS motion model
o] E¢]d »dl A=(HK. Beom et al., 2019) A AFgxd
gttt 12k whevw|E o} 2 gfo] = 7id A

2 gokst &% 7oA #AEQa, o)Edsl AT vus

=
ui
M
2
(i
>,

>J

23] 1D AZEUE|A Motion modelo] ZAAsA FHHUSS



AR, 2 Aol

g Abg 3

TO]}_L‘_
7 671

w274 =39 470

ol
_

al
mj

7N

878 bjolz
E

=)
=~
HE

TO]E

[e13
=

o}
i}, mpx ko 2 MULTID

|

ro]v\:L;

A A9 470

-
T

3

<)

=9
o =

e

A%

gEAE F71

B

ag

14237} of

9|

X Z74

ATt

s 7

A
-1 =

Motion model©]

A

ﬂ
—_
o

o
o

oy

=
=

JJo

4

AXUE

A

o] Motion model®] MULTID

1492 99} W] g

S

MARS—-KS

=
=

I (M. Colombo et al., 2012)

o}

El

T %

[e)
RN

§ 94 gelst

=3

©
=

MARS—-KS motion model

©
=,

oJ oI (Unstable

=

Yehte

=

region)

o] Wsks Avn

S
T«

s - R e

7}

=
o

B2
o

o
o



A 2 ZF MARS—KS motion model 7§+

Al 1 A Motion model 7} &

MARS—-KS+= St xgotA7|&do ] AFE 9 FAH3SE

AZR A& A T =0t} MARS—KSo|= sk el otds)as 9
3k Motion modelo] ¥38E o] Qlom o]= A (2—1)37 Zo] A

E B AT 6 AfEe B2 FALES 74 Fol g
AEE Gz e, EE 4Re Fesiswe @ 44
%

of oF HA WA o

ou
p(g—i-u . Vu)

2 2-1)
=—Vp+V e T+p(g—cfl—f+%g>< +02x(02x7r)

3l Motion modeloA= 3219 3 AFHE AL &5o] 3 4¢
ol o3t EFO AXE AAtstd, 52 A AR 9™ A



]_

A

2 ARdEd 3

52

L=

w7

il

3]

o}
N~

N

_ZTI
™
oy

ey
B

Htl, MARS—KS motion model2 x

=

a7 Ak

=

T

of wel o

N

N
N
N

(2-2)

0
2744

-

| .

1

)
0 cost, —sind,
0sinf, cosf,

7}
1 0

|

13] 37 MARS—KS motion model®]

o

T

1 0

0
— sinﬁy 0 cosHy

cosey 0 sinHy

1

2-2)9 2t} 6, 6, 0,
0

cosf, —sinf., 0
0

sinf, cosf. 0

|

Al
-

o

T

oy

oy

o
o

X
o

£y
Ho
of
T

—

B

FAE AHE

)
=

b

T =
11—

AlZke] mhek 4 eje] 7h



2mt
oy ZASin(—T+¢)+aO (2-3)
H:E,y,z :Aszn(Q—;ﬂt+¢)+Wt+00 (2_4>

A 2 A Motion model /NAAF &3}

%7] Motion model 7|'&o] 5 ¥ A] oo}, o] & AFE-317] ¢

T2 JhAdel Hed st AREAH A FA
AR A B JhEo] o] Foj A x| grol Abgo] E7Ms SR,
WAHES 22 oAb {5 a2 MULTID 3 EofA
Motion model®] & EA] &3ttt olo Matistu xpe 3 ok}
AFgAtAo = 201795 E MARS—KS motion model?] 7j
AATE 3359 (H.K. Beom et al.,, 2019).

201758 201997H4 Madistuels 38 MARS-KS
motion model 7| A= AA 374 #ok= Ak 3 A
A= MARS—-KS motion model® F<Z©]t}. Motion model?] &

mds #AF5E7 A8 23 2.2-(a) 9 2ol 129 vy
B, HHF3 (Closed loop), 1D AXHER F3 ¥ 3x}Y vlxn]



—
10

np

ol

$=3 10 m/s?

il

7} 600 %1% x5 3

H)

SEES

sheich.

&

S|
Al

180°

[e)
5

ol

o

7H&E R RZe] 9.8 m/s?, F

=
-

B

—_—

= A9

model

Motion
MARS—-KS

tom, 29 2.2—(b)

S

das Aoz v

S

44271 ol

9

9} #Zo] MARS-KS
wheu]El, 2%

Eal

- O
T e X

|

Al

] kv 7

ke
finl

AF

18 3

3T
—

Qslvh. chat,

SEEE

ro]vﬂ;

% 2.2-Mb) 9 4

wA
7

il
oy
g

-

1 MARS—KS motion model?] =%

9

s

of wal el Aaa A4

X

ESESEeEl =

MARS—KS motion model? 37}#]

SRS



T
T

ofel wtz}

.
=

|

PN

[e;

i

/23]’

7] Motion model®l|A
oo

=

sheirh.

]

< EEA

dolg gozHE Gy

‘]

g

b ot

d|

}

A
fui

WA, ASAAGFHE T

SICEE

S

o}

—_—

0

o

©
=

s
4

A

[e]

)

PN
T

-

o o]

2k 71 A7}

Oux

=

Hel 4

=

Ok Xl

2o] 27 Uil MARS—KSe]

OO]:

shol AHg-A}]
]_1__

Is)

Qi

=

j

AR} Aol

il

~

;01_

s

M

g5

A

A}

73

#2)

Fol wiAZE WAl 2

1EEFS MAs

o Aol oFA

H

Al
-

ok

%_O

oju
o

M
=
T
o
o
e
"

)

X

T

H 2.33% o] )

At 1

gl

ol

o # el wet gre v 7

Ry

ol
— 10 _

-
T

o
ogleh mh e AR e R Thal

=

o1z



Y 2.4—(a) 2}

bt o,

<]

7] Motion model& gx}z2] w4
7}

=

A=)

=

3 4]

S

bt e,

o

3

°©

73

1

[
=

o 7z% v

Aol A4

o

np

|

J

A
~

3
7 A}s)

Els
Al

5

©
=

j'

8

b

3t Motion model
A

°©

°©

A8
a4 2.4-(0) % #o.

A
§41 24347} o)

O

©
=

olJ-ol

CEKE
o] ®AHH A

H2F A

-

-

A da7t olEsE

Akel 307

7}

S

%
A

oV

j—

0
o

1]

=
=

o Aoy

]9l RTF(REX—10 Test

1.

o
AAroltt, REX—-10

1% MARS—KS motion model
631

3

]

=

A

oA
o

]

O
1l

AF

}E}

= &

1

A

RS
Facility) ol tf

el
Hlo

Tor

A+
an!

-

o

i

/6]'

[e}

)

=

REX—-109]
WA, MARS-KS9
tol =4 RTE7} <7

=

-

°©

ikl A gk

S

EEER
7+
,11,

)

Atz o], RTF

Zxo|th(Y.G. Lee et al., 2012).

2

-

A4

o]
=

10 MW 2]



7FEHAS W = 25 59 W3 A d53H .
MARS—KS motion model 7JAAF+(H.K. Beom et al.,
2019)E T3l AFEAIESA, wAE BFo AAF AR wE

S5 @ A4, 181 aAFEY T 5 we Rio] A4
AAAT, e 2o A §% Ad5de sArr EAa
PAGEO] AtstE A rold A To|X B 9% mEo] &4

23t 1D AZXYE (One—dimensional component) 2} 32+ A

A FholA doju, sfkdde] dF FA i eE oAk
SFo] AujAol7] wiitel gL tAA S Fastr] Sl
A& MARS-KS9 1D HEHUES 324 sf4S 9% MULTID
AXIE B5 A88 4 9lE Motion modelo] 27-H T}, o]
2l MARS—KS motion model®] v -5 31855 4

S 9% 2= AAATE SRS

olr

_ 12 _ "':l‘\-_i _'\a.l_'\-'._ .I_i



Al 3 A Motion model 7|4

AT I3H BAL sdddd by Brlold,

Txg AR ol S8l o 2ol 77HA AbE-E et
ok AR JskAQl 7= FES 9% Volume direction unit
vector AW H L MA, #AHFE vHs AAVMEE & 4, 3
A FAlel #et of A, wiAz dAet A R Yol E,
At fEs FEs] A FE g a7 A 9 AR
A2 S R 18l MARS—KS motion model& MULTID #

dER S457] 98 AHATE Fasarh

_l
N
~

H:l
o

1. Volume direction unit vector ¥ o 7|4

o AFelN 2w AAE UEdE 99 EEE Volume
direction unit vector@ g3}t o]+ Motion modelS A}
st7] sk d¥AE<Ql  ‘indta.motion.inp’ & &3 AAHEHH, &
' e We AAdsH AT AAF AH AREEU
Volume direction unit vectorg &3l 435 Al WAt ®A3}t
+ BFY AAF AEE T %o, ol A% AR
a9 2.59 Zo] 32k 3P HE F3l| o] Foxit,

B AG4E E3 Volume direction unit vector® AW HS

o,

- 13 - 2T



NAdstel AREAE ARl I=E T = = AR
Volume direction unit vectorg® AAste FHHL> o= Zrh
Motion model& AFE3l7] {3t Y& A5l ‘indta.motion.inp’
ol % 2.63 Zo] 3d AL, I T T ThYst JE
A Be 2759 s8R 9 feol Wwie WP =549
A E7F g H et Motion modeldl = 48 E F Ho ¥
T ol EF9 AAFE dEe HHE et
3, A717F 19] =% A3} (Normalization) 3t Volume

direction unit vector® 23t} 7|E£3 o] dHHE BF I

i)
ol
o
32

-~

of
me 2
sl

al
.

o 1o

o
N

ul

N

g B3 19

il

N

£ E3& Volume direction unit vectors FE=AsI= WH S
et A Aol A|RE, ARGA Al st A o] A 9kth. Motion
model& AHEsH7] 918l A RER S S8t e BEFY HEE
dHsloF st =z, HEF AR dY FE QA EAVE o
Ert7] 4o
olg} 2 FAIE a4ds7] #sl Volume direction unit
vector’} A AAEES 78 2.87 o] AAWUHE NAFA
9

2717} 19 MEE JEow Er)h g, v

>

= 49 s 3 HEE EFL AAHATE A, o]
o], y=o %o gheld F9 e HoS w whAAN o] ¢k
3| wekolm®, wit) kel o] o] FHAEF Aol 9
Ho& #Zojof gt} o]F EF9 W4dwE 25 T4 Fds o
Al ¥ Volume direction unit vector7} A #c} o]z st A4

ol 7)d-& §3l Volume direction unit vector= g%

N

- 14 - ":l‘“_i -“:"- T



E AR glol AsAdo] Jhsatth uRk, olef R EF9] 9l
A AEE AFer] fall 25 SAFE A8 A5 a9k
Volume direction unit vector® AsAAd37] 130
MARS-KS  #E=&5  oa3 #2o] JjAdsisith. WA,
ReadNewProblemM R EolA 7]&ES 54 AT f50]
Whe W 259 AR d5s At va, B A
B7} A#¥ = ReadComponentM EE 9
AHZbE fanglel” ¥ fangle2’ o] AR Rigo]| AR o]
23t 7} K= ReadNewProblemM EEoIA A= 2w 324
slAgde] sldzgder Agdy. Z= NS F3] Volume

direction unit vectorE A=A 3sF1, Motion modelS ¢3F ¢

>,
> i
sl
1o
o
do
)
i
o

AdE FE=S v 2ol S8tk MARS—-KS motion
model°ll A 60° 9] AL o] 25 s WHS 27FA7F Qv
A A= 4 go]ZE 307 vE A= WRlelH, oju A
’d¥]+= Volume direction unit vectori= 90° ¢ ZAM2HS 71
F % 24 g8 60° AALR IAsY. F HAE dH 7
A 607 ¢ EH AAME d™ske WHolw, ojul Volume
direction unit vector= YHE EF Al &8 607 BAME
7 oW E 2 A5 A F ok Motion models E3] 3o 3}
i A 25 oY AE gl A daE 19 2.9
b Ao g zelq HeA Az 142 A A e Fal
&

FHE 71%f7 stolxel N Astolnl, Wk AP B

-
S
o
o

¢



ED

o
=)

mj

3] Z 43 Volume direction unit vector’} A&

o
O

—
file)

o)
o
ol

n_AIO
o

[Ho

itk Motion model?] &

5]

=
7

ol

o
T

—

B

R

]?l_

Al g

Al
=

EA] oFgkow, uhea

19297 =20,

9

jan

M

)
A=y

¥l ExtraProcedure

—_
fite)

ook 23 2.10—(a) 8 #Zo] Eo)

5]

As A

14 H
Ehin

7N

J 149 pherlEt v

0

,16,



N A

__O]E

Z]
A

PN
D

o]

a9 2.10-) & 2o #2= R4

-

o)},
ERAS

=

100
14

[

=

T

galahg o,

=

9.8 m/s? F7)

JvNO
(-
uE

)
N
e
Njo
&

o] 3

1

=

7}

[e)

=

t}

-

T

3l . MARS—KS motion modelolA]

W&
indta.motion.inp’ ©I

I

=
=

=
)

—

0

;OU
BH

o] AFE&E ], AAF2-E ReadNewProblemM

% A

|

0

2

ﬁo

B
oF

a3 2,113 7o)

& 9

ol
o)
o

iy

]

A
-

Fols At

[€]

]

A2

-

I 8% sojze]
.

9

FEof A

&l

b

P 7S e 9

°©

o)
-

s

afj oF

=7}

o

27}

ﬂrﬂo

+

B

o]
o

e
N
o
Y

)
T
o
iy
oR
R

o

¢

i

0

o
iy
™
T
o
o
e
"

)l

,17,



A rLelo] 3

S

&

S

4. 3HA AR uHolE
o 9

iial

)

A B R

T

ol
F=, 30" <} 60°

°©

17 (H.K. Beom et al.,

a4

sgo
Wl WAk gelolrh,
SEA ol AL 7] AA AR 94

A
hA

_‘I

=

oo]: Al

o, g BAF Rl wet

o
TE

) N

=

N]\O

(e}
o

&= o]
E

]

A
al

3l Ar AR7E debAH,

S

o]

WA, Aol A guel oet
gl

Aol 4

A
A

psi!}
=)

39 . MARS—KSo9j

el 9

S

)

K

~
file)

JOJ.O
i
ot

ol

jfuze]

ﬁo
o7
T

fuzel

™
T

o

Yol ol

3}l vjAIZE

MZEL ABEF
GAve} o] H A E=F ExtraProcedure EE°|A updateJunction

)‘\_]__

-

T

L]

)
i

i 2% 2.123 7ol MARS-KS

[¢)
,18,

FAck agla o)

71§l
1th. WA, updateJunctionProperty@}

AA

°©

°©

%

:F-/\

(e}

AE A

]_O

&l

Qi

7N

=
=



—Property ABFHE EHE=E 390 ExtraProcedure &
ol A= wWiAIZE GAmTE E el o3t ol AAte] FIEHE
2, updateJunctionProperty ABFEH | E npx7px 2 WA 7t
AT Qe AAF ARE Sl e We AAsHA Evh
o E % el e g = EF Y Ad 9 WE
AHE ddolEst’] Y3l updateJunctionProperty A H.F¥E o]
AR AAS Frtsiddth A4 R & A5 S8l 9
H golojn, JHow AddE BF 7o Ag 4 Wk JuE
sttt AAA R A4S updateJunctionProperty A B 5%l o
7dtow FAY AAF AR A miARE dAeT EE EE
A W WEF ARE AxtsteE ity ESE 7|9 AAAE
A2t A ZE AL S skl en, FAAQD e

mE

iy

N

=

71 93 MARS—KS motion

_Tig
TS ZEE £Y99Uc ol



’

9

=
g b

=4

7}% AE 3 Volume direction unit vector?] W Z zkolch, thxf

=
-

]

=
-

=

hol2 %
=

9 2.13% o] 1
t}. NetGrav

2.149}F #o] &9]

-

, 28]a o]
HydroSolveM XEEoA 7]

AT
—_ -
T E o A
A

I

-

A9k 7}
S wAA

o] 701~
wrako] Zo| tlAl 1% 2.137 7ol

i E

JEU
A% 9
o]

)

A Ato]
7%

9
NetGrav 4

STy, webAd MARS-KS ZE=E ¢}
:‘,:

Motion model®ef 4]

A s 4709

=
=

= M @' Y N W
R R N
RO F R g
~ % TN wo )
Ny ook oW g T
e W N
ofpy > oF T el ol
H W 7T o M: o KT ¥
O S <l <
o T oo H o
o " To N
oo = @ ¥ oo
Ty o) -~
0° T R ©° gl on ewu
S o W E e
g T
LT Ry % oo W
> 0 i_u —_— —
. ~ o "Ry X
e X o 2y W = T
oW o st om0
MV_I > =0 N o - ..ﬁ
7o < = omog B 2
o ) T T ’ o|
P T oow BT g N
T X2 o T o M
oy N o= Wox H T
mﬂﬁﬂ}%%o,@w
N il
TH N uh s W oo
TN N AR CHEE: ey

,20,



7] ®dof| g

L A R

(e}
AN

o 7

A K AXF2S Motion model®

el
ol

iisal

FA] et

J|

kel
1B

g9 4

isal

i)
™

B/

0°

s

AAT(H.K. Beom et al, 20194 o]&]
}od Motion model®]l

BE ARgE

FAE WA

T

Fof Volume direction unit vectors 53}©

=

A o]

bt

S AAARE ALLs

o o] B

H=
= a

il

3T
ar

-

1Y 2.159F o] Az

isal

Ao

A

= WA

3 O]E—E—-

o] 471

A =

T Atk

o1z
=

)1:]__

|

= dgole A

isal

FAI R, 671 sholx )

0|

=
[¢}

A re] Akl 7t

Al
al

AZGRE AL

A =

-
) .

,21,



2

(1

e T BE FHAIE Al WEHE Ay, BF 0 A

g 4l "kl AAARE Foi), ol AFRHE BEFO TAFR
= Motion model< A}8-8}7) 93t olgzlg ¢l
‘indta.motion.inp’ ©°f o|r] X&H HHo|EE FE= HPAS 93]

o

HERE §lEo] 979 e AN gtk =

AREshAl 7] wiiEel = W& Ei Adnt JtsEd wAE @

asto], Ak s s E S A dutstE skl
T EEY SHHAEE Y MEHE dEAYRE ARESH] Sl
& ol F7hE 2¥vh. MARS-KS+ 94474
£ AAE o, fEol Wi 583 #sol o7 EEe
welsto] Aatetth. 29 216004 Wt oR AW AL s
of Wie £89 dAARH, 33 AL fFEo] ol &
o dAARIY V&= Z47e EgoA AAARE AAte
QAT WA AR E AdE B Y A" W W A
et E R, ol FElely] 93k MRl #Ago] &
Q3. frEol Wie B8 f5°] 5ol &8 7449 94
EEe FAHEE A4E ¥HE 44
59 4ol vE T Elsitt. BE ZFC doli= MARS-KS
= AFgsh7] 9%k dgAksl  findta’ o ¥$HE FHo|E =R w)
ZI7MAE ZE NS f8 HEE dgo] Q9 H = AR gl
A4 E AARA S S 9] AYAF(HK. Beom et al,
23] +d¥ MARS—-KS motion models th53 72o]

A8tk WA, ExtraProcedure ZEOIA Ao 7|& 944

&, 289 2ol 4

=

gh

¢

(=
i
&
'
=2
)

>

.

=

-2 - A L1



)=]
HEz 7]E g fAsY e AEE dEA
< updateJunctionProperty Al HF€loA A 2]&}A

FEOA A FoTt olfr= B8 He ddo] AA Hxd

!
:<|>1=-

EES T3 FHAHrEE FH AR xgs= Aol HEgsa
updateJunctionProperty AEFEE E3] wjAl7F @A witE AAl
S FIT = Q7] yioly. MY IT&o HEFS A3

MARS—KS motion model A5 T5 &3l &1 4 sl
6. Motion model®] MULTID AXVE A

MARS—-KS motion model& MULTID HXHE=R 743}
Ast MAATE FA3TE MARS-KSE 129 Al

9% 1D HEAES 339 A4 M-S 93 MULTID AZWE
2 T AT EFel e FFE 3xkd FArelA dojuiH,
e dF T4 QoAM= vkl sFo] AujFo|tt ot
ghA e A S syl 9= MARS—-KS2
1D H2dES g7 344 s 913 MULTID HEZWUE] o
s Motion model®] 3d]AFgo] QFHEY. 1D HIXUES
MULTID HEZAEE &fAlst7] 918 Motion modelo] A Z

Aolx] gorg HE= AFXTAEES st A5 T HIA

o,



MARS—KS motion model& MULTID HIXJE=ZR 437
At MAATE o 2ok WA A A& MARS-KS
motion model® X+ 7fAALEo] MULTID FHEY
=% Stk 7|EAHe2 1D HEPES MULTID AXWUE %

u
é
AT Vs
o
ofo
L)

Z] ¥t Volume direction unit vector AW 2l 7|14S MULTID
AEXZAEA FAsl7] fleirs tha3 2 HEe o] a7
fAk ok At mikel Zo] JfHd¥E Volume direction unit
vector:= x& Wako] F7]7} 191 WEZ2 Ego] w7zt W A}
ZkE 3Ae® IHAA AsALdET. olE 9IS
ReadNewProblemM EEolA 32+ 3] dF LS AL 2544
Axkd s gosta, EF FE7F AFE = ReadComponentM X
O W4 S BAME C‘anglel” ¥ Cangle2’ 9] Al
of A3 ¥ ReadNewProblemM EEo|A o] &
gf A& At ] gzt o w ARgSht. MULTID HXHEC]
A% Z& WS F3 Volume direction unit vector? =}-sA
A4S et th. WA, ReadNewProblemMel #AE 33 3
A ANAES AEXAES] F78 FasiA AHEE = le=g 1D

AEdES A S T3 t, d40% AgHs 5852



o T —

el W Aaze Ax

r

(m
ﬂJE
u
M
it}
2
o
o
il

ReadComponentM REEo|A MULTID AXUES wzta} AA}
Zg  ‘anglel” ¥ ‘angle2’ & ME W] AAste] AEA
4 AR S 3707 ARG H =S stelt
392 MULTID HA¥XJES F38] (Post—processing) 7]&
S AAdEsit 2 AT z= EEl MARS-KS V15
SVN 151 Widel= 32k &85 Al4sketr] 918 MULTID #
EHES] A2 V|50l LFEH vk # Ve LTS A2
E o}l ParaviewE ©]g3Fof MULTID HXWES i 4d3E
Ao HEAfaly] 9sf ARk eFARE G A Aeje] MULTID
AXAES g or 3=7F 7esEojA Motion models AF&E
o W A W7l BAREA] et o] d A
£ adstr] Sl v 2ol MARS-KSE #4383l WA,
MULTID HEXWVES $H 7|55 Y3t WriteForParaview
g

w
B

B FES F£A45te] A EE WriteForParaview_Motion Al E

22 AAER T 18] 31 Motion model2 AFESH A-$ AJ2E A

HEES 3 MULTID AXWUES TAHE 7|50 FPH=E
shon, MEZ MBFEAM = AR dolHd 3|dE JRE
R to] BA o] wE MULTID AXUES 3ALES HA}
st £ Qe E Yt} o]= %@ Motion modelS MULTID #3E
JER 23gst7] 9st 3= MAATE TR, kg
< AAsgs Fal sl khaAS Ast 7Nks wi-ES
T},

- 25 - .-'-H__E -k:'.:_- '|'_i



= 21 AAYYSH A P

ANAEE( /s?) A 47+ & (m/s?)

A7k (s) - - . : N 5
X5 vE VA X5 vE VA

¥

:
%
:
E
<

F
#
i

2% - Tl - kT



_27_

Problem1 | Problem2 | Problem3 Problem4 Problem5 Problem6
Manometer Closedloop | 3DManometer | Vertical Pipe
-
10 m/s?
45°,6005s 10 m/s? & / 180°,2005s 30°,600s 9.8m/s?,100s
10°,600s
(@) g
Problem 1 Problem 2 Problem 3
Manometer
— 10 —— MARS calculation of et pipe
. --Lgm 10 —— MARS f right pipe
~~fitige 5 “ Analytic solution
a D 8 P e
Y Sl Lk N -
B 3 3 ©
> - > |z = 3216m 6.586m
3 & 5 = 4 ‘i":’ 4
. g g e g P, i )
% { £ U v —— MARS calculation of right pipe | | = 2 e SRR
3! RS et
! H ﬂ o i e R T il % 150 300 450 600
Timels) Time (s) Time (s)
Problem 4 Problem 5 Problem 6
Closed loop 3D Manometer Vertical Pipe
| —— MARS calculation of left pipe %0
L 10 | —— MARS calculation of front pipe 286 kPa
£ = —— MARS calculation of right pipe 300
E £ | = MARS calculation of behind pipe
] 'é" 08 = 250 \
£ 2 e & h.
E c B
% 8 § b % 150 "4
§ E & ™7 101 kPa —
3 i % T e o
= - —— Prassure under heavng{analybcal)
"o 150 300 450 800 2 P 60 )
Time (s) Time (s)
(b) a2 4=
19 2.2 MARS-KS motion model A%

_.I:J::.- E

-

H

S1T

-



o i i =
- —— Vertical pipe stationary . —— Vertical pipe stationary
L —— Horizontal pipe stationary ey —— Horizontal pipe stationary
_—— Horizontal to vertical | ——Horizontal to vertical |
15.04 -(‘Aﬂﬂm“mﬂﬂﬂ- 15.04 ]
s / Ao gnseconss
- /  Vertical / Vertical
o 15.02 /! 15.024 /(
& Horizontal b Horizontal
15.00 Jmommimimmmtim b omm 15.00 rrrroenm e
60 120 180 240 0 60 120 180 24
1.0 1.0 p == ——x T
—— Vertical pipe stationary —— Vertical pipe stationary
0.8- ——— Horizontal pipe slationary 08- | = Horizontal pipe stationary |
' —— Horizontal to vertical : —— Horizontal to vertical
06 Vertical 0.6 \ Vertical
8 v v ﬂ-r 0
O 04 04 v o~
> ) et e ) ;s e 2 -‘-\-‘-O-Df‘-'-,—\-‘ = ﬂ]
oz} Horizontal . Horizontal
0.0 ~ et " i 0.0 : : : : 3
40 80 120 160 200 240 0 40 80 120 160 200 24
Time (s) Time (s)
\ J N y,
Before modification After modification
) o] ==
% 23 BAF RO Bt e W 28 A
- ]
- 28 - -; .-"tu-] —_'r__r' Eﬂ



[ 10ppe ~-= Crossjunction

(@) =g

(" . - ( Y
| O pipe10d 0 pipeldd |
12 3 pipe200 1.2 0 piped0d M
. 309 % pipeddd
| = pipeagco = W pipedOn
T "™ —Mﬁwm“ E 0 —— Analytie solution
% oﬂ' npoocooOocooDOoO0OO0OD0DOoOOoOOoOOoOOQO J _ﬁ! 0.8+ i i i = i T
@ =
E o.s-a\?vvccvoooooeoooooco{ E o687
=]
é o] RPN ST Nr LRIl s ! S o4 oE
& 2 i R e
g 0.2 g o2
00 . . . ’ 00 , . -
10 20 30 ap 50 10 20 30 40 50
Time (s) Time (s)
< Inclination-X axis > < Inclination-X axis >
1.2 Tz
[ "o pipetoo | o pipetoo
O pipe200 < pipe200
— 1.0 A pipe3dn = 1.0 A pipe3o0
E U pipedon & T pipedon
% 0,84 COOONOODNAODODOONNNGEED LY HE Y % a8 N :__:ﬁ."?‘_m“m
3 3 AT e
c 06~ c 08
E £
g D4 | ARAALALADBASAARIAPIADINIDPN B AR I 8 od
o o}
0.2 & 02
= =
00 r r oo v T T
o 20 40 &0 80 100 1] 20 40 &0 ag 0o
Time (s) Time (s)
< Rolling motion > < Rolling motion >
S L o

Before modification

342
= [e)
A<

_29_

After modification

& wARE AE
52



[M] = [Mz][My][My]

cos®, —sind, 01[cosé, 0 sin€]r1 0 0
=|sinf, cosf, 0 0 1 0 0 cosf, -—sinf,
0 0 1[—sin@, 0 cosf,|l0 sinb, cosb,

18 2.5 Volume direction unit vector AAFz4

[ ¥ rolling motion

0.0 0.0 0.0

23 X ¥ z X ¥ z

555010000 (0.0  =-2.25 5.5 0.0 =G 5.0

777010000 [OSONS=20258N4C5 . 0.0  -2.25 4.0

777020000 0.0 =2.25 s P 0.0 -2.25 3.0
Volume number Center of the volume Top of the volume

713 2.6 Motion model YHAAZ ZA A A
; O =1
30 - prws E-a e Reigni



: = Top of the volume
Vol. dir. vectm

_ " Center of the volume

‘e
‘e
.

13 2.7 Volume direction unit vector %AJ A

Y

Vol.dir.
unit vector

S . S

13 2.8 Volume direction unit vector #5244

. < A E2-1

_

]
I

11



10000

£ Case 1 (Inclined by motion)
%/ Case 2 (Inclined by vertical angle)
—— Analytical solution
= 9000
x
f
|
| =
i & 80004
s Pressure 2 2
1 di 5}
! difference u
! E 7000 o
1 O
i =
|
|
P 6000 4
01m =
5000 T T ¥ T T T ¥ T . T s T T T

Time (s)

19 2.9 Volume direction unit vector 7 %2 3}

-3 - a .H _



—iafl pipe ——Left pipe
it 1 —Fugnre e

L Right pipe

4 8

[; [

4 4

] b+

Water Level (m)
Water Level (m)

d 20 40 80 B 100 o 20 40 &0 (1] 100
Time (s} Time ()
X,
Before modification After modification

(a) 1%]_% U]—:'_T_U] E1 7H = = X‘“ '3H’~9.€3l]—

N g
- + QOim oo 300 _F HesSUTe.
5 20 . 250
£ % 200 % 200
10m ditterenie E S g i
100 100
- 0 20 40 &0 80 100
Time (s) T-me :si
Before modification After modification
(b) Aol 7 g A 84423
Y 210 HAYLS nH Y YAMEE & FS
% g
z R
w=360°%s - ‘ s I
!
% i gm%‘&
& Time (n) ) \ Tirme (8}
Before modification After modification

o|N

a9 211 3 FAd A3 o2/ 4 A

- 33 - 2 A 2dstw



ReadComponentM

—

* Option80 - Motion data

ReadNewProblemM - Production on volume direction unit vector

Component data

Iterated calculation

InitComponent | ExtraProcedure + TimeStepControlM >
* Calculating motion information
* Acceleration for body force term -
* Determination of flow regime map of volumes

PR —

v !

HydroSolveM

* Calculation pressure drop
by using volume connection information

InterphaseDrag

WallHeatTransfer

[ updatelunctionProperty ]

* Determination of flow regime map of junctions
+ Calculating volume connection information
* Updating the junction information

a9 212 Ad AR JHCIES 97 JHA

i i A s s

_34_



( Before ) dP = —p- NetGrav- Length,
* NetGrav = (ay,ay,a,) - (Dirnx, Dirny, Dirnz)

| After j dP = —p - (ay - Length, + a, - Lengthy, + a, - Length;)

09 213 B8 %Y FF AR

o
@

Lewel {m)
o
=

water Lavel (m)
o
wa
=

[] 10 20 30 46 a0 ]

Timais)

Before modification After modification

o|N

Y 214 F% Y FFe AL A

- 35 - pras E-a e ke



v

( Length of volume )

(" MARS-KS nodalization )

g 215 71&

—
Distance btw

center to face

AZAH A

|
Distance btw

face to center

Junction

Vol. 1 Vol. 2

1 I
Distance between

two connected volumes

S T T—

* Divided by ratio of length of volumes

Vol. 1 \ Vol. 2

_36_



A 3 A MARS—KS motion model A& T

WEAES %3 MARS—KS motion model®] ASAFE 43
152 98 1D AXAE, wixtfs, 13
o

Za b
o OMULTID FEVE Fopz whre] A78 A5
=

el MARS—KS motion model® &
Beom et al.,, 2019) A] A&E3d /F AL L5kt 1x-¢
o]z g FAAHE FA A HAAHEEs 2 IHdEol 59

T 5g4oE ZAL&T o oY oy W o] ddEskA 74
WA 9] o] &l e} MARS—KS A d3E &

3 ey I y
B 37 _ "':l‘\-_i _'w.l.-_ '|I -



1. vtxv]E e &

whenlE] AEEAL $5 2A6A 59 e} Aito] golato]

MARS-KS alX4 7 2o Agairt, A% A48 nhwev]E ol

A9 20 ¢% 24 a9 3.1% 2rh vhevEHE 44 0.1 m9

1249 sho] =7l A" Fejoln], ¥olt 1.0 m, £ 0.5 mo|

o g7 AHe S99 05 mold, 4% §A49 2o 27] ¢
Q.

T+ 300 Kolt, ml-vlE FA|d = 4714

o

T 27S Bogon, £ o] wE mlwnEo £ W3}
& ol&d 9 vmatglth. A WAl % 212 vherEE F4AA
S 3 FHOE = xF 3 A5 (Rolling motion) o]t} ARl
S AEHAE el ARIEST FHE 3]xdzte] RAMEY, 314
7ke] &2 307 , 45° , 60° 9 37FA ZHow A sGlth 1
il 3dF7]= 600 xolth T3] 11 TR JF ISR
o A77} w9 HoE=R mixuE s FHO JEFT A
Hot gHE, vhenlE £99 o]&dl= 4 (3-1)°f uhet A4tk

o ohy= AA AEHY RS "ok, L vhenE e F Ao,
A

%) . Ry
- 38 - n‘i — _H



=
T

sfof

°©

[e)

=

g

17 (H.K. Beom et al.,

i

3

33

-

B-D¥% B-2)F EF
A

7% 3] A 2% (Yawing motion)

=

5 m/s? Z70o]t}. MARS—KS 3443
z71e

HA s

mpA e

bt

ﬂw_\m ®ORTON] W
S
" E R g
- = S o5
=3 N
RN P
W T o T
of B 4 gy W
W T
wox e W
w ® H T
o ot D

W Mo T
i AR
N R
= N %o mm_ g
T2

o
o 2o
o 0" U
. ﬂﬂ ‘W ‘% H@l
T o M 0N
ol ®
oo
o o7 xn
T om oo

. GO
s T < )
-~ © L m T
N (ap] o ~ N

(3-1)
(3-2)
(3—-3)

a9 3.29)

=

) .

a3t

14

S

a3tel olElE AFH R Nl

_39_

)

T
}\‘]
=

2mt
f

o

0

5
29

?

H=H, + L » tan(4sin

a,dx+a,dy~+a.dz

AH
vhiev] e A A 2]



ok 2ol WAl EAS 9% sho]xe] 9] wrbal ¥
& 2g solxe] £5, ANE oA E vkt ol e 1)
IR AE uleHHE Be 'E‘H/_\:]]éjﬂ— :j_gﬂv\j‘l__oﬂ}ﬂ 295} 75,%*6‘

Atk mRemE ] gl 3wl 9s] ARISHyE FElE e
U, BE JE oA i dRrr A olgslE & o5
aL vk s A de) o] 2alle] AR vluE gl exE st
Atk eab= olEdet AR A= olEdE U et
= WEEE Yepllor, o] A3% MARS—-KS motion model
AsAToNA AHEE e exbe] FdsiAl A Eakith x5 3
s AR exk= Bzt Fo] Hrl Hi= 150 29
450 Zo|A FAdgow, I 313 Zo] 30° AF FHfA
0.027%, 45° oA 0.037%, 60° <14 0.920%< Hdl <27}
Al

3.33 k. @A &) rHEE e W<l
TH7F SUtekelon, A AR} o]Ea7F 2 dAstar Stk o]
2399 AFA wudxy, E 3.13% o] 5 m/s? ZHoA
0.017%, 10 m/s* 2714 0.039%2 Hd) 2217} 2433},
A AR FALET AANEE S50 BAC H4d B9F
19 A 19 3.49 2
o 9% spolx 97t A FAE ke, xF Al 9
gt 9] Wg7E ARISHE FEE UEbRth v R s A A )
g} ol&8| 7t U AT Koy, 37t FFo] Hur} H=

1‘
A
<
Hy
ok
o%
Y
r>~
N
>N
1
krt
o
offl
=

~ 40 - !Jx_'i _'-.;.'2._1- |



150 %%} 450 ZolA X dyte} ol2alE HFH o= Hlwgt
Ay, % 3.1 2ol 0.078%2 Ho) 227} w3}

Ao 7 2% 3| deE 29 sdse 1
A% gpo]Z7t SAFQ 2F AT ZHAME FAIES R

%<l
e LB% vpo]Lo| 97} wopith RE Z4&EE oA

wek A¥, 3 313 o] 1207 /s xXelA 0.054%, 360° /s
Z23elA 0.038%2 Ao 2xp7h EA sk

eor b Ay wiewEl X AdE AddAT(H.
Beom et al, 2019) 3siAZdyel vluste] It 7jAATF7}
Motion model &E2]4 RHO] A vz JF& s
ATE Sl Y 2o AR 7] B4 AL E v
wsk A= % 3.28 #o JiAHE Z=E FE

AQEAe 4487 £ A4 wolw 90w, Motion

s

model®] 27] &¢4 S & fA5ta las &lssl

o
a
b
=
Anj
=2
o,
9
>
N
K=
o
[kl
)
oL,
!
2
il
%
1%

ol
ol
3%
=
&
o,
[&l
rlr



7] &% (Heaving motion) < ALstgct 7IE== 2 m/s?, 5
m/s®, 7 m/s*9] 37FA Foln, F7]= 600 Zoltt. o] &3l
2 (B-4HF F8l golze siabt e EEo o AE AAtet
At pe FAY WE, He F =5 Abo] FolAk, gv TEIME

Toly, o8} T= A F7] %9 AZ3} F7|olt},
.2
AP= P P =pe H- (g—l—a,z . Sln—ﬂT_t) (3—4)

FA TR L AFEAL] s d 49 A= 1" 3.63% 2
oh g zelA mAL sMER, A oS vEhd 27

2 m/s? Q1 ZHA 0.025%, 5 m/s® o= 0.040% 18]t
m/s* oA 0.069%2 Hu A7 HAyste], i QA FF
o]z ol ¢y Wyl &% e wel HAAEIA SEHASS

Attt 124 vhwmE e} 54 o]z A S thFd &
& 7oA aiMeda, olEslet ARl s F 1D HE

dE]A Motion modele] #&sHA F@HNEE ATkt

— 49 - Al '_| 1_]| -_.;J!_ T]-



2 7=

7 671 2 87 3}

2 AE A

87H 57 o]

1.

ko)
]

3

)
=

70 A 2}

ok 670

°©

Ry

7}

=
T

‘golm, 474¢] o]

[¢]

T

.

]_

o] 47 ol

A
N =AE

=
) .

gk, 7]

TC

i

’

o

;|

PR

[e;

=
NJo

T

23!

B

FXS

=0
&+

"o

et A4 vus &

9|

=
L

A= o]

o

S

3

7 600
}\é 5

bl o,
:F_

S

=
=

= 99

o] Ay
(PIPE 100)

3

)

7del 0.5 m, o7} 0.2 mo]
o]

1.2 mol™, 470¢} 670, 18]aL 870 w}o)

o] 374 NEEAR 7 = o

_43_

g 100¥

S

) .

o]L
}-

=
3L

9

v

ol

71947 300 K& & xzlolH, 1749
E:j_’ )

&AM
FA et

=



P=P,+p g« [(y,—y,)sind+ (2, — 2, )cosb] (3-5)

471 stol = JIFEA ] MARS—KS motion model 3144 3}+=
% 3.8% #rh oA EAL 100W do]lZE FAd8Ek= 6
N 55 oF iddaoln, AL o2& verdn. o]zl g
OYE 3L Ee aabE M dd agzeAN wdsith |
A, A BAE 2o M BARe] wheb oy wshrr A dskA W
s ZlS Fdelon, olZalete] eak= Hol 0.0004% %=
w9 Attt th, 47) ol A E-so A AFRLE olEE
oA Seklvh AlRbel wE b W3t Aol Bed dis B
dom, xR 90° Moz <ls 1000 do]Zy} o7



A 3= 150 %, 450 Fo|A FE &
glg 4 vk 3 dZe] HFo]l Hurb HE 150 =8} 450 %
Aol A el s Adds ol2E FFA

= HY 2x10 °% FF0 7 YT

2. 67§ dolz 9] T

670 stolz JWEEAl el A AFe} o]EE Hwd A
2 39¢% zZow, £% 7L 47 Folx NIEA} HAdsir)
A AALeE B HE oA o WskE FER1d A, o] &
detel eake 247 0.0004%9F 0.0137%°1tk. 47 dfo]Z 7

AR Pl sd wrgo] o A7) wiite] o wss 3
Uebgtow, Al Al sl d e ds APAdS Bl

3. 87K vo]Z9 &=

87 ol MIEA S B¢ SMART Z719HA7] 9 wjx7F 2
e =40l gt FFAAGATAKAERD A A et

SMART €Atz H-¢ F7|WA77F 812 FAH Uth
Motion models E3] AA =25 4 4+ = 7|45 54
= glstazt 87 o]l = JdEAE AT

A= O¥ 3,103 Zon, &% =12 47 dol= Jid



wAlsE Ewdatth AA AP THelA olEEete Ak
0.0005%, 3)d5 1A= 0.0004%° ext& 7Hdt. 3]
sl wE dolx el by ®WE e 47] dpolZ e 671 o)
x M ARe Fdst, FA4e sd WAool 670 Tolx JidE
Axct of A7 wiel 7Hg 2 obE WHIE R oA
AgAor AddE 37HA 4 FolZ JiEEAlE T wAHTE

El

ol HEAow oFAee AT oM, A4 A2 A4

71 913 7ol vhAE IS S FaAsen,

ol

- 46 - A & ] 1Y



A 3 3 MULTID AXWUE A=

1D HAEXWHEe] ojof MULTID HEZWUES tfst Motion model
HAEE A3tk MARS-KS9 MULTID HEWVEE AA4HE
A 7N 27bH] JEAo] Qv whEbA

1. 349 &Yn &%

MULTID AXYVE AFS 93 339 &8 s A<
< 19 3.113 2o &4
ALY FEol SelBrolt) x, v, z5 W3k Zdol= 7+ 0.2 m,

10 m 1.0 mol™, ¥% 715 2 Q= w4 243 o] duky

1-1:1

- 47 - -"'\-\._E -'%;:-1._:5 { ]



oM, F71=

o] 37HA

, 907

60°

o] 37kA x#3} 600

, 607, 90°

30°

A 5 X

s

Al

shtt.

)ﬁ]:

g %4

(3-5)

Al
al

NE

]_

A A

m/s?, 15 m/s?, 20 m/s?e] 37}4]

)

4

(3-6)3 #o] FH 7}

Al
ol

R

3 600 =9 F71E5 7HAH,

o 2

2 B A gl A

(3—-6)

600 =

S
) .

7HAH, 7HE

s

m/s?, 5 m/s?, 183 10 m/s%¢l

)

A AHg3

=
o

_48_



|5 2o upA e o

A
&

o] ALt

9

o, Mk o) E

ofpy

—

9|

=

beaeh. ol

A&

3)

3)

60° /s, 360" /s 27FA Z4&EE el

i

)

(3—6)

P (aydy—i—azdz)

P=P+P,

(3=7)

A 1% 3.12—(a) &

59

of
v

x
o

=
=

3)

3 ol ANAHT} ol

X
=

o}

ol

Helv

&=

7} e

wolZth, A A el of

S o
o=

]

o

al

2 oA =st

)
"

W

L

X
8

o
M

ZEA A A whebA

S
=

9w

o]

_49_



o] AFA] vus S8 A7 xFo] Hujrt

0 450 % AeA L] eatE glstglon, Hu <
A= ZF 30° oA 0.003%, HE 60° oA 0.003%, ZFH
90° oAl 6x10 "% FFo & e

T oA 5 21A vH
et 29 3.12-(b) 9 Zo] xF A FIE e o W3l
Aol yvehdth sidAdyEs oj&dlel wmwst Ay, Motion
modelo] AE3HA FAHUSES AUt A= sUsH
150 = 9 450 %= A[AolA &lstgion = 30° , 60°
90° °lA EF 0.001%°]t}.

A AR 274 vH B AAVEE 59 dAdns 19
3.12—(c) ¢+ &t 7M&5=7}
WA 2719 BE I Y a2 A BAEE e g3l 4 9l
ok 5 m/s”e] 7H&EE A A= —-0.003%, 15 m/s® &
AoME= -0.002%, 20 m/s? 7oA E= -0.001% 2 YEFRTH

Ul WA Baes 2HoME 13 3.12-(d) ¢+ o] ol =& e}
AA = A AdaE Feladrl 150 2 9 450 % Aol 9
006%°]2tF. Motion modelo] & A7}

=
Sl el ofgk el IFS Tl S < S

4

tote
2
Mo
ot
K-
X
s
tote
2
Ll
o
e
o,
o)
2

jglO

- 50 - A 2T} oF



3.12—(e) 9} #Zo] FAAHRTL ARIES FEH S AFs Holn, %
Fo]l Ae| upet kg Aol FrbsGith Hul st ke o2&
150 = % 450 2 AMFNA ol&Es e} A AE nlwslon,
2 m/s* Z74 0.004%, 5 m/s* 714 0.003%, 10 m/s”
Z7004 0.003%2 Hol a5 g8kl

S el ool 24 zHeA e s A= I¥ 3.143% 2

or, I§ 3.156¢ w4 A Vs S5 vEhd Sl
o aEa % 20 eAxE E 340 BAETh @ 2313
PRIZIAE S s 234 o] Eslgk dAsk sid e o
Aetgleh. shARk ol Zaeke) eabs W 23 Hd ok F7F
s A Holow, ols 24 xHelA Aatel EebdAe] ul

450 2 AAA olZdls} A dE s = WF 30°
N -0.202%°1H, 60° A -1.089%, 90° ol -0.410% %
O Z ERR

T ORA yEF FAE A a9 3.14- () gk 2o
F7EA 2 150 %29 450 2 A -9 o5 133,
o4 0.099%, 60° °lA -0.672%, 90° °lA 14.463%
2 UEbRtth 87 7he] 1Fo] 90° Q1 e Addid e
Qxp7b wAETh ol 24 ZANA Aate] B g ol

Ol F % AT, TR 90° I HF AN E o] &3

Mo
AN,
o o

r>~l

riu

i
o
e



7F 0ell 7h7k) A el mek A exts Ba ex&o] W A A
ARl gl1o] xJulj A o)t

A yE BE AA7EE %59 ddddE ad
3.14— ()¢ #om, 7t&% 5 m/s?elA 0.319%, 7F5% 15
m/s?e14 0.353%, 7+ % 20 m/s?olA -1.714%2] 227} iAy
aFaict.

vl AA E3es 249 siddds a9 3.14-(d) ek 2ow,

R e oA A eE 231 B 23 AEEAY 2 25
AHLEe HEselen, 7
7 gE2A vebdd, 3 A4St

=
ol
k)
Yo
offl
o
N
N
)
X
q,
o
e
(o
o
o,
o
il
¢ o
rot
ol
X
iy,
B=)
1o
2
off o
£

339 Lefmel olo] ABHEA sne 349 PN AEE

A= fAstFTE. 9EFHTA 7|8 MULTID AXZXUES] &

1%
flo

. =7] Motion model> A Ztz} A 7]
Hto g siE o, M (H.K. Beom et al.,, 2019) oA +=

AzpaaEA 7)Y 1D AXVES dider 1=E At

_52_

73



174 2]
EE:

RN

ke

-

o A

F3 45w A 71§ke] MULTID

A4 7]wke] MULTID
oj5t}. vyl 7l ¥ Motion model®] MULTID

-

ko)
gl

ol oF

A 714ke] MULTID
A3k

YA
ar
5L

HC)]Jg] Al O

ko)
pal
[e)
=

| A5

L=

L.

5171

°©

Motion model
A
X

3l

S

T
ol

ol

st Rt F471

(e]
T

.
o)

oy
Njo

T

ol

;OO

R

—~
file}

o7
o
oy
T
Jo

X
o

HEIAE

Motion model®] MULTID

0

A el

3l 4 5Ll o]

)

1.0 mo]t}.

2 1078 EFoz FA

L

o]

=

o 3.16% 2t

0.05m,
23 3.163 Zo]

o

-

=

T

o

=

)

S

1007K o] t}. E=dt,

Ao A

1.0 molH, F7

S

[€)

=

=0
=
-

=l
A=

=
T

‘_}\1

2

37

w73 whA|
eic

=52 7N
Kot

isal

o

N
5

™
alll

=0

_53_

o] 37FA] x3eln, 7] 600 Foltt,

, 907

© 60°



32k Ady EEAe A= 11 3173 2 g x
oAl FAL SAAy, AME o]lEdE YERAT xF 3| HdSF
! A= AFe mE tE AsS B

X
Y,
i)
=2
2
uls
dlo
1o
%
o2
o
i
w
O
tot,
2
ofs
ol
X
it}

r
o
a1
(@)
E
2
1

o|Zalete] FFAQ s fla A7 XFo] FHujjof| o]=
= 150 = 9 450 %= AFeA 2xE G5t Hof A=
A2 30° oA 38.030%, & 60° oA 6.354%, HF% 90° o
A 0.756% F=o=2 YetRth 45xEA 76k 3k ARy
i Adyte] A kA A AR EA 7Nk 3akd Sd B 8
AAdRnRT dgdor @G AgnE Holw, 53] A7 X
Zo] 30° QI A= F 40%2 & 2xb7F HAsSlh o)y
sk AlY] Al o #rh WA, Motion modele] €&3 3%
A 71Nkl MULTID AEUEZA gu ] kgkry] wjioltt,
Motion model& &3l ¥&3x%A 7|¥+e] MULTID HYXWVEE
afAlshr] Qs A TSt wiel o] REH HE WA 9

A Gs dEqACd o3 Ao debaof ot &g, 24

. 2] 2o



f

e

S

Z 7 o A

= o

171 0ol 717+ A o

<)

14172 2}

B4 ¥ Motion model©]

5

]

=
L

=

Ao

}

-

H
&

-

oA o]
%]

’

T

u
-

bt

o] VEhtr] o).
o,

°©

3

A

_‘i

8

}

(e}
il

S

J

A
pul

N4 7
EEDIEE T

A
ax

5

ol &

a9l

&

A

X

X

B

9

_]

A
ax

e 4

=
R

hy2
[

a

HEZHA
&

hva
-

3. MULTID

MULTID #A

ol

o

o
f

B

3

=

1424 7}s} ol

S

bt

°©

VAR IR |

el Aol oH7] wEolt

)

=

MULTID

1 ol

)
L

s
) .

2 93
o]e]

=

o

ol

Motion

15

o)
s

of i

E

Ll

v
e

g

=

3.11—(b) 9} 7o)

A
o]t}
ol MULTID
@—o

&

S

1
171§
4

kel

E=

[
=

°©

[e)

H7] 9

°©

|

gl

=

S 2= Motion model
%=

fMrd=z 1

5

)
,Aluﬂ

M

_55_



d £YPBE AAsR oW, MULTID AXUE HF3 U5

oF o HFO ¢tg A2 ATt Motion model?

T_u

g3l 600 = ¥ 6 = F719] sAATE vlwste], T FF
de AT 600 2 F7]AM e A A= I 3.18—(a)
s} Zom, T zea xS AN, HHe o]23E e
thoole EE diMAY JgzelA sdstA A 8¥rh v, o]

2ot oA FEASERS nestel AN golv, FUsE

g A4ANE gFAow Wad AFe FAdA Iy e
18—M) g} 2o, F&

1 FEIEESL BERow 4
g, A AT} ol a7t B Aol S wolAwk, 607 o i

A A2 AFH M I ARV A4 e

oo N
~
i

O
2
X
o
1
o
>
i
N
©
o W

WAz 180° A9 xF FALEd sl 600 = 2 10
19 a4 AnE skt A W

2
o,
1%
i,
i
o
R
=1
ol
i)
2

iy pe
rN =N all d
N

= #7049 AMARE 18 319-@eh 2ow, 1 Tz
el FH &R G W ek 10 2 F7lelA 9 4
chopet

- 56 - X 2-h



3]

=

-

360° /sQ 27HA ZtEx o7 x

WA 5 /s

29 3.20- ()% 2T
o ol WAoo e

)
=

Ao R 57 /s

bt

S|

olo

Fo w3 =

o
)
S

"

ol

o}
isal

gl
v

=0

e

g, o]+ -»

=
-

=1
=

o B
) A o
AR B,

Oo]:

[e)

=

o el geld FHe
A orel gk

FYtsERT FHYo

=

% 3.20—(b) & ok
=}

L=
L

j141 2 5}

S

= 5° /s A3}

=

o}

Z7 04 9
A=

=
9

)

P
110

t oA <

% Motion model®] Tt

Al mAREL Qg

T

0
.
fite)

o)
o

oju

_57_



F 3.1 vhwrlE AdEA ] 84 dst
x& AT
30° 45° 60°
0.027% 0.037% 0.920%
_?.1— 7(1}\{7]_5\_5:_ o%
5 m/s® 10 m/s? .
0.017% 0.039% -
xZ JAEE + yF JAMEE 25
30° +5 m/s? _ ~
0.078% — -
2% AL F
120° /s 360° /s _
0.054% 0.038% -

® 32 AadTete) npwrE o447 v

TR AYAT a7
+& 24 x5 3|AEE (45" )

o=} 0.22% 0.037%

TR AgaT = 97
3 24 yE JA7MEE €% (10 m/s?)

ot 0.6% 0.039%

_58_



¥ 3.3 3a3d €Y B =4) MEEA 4
0% 27 x% AT
30° 60° 90°
Qaf 0.003% 0.003% 6<10 °%
ox 27 vE A%
30° 60° 90°
2=} 0.001% 0.001% 0.001%
2% 27 vE FJATIEE &5
5 m/s? 15 m/s? 20 m/s?
=t —-0.003% —-0.002% —-0.001%
o% 27 0 X= ﬁz’ﬂ%% + szT AX7MEE —ﬁ’:%_
30° +5 m/s
Qaf 0.0006% — -
+5 =4 2% A F7] +F
3|47z 2 m/s? 5 m/s? 10 m/s?
= 0.004% 0.003% 0.003%
¥ 34 32 €HEBQE 231 NE A slEd
9% 24 x% 3ALEF
= = 30° 60° 90°
2=} —-0.202% —-1.089% —-0.410%
_9_%_ =z 7 vE ﬂﬁ%%‘
= = 30° 60° 90°
2=k 0.099% -0.672% 14.463%
= ANNEE 9%
_?_E _]z_ﬁ Y‘Z'T z‘—l hE ] 1l o
= ° 5 m/s? 15 m/s? 20 m/s?
2=} 0.319% 0.353% -1.714%
°x 24 x5 AeE + yF AANNEE 5
T T | 30° +5 m/s? — —
2= -1.690% - -

_59_



0.Im -3l le-

(o]

e W

0.5m

[P

0.5m

Rolling

Linear Acceleration
(y direction)

Rolling+

Linear Acceleration

13 31 v g 1 9

_60_

5

Yawing

=)



Rolling
30°

Rolling
45°
(o]

XS

Rolling
60°
o

XA

(@)

(b)

O LeftPipe
O Right Pipe
Analytical Solution
0.8+
E
°
>
o
-
p
8
k]
=
0.2
0.0 T T T T T
0 100 200 300 400 500 600
Time (s)
= s IF 30°)
10

Water Level (m)

O LeftPipe
O Right Pipe
—— Analytical Solution

00 T T T T T
0 100 200 300 400 500 600
Time (s)
= 35 e (= °)
10
O Left Pipe
O Right Pipe
—— Analytical Solution
0.8 o
E o6
°
>
[
i
T 04
=
=
0.2 4
0.0

T T T
300 400 500

Time (s)

T T
100 200 600




Water Level (m)

@ y=

m

a,=10m/s?

Water Level

—

(b) y=
94 3.3

—a— Left Pipe
—&— Right Pipe
—— Analytical Solution
0.8+
0.6
044}
0.24
0.0 F ;
0 50 100 150

Time (s)

AANEE &% (=5 m/s)

—s— Left Pipe

—&— Right Pipe

—— Analytical Solution
08

06+

©
Y
!

=
o

o
o
3

100 150
Time (s)

AR T &% (3,210 m/s)
herE yS AAVMERE F

CEEE

_62_



—5— Left Pipe
—&—Right Pipe
—— Analytical Solution
0.8+
E o6
2
]
4
5 04
k]
=
0.2
00 T T T T T
0 100 200 300 400 500 600
Time (s)

:111:”:: 34 u]’}j‘_ﬂ] E1 —E'-@-%% '3H}—‘17é-ﬂ]-

1.0
—E-Left Pipe
—&—Right Pipe
{ —— Analytical Solution
pE 08
i
©0=120°/s _
E 06
2
o
3
5 044
=
B
02
i
0.0 T T T T
0 20 40 60 80 100

Time (s)

(@ z= AT (0=120° /s)

10
—5— Left Pipe
—&—Right Pipe
X —— Analytical Solution
A 0.8
i
w=360°/s . v
E 06+
°
2
o
4
§ 04
©
=l
02"
i
0.0 T T T T
0 20 40 60 80 100
Time (s)

- 63 - s | kel



A4+ 01Im

Heaving

| ! Pressure
10m! a-sin(2at/T)

difference

Water Head (Pa)

o}

16000

O Amplitude a=2m/s’

14000 4 O Amplitude a=5m/s”

A Amplitude a=7m/s”

—— Analytical Solution
12000
10000
8000
6000
4000 +
2000

o T T T T T
0 100 200 300 400 500 600

Time (s)

JEE R REE

ITU



PlPE 100 <----# Cross Junction

PIPE 400 v

PIPE 200 PIPE 300
@
Z

PIPE 400

7['_’\, pipE 200 | F7E 1%

X PIPE 300
(a) 47) ol = 342
PIPE 200

PlpE 100 wow Cross Junction

4

PIPE 600

z e

| ; ! -
z j
7[;. 44 PIPE 300 elocid |t
y PIPE 400

PIPE 500




114000

6 ! 112000 -
. - i ]
M PIPE 300 110000
PIPE 400 — 4
[u]
L 108000
pe)
(o] 3
Q
T 106000 4
i
L
& ]
O PIPE 100-01
s ;= iy O PIPE 100-02
PIPE 200 N _l_ 4 A PIPE 100-03
8 ! W PIPE 100-04
! L @ PIPE 100-05
' 1 A PIPE 100-06
100000 . - : Analytical ?o]uncn

° 2 40 60 80
Inclination (deg)

(@ 47H _T,q-O]_T_L_ 7(6]7(] 7ﬂ0/\‘|_ 3“’*1@31]’

115000
O PIPE 100-01
P EE 1 2 PIPE 100-02
PIPE 100-03
PIPE 100 112500 W PIPE 100-04
7 @® PIPE 100-05
time=150s 1 A PIPE 100-08
Analytical Solution [
_ 110000 4 nalytical Solution |7
©
a 1
o
a 107500
I
e 1
2
; éﬂ 105000
time=300s B
102500
100000 ; . ; . .
0 100 200 300 400 500 600
time=450s Time (S)

(b) 47 Tol= FHLE AT

- 66 - _ ;\ﬂ_l



114000

0 ! 112000

PIPE 300 110000
PIPE 400

©
£ 108000
o
@
@
T 108000
=
= O PIPE 100-01
PIPE 100 1040004 2 PIPE 100-02
N -l~ PIPE 100-03
e 8 ! B PIPE 100-04
e ® PIPE 100-05
' A PIPE 100-06
100000 , : : Analytical ?oiutlon
9 20 40 60 80

Inclination (deg)

(@ 67 o)z A= AA} A2

115000
DI]]] O PIPE 100-01
_______ e 2 PIPE 100-02
PIPE 100-03
PIPE 100 DI:[D 112500 4 N PIPE 100-04
® PIPE 100-05
time=150s A PIPE 100-06

110000 —— Analytical Solution [

[T

Water Head (Pa)

time=300s

100000 : : - = =
0 100 200 300 400 500 600

time=450s Time (s)

() 67] TFol= FHLE AT
2% 3.9 67) o]z AEEA A AT}

67 - 2 A2tk



118000

i 116000 |
8 i
. / PIPE 400 114000
N
Mg PIPE 500
112000
© ]
a
= 110000 4
o©
G 4
Q
T 108000 -
=
2
z ‘;" 106000 O PIPE 100-01
O PIPE 100-02
Hpeod b -i—w 1040004 A PIPE 100-03
A W PIPE 100-04
e 102000 + @ PIPE 100-05
E A PIPE 100-06
100000 ; ; : Analytical ?olutmn
g 20 40 60 80

Inclination (deg)

(@) 87 o)z A= AA} A2

117500
O PIPE 100-01
_______ e N 2 PIPE 100-02
115000 PIPE 100-03
: PIPE 100-05
time=150s PIPE 100-06
i 112500 —— Analytical Solution
\ T
! 2 110000 4
- 3
® [0}
i T 107500 4
1 @
! ®
: = 105000

time=300s

e
0 100 200 300 400 500 600

time=450s Tirna (S)

(b) 87 Fol= FHLE M A7

68 - 2 A2tk



Center of rotation

02m [T
R
1.0m
lz i
X b ' i
e 1T:m m=====us A
(a) &%
Center of rotation
0_2m‘k"7 yA A a4 7

_69_

o
|
|
|
|
|
i
|

Pressure

difference

{

1%
o

i)

o
|
|
|
!
|
|
|

Pressure

difference

R e Re1T



16000

12000 +

Center of rotation

8000 -

o
T
£ 40004
b
3
E
Rolling o &1
©
= 4000

O Amplitude 30°
o004 © Amplitude 60°

A Amplitude 90°
—— Analytical Solution

-12000

T T T T T
0 100 200 300 400 500 600
Time (s)

12000

O Amplitude 30°
O Amplitude 60°
10000 o A Amplitude 90°
—— Analytical Soluhon

Center of rotation

8000 -
.
©
£ 6000
-
g
@
T 4000
2
. . o
Pitching 2 004

0

-2000

T T T T T
0 100 200 300 400 500 600
Time (s)

D) y= IHF

30000
25000 -
Center of rotation
L
& 20000
o
— 3
X
Linear 1 o
Acceleration =
10000 | —5—a=5mis”
—o—a=15mis’
—£—a=20mis’
Analutical Solution
5000 T : - 8
o 20 40 60 80 100

Time (s)

- 70 - = A 2t &}



Center of rotation

.

©
— g
) -
a,=5m/s? 3
T
8
v (;B

Rolling 30° 4

6000 -

O Pressure Difference
—— Analytical Solution
4000 T T T T T
o 100 200 300 400 500 800

Time (s)

20000

16000 -
Center of rotation
L]
& 120004
=
o
3
Heaving T 8000
g
o
= 4000

O Acceleration 2 m/s”

O Acceleration 5 m/s”

0] & Acceleration 10 mis®
—— Analytical Solution

T T T T T
0 100 200 300 400 500 600

(e) z= AHX F7] &
]

a9 312 3xd =

_71_




_72_




d 5d=F

F71 =% U}
o &Y BE(H
_ 73 _

t = 450s

1.1e+05

5 m/s?)

JEEE:
..' -.-' :l"'J 1 _C}'_
Fer) A =5
J'\.\_'_"_j'- | _.--



Center of 1otation

Rolling

Center of rotation

Pitching x|

Center of rotation

—

Linear
Acceleration

16000

12000 4
8000
T
£ 4000
°
8
[0}
T 0
&
I3
= 4000
O Amplitude 30°
ooo] O Amplitude 60°
A Amplitude 90°
Analytical Solution
-12000 T T T T T
0 100 200 300 400 500 600
Time (s)
= 3BlAO =
(a) X ] 1T o

12000

10000 -

8000

6000

Water Head (Pa)

O Amplitude 30¢
O Amplitude 60°
A Amplitude 90°
Analytical Solution

T T T T T
100 200 300 400 500 600
Time (s)

(b) y= IJd&s

30000
—E-a=5m/s’
—6—a=15m/s’
—A—a=20m/s?
25000 o
5000 Analutical Solution
&£ 20000
o
@
Q
b
g 150004
©
=
10000
L 555
5000 T T T T
5 20 40 60 80 100

Time (s)

- 74 - )




Center of rotation
D

_—
ay=5m/s2

s
Rolling 30°

Yawing

1% 314 3A3d e B2

16000

O Pressure Difference
Analytical Solution
14000 +
__ 120004
©
o
°
§ 10000
o
£
T 58000 -
=
6000 -
4000 T T T T T
0 100 200 300 400 500 600
Time (s)
2ges
(d) = T O
6000
~ o <D =
2000
©
2
o —E-0=60°
g -20004 —6—0=360°
T —— Analytical Solution
ko
o
s
-6000 |
Lo——O—n—g A O o
L\¢ I v
-10000 T T
5 10 15
Time (s)
= 3 o =
(e) z5 3 E5
=z ) ;H A1 A 3!/]_
z7) 842

_75_

ITU



- 76

=
&
Voidg

a2z
I -
0.00+00



y = 0.4845+ 0.0465x°

e 2% IHLF

2% 315 339 sHued =

- 77 -

S
H

Voidg

2-0) 8 5



@

*
1
1
1
1

Pressure
qiﬁerence

10 m

|
11

Center of rotation

a9 3.16 33y AAY A rd

16000
12000 4
— 80004
(0]
— >y &
| 3 ™
3
e £
| S
2 .
cgu -4000 O Amplitude 30°
R O  Amplitude 60°
-80004 &  Amplitude 90°
Rolling —— Analytical Solution
-12000 - T - T : ; - T : . .
0 100 200 300 400 500 600
Time (s)

a9 3.17 3z Ady fEEA s E

- 78 - = A 21} 8@

TU



Center of rotation

Rolling
N~

VWater Head (Pa)

Center of rotation

O 80°, 600
Anahytica

=

Rolling
e A

Water Head (Pa)

o B0, 8s
Analytical solution (G ravity)

©

Time (s)

(b x5 IJAEF XAF 60°, F7] 6 =)
o

74 3.18 MULTID 345

_79_

9 gl O

m
=]

o
e
m
=



Center of rotation

O 180%800s
Anzhytical solution (Graving

Rolling
oA

Water Head (Pa)

-12000 | T T T T
] 100 200 300 400 500 806
Time (8}
(@ x= & XF 180° , 7] 600 %)
a0a0
& 1807 10s
12000 SRS, - 4 N —.ﬂ.ragyllcaisolutior {Graviny

Center of rotation

Rolling
e A4

Water Head (Pa)

(b)

-12000 . . ; . T T
1] 10 20 30 40 50 [:34]}
Time (s)

= JAEEs (IF 180°, 71 1
o

0
a9 3.19 MULTID aiXs¥ &<l @

=

- 80 - 21



A_nalvtica | 50 lution (_G ra\.fity}_

Analytical solution (Gravity)

Time (s}
—o—8s

5° [s)

2000 -

Time (s)
5 (w=360° /s)
3 4

— 81 —

5000

T
(=]
=]
=]
-

T
@
(=]
(=
T

(ed) peaH Jaieam,

ap

(ed) peay 1ejean

S000 4
o
@ x= IAEF (w

2]

a9 3.20 MULTID



A 4 A MARS—KS motion model €A+

il

!

I

s

ot}

S

[€)

E

[e)

=

T

L

5}7]

[<]

of wet A

=
=

oMo AdALERES A A (.S, Hwang
]

et al.,, 2013)°] W= Afa oz Aot AFH(dry—out) =4
Y EAS AU E BA}

o] 7

A% (Departure from Nucleate Boiling:

7
3z
=
lez]
=

]

S
p

o}
H,

3, wabs] MARS—KS motion model

al

o

A MARS—KS X9

]

AALLE

MARS—KS motion model
-

Atk AL E %
LR o w
okertt.

7IHFo 7

[e)

=

~

B

i+

oy
Ho

)AO

F v oA Motion modelS E3f 2

ks
T

o]

A

ol

=T

o 2=

& MARS—-KS9

ot

-

_82_



A2 2FHEAA e F Qe £E BS99

EAo 9dgS vlx YA LDFS5 (Critical Heat Flux, CHF) ¥ %

Qo) o3 WA ¢ glom A H O o] E wi7kA] 7 E o
AR Al Ak MF FREE s olE
ok2] Aol (Flow pattern transition), 2831l B]S5<7]7} Ao}, =

A dH= 7tE Ad Y 24 solM dERE 5 glem, Al

(Flow excursion), %

Ao =72 o4y W So] WA dlo] "o AR FREE
Y3}l 2% (Density wave oscillation: DWO) T & 7ksF 2

& (Pressure drop oscillation) ©] {t}.

Colombo+= "= A= 74|91 3] (NRC) 2] d+3 afAlz=<l
RELAPSE ol&3to] 270 Ade 24fEolA yelvs diev
215 (DWO) ol disl a4 gk vk Aok (M. Colombo et al, 2012).

s rde 738 413 7t} Time—dependent Junction 73X

:l'l ! _I;
- 83 - -"*u_i - |.'1.|i L



EEES

9

a9 4.2—-(a) 9} o] RELAPS

=
-

H, °]

Ishii7} A

T3k Colombot+=

AT,

(Dimensionless stability map)

PN
T

S
=

|

7t Aol A vEhd

T
L

th(M. Ishii, 1971). Ishii

o

ol
Nl
=
)

zel

= Al
= -

s Qg WA

N, (Phase change

a5

(4= #Zo]

N,,,(Subcooling

R e8]

(4-2)°]

Al
a

number) &}

KN
=

number)

%
iy

ol

o
o

(4-1)

Yig
Vy

Yig
Ve

I« hg,

]\/;wh

(4-2)

hfy

Mub =

_84_



QF4 &9 (Stable region)olH, &%
region) ©|th. RELAPSE &3l &<lst 27] AL g W2 1
g 4.2—(b) g} #Zt}. Colombox= 271 Y e w@d i<z

Bypass 7oA 9 {5 =4S siddsdAT, & AlA

°of A7 9 Zo] 21& FTUsA dYsAdnh g 7+ 107
o BFor FAHY Utk s fFAY AAxHAE RELAPS 3
A FAsIh B9 27] h¥e 7.0 MPaolH, tHA W&
golatr] 93 7] &% W9E 42445 KM E3E 135 K)F
Bl 555.45 K(WZ3% 4 K)7}A o]t}

WA MARS-KSE E3 2/ A9 JeEl:E 3 ASS
A w gkt S AN s 1Y 4.4-(a) 9 2ow, RELAPS #1444

Hel ol Ad b FEY wxk o] LAY deor

il

-8 - A 2-t)) @



A
44

(e}

0

Colombo <19 &

3 271 A<
% 4.4—- (D)9 Zrh RELAPS

-

-

O

E

=

=

wjo]m, o]

]©}. MARS—KS

-

) .

1

k)
S

S
=

T

ko]
2%

— ol
- =

OLo

e
SEEE)

kX
=
F A}E

o)
pal

2] 100%°]

o

|

gl

=

A A&

Bl

S

Q]
=
)

S I FQayor T TR OR G
> = B % I NG 3
X oY — N o T 5 o ® T
= ‘W,A T —~ T I\ = R T o
U_ﬁ LN )AO ~ EO O_I ZT ﬂ LS ZO .._OJI ﬂ/lL E._O m
W R Foof B R o 3 g N
s P < © oo
‘\|1_ OL J_é._ =0 _.i <t Nluﬂ JﬁNO HT.E — ﬂw_l o
X = o 9 DS o o ° L=
T = w o o X% 9 o & o B O
R oy o O %o o =
5& T o g = oy %Tﬂ i 1w oK
R )
%%Mﬂm - G i
Moo ) TN g
ko ¥ X =z mﬂ of T °F z W m T = w
TOX m\nu N _ o ™% o M N ° 5 X°
T OOF < Pk RO N T o o R ur
mx 2 ., B g 2T e 9oy g
ww T W Lﬂm o B BEFE Vo WD
X Boo5d o Lo %o : — 7o
TLTIleeiIrINE LT
o T T o ofF XX o oy oF ki
> 0 o 2 %o W o — o X
N AR - S -
R = o o IH o) o) Yo oln 5
mz %%%o@gm%ﬂﬂ ook &
o x _ X = o X L= 2
m%%ﬁﬂ%mqﬂmﬁﬁEﬂmbﬂtﬂ@mw
ze) ;O ! . W 0 )
g T LT ko TTodH e m E Y 7
3 Ao X _ o ) T T ) ) T
e XN W Tz % o F % = Lmﬂ o H M T
< WH ;u o M o w leo o= T zﬂ mtm m,_ Jlo
325 T mo s N o Ty
r T Jo "R ™M N B T " Y R M ®

_86_



ol A

dAHC =,

=
7

=

-
| .

AL 4

]

(o)
=

oA R

A 2 A Motion modelS &3

_—
fi%e)

1™ &5 el wat ¢

3

)

A¥(J.S. Hwang et al., 2013)E 42

9=

k)

o] 1?_:}1\

A=
==

oF

T

Fod, A2

1o

N

ol

il

of, ¥ A+

LN

I

dxol A @71 o

AT
194 ges 3

Z]
2y

O

E

o

[e)

=

Motion model®] &

Motion models &3t AL {59
Motion model

2o MARS-KS ]

-

-

i
e
ol

Eal

=

o
5

183

o)
=

—_
fife)

3

_87_



=
=

B!
tol

a9 4.6—(b) <}

°©

7}
-
3

ko)
RS

‘:]j_

oluf, FA
alx
=

Zo]

[e)
IT

A oA 7]

|

O
=

o] vpehdry. §74)¢)
3 2},

A}
Al

]

[e)

=

&
i

]

r}

7 0.2369 kg/s, 0.88

-

T

4
=

]

=

MW/w % FDetek. GA e ol A

o]
=

j141 2 7

S

stod 3 F (Annular flow) 7} 84 =

FH dry—out

H O
&

°©

d
1]

1‘ﬂ_:]_-/\
o A <]
_|<;>|_

_]

xal

@)
5 =

7hedl, 19 4.6-(a) ¢ 2ol 5 =tEAdel o

of o3t vhgo] yepsth 1eal ¢

il
&

3

Ao dALF50l

[¢]

ol

o)
o

ol

2

DNB &S Motion modele] Atz FA}SHL

0.1

’

0.02369

o

_88_



1% 4.9-(a) 9} o]
dZdolth. Motion

1% 4.8—(a) 2} 7ol
dry—out

-

tel 19 4.9-(b) g 2ol

°©

Fef o) A
g

[e]

vl X
=

A
P4l ¢kot, 19 4.8—(b) 9}

9

9
-y

o]

=
==

MW/ w0 T},
_r(%_

model

g

O
=

N

ol

4
oF

B

o] Jjae] o]FAA

]

T

o

=

Motion model

o

o
o

o
o

X
T
3

_89_



Single 5

Junction

¢ Time-dependent

Volume

Heated
Channel A

Heat /

Y

Structures

A A AT LA AR A S S Y

\ Upper

Branch

~————_ Heated

Channel B

Lower

A A A A A A A A A A AT TS Y

/ Branch

Time-dependent

Volume \

f \ Time-dependent

Junction

13 4.1 RELAPS 34 =d(M. Colombo et al., 2012)

_90_



0.20

0.15 A

0.10 A

0.05 A1

0.00 T T T .

I'[kg/s]

-0.05 +

-0.10 +

-0.15 - :
200 220 240 260 280 300

t[s]

(@ %

12 1 v
A Single Channel : /

@ Parallel Channels /

@ Bypass
x=04
8§ - - -x=0.7

10 A

Nsub

30

(b) ¢+ =

13 4.2 RELAP5 342 3HM. Colombo et al., 2012)

- 91 - s g kgl



Q TMDPVOL
«— BRANCH
| |
«— MULTID
| I
«— BRANCH
O TMDPVOL

14 4.3 MARS-KS siA =g

_92_

oK




008

0.06 o

Mass flow (kafs)

0.0z A

—Channel 1

0.00 ; 7 T
235 236 23T 238 2359 240
Time (s)
(@ 7%
B Stationary
X=0.2 o
-~ - =X=0.5 O
O
5 o
o
)
Stable 0
- e . ‘I
region /
N 8 _ - o ~ Unstable
- region
/ n
/ 1] :
a ; L .i
0 5 19 15 20
N_,
() A =
9 4.4 MARS-KS 3l A4 3}
- 03 - A—I =



O Stationary «- ,
A Roling 45°,10s AO ’
x=0.2 & !’
-~ —x=05 LY ,
5] a /
D
Stable a ’
region !“f ,
!
a
3 ./ Unstable
o region
/!
'
’ <+
. -
0 I /I ‘I
0 5 10 15
N

_94_

20



Mass flow (kg/s)

Temperature (K)

0.10

——Channel 1
—— Channel 2
0.08 4 ;
o064 ] ) g1 A
004 :
0.02 4 J Ly oy R i Al ] ! ]
DOD ' 1 N ) 4 1 N 1
240 242 244 246 245 250
Time (s)
o)
(a) ‘rrac;t
1000
—— Channel 1—10.
—— Channel 2-10
A0 ———Wall T. Channel 1-10
——Wall T. Channel 2-10
sood -
700
600
. 5
500 . . T ; y I v T v i
0 50 100 150 200 250 300
Time (s)

b ¥4 &%

19 4.6 BAGH dALFE ASERE)

_95_



Mass flow (kgls)

Temperature (K)

Channel 1
———Channel 2
0.08 4
JCHF
0.08 -
0.04 — \
G 02 - .® .
0.00 T T T T T T T T T
126 128 130 132 134
Time (s)
(@ T
1000 -
——Channel 1-10
b —Channel 2-10
——Wall T. Channel 1-10
900 4 - ——Wall T. Channel 2-10-
800 4 -
7004 -
600 s ¥
[ ———
500 T ¥ T T T T T y | v
0 50 100 150 200 250 300
Time (s)
(b) {9 2%
a9 4.7 3AdeE dALFE AS(ZFD)

- 96 - ,',;:;I._?



Mass flow (kg/s)

Temperature (K)

0.010

0.005

——Channel 1
—— Channel 2

0.000 . . , ; ' r , T . |

100 102 104 106 108 110
Time (s)
o
(@ %
200
——Channel 1-10
——~Channel 2-10:
750 - R e T
——WallT. Channel 2-10
700 -
£50
600 -
i A : 1l L
o : : B
550 . : : ; . : . : . ; ;
0 50 100 150 200 250 300
Time (s)

(b)) HH 2%

% 48 AAGH dALFE ASHF7)

- 97 - ,:H



Mass flow (ka/s)

Temperature (K)

Channel 1
Channel 2

T
100 102 104 106 108 110
Time (s)
(@ T
300
—— Channel 1-10
—— Channel 2-10
——iWall T. Channel 1-10
750 4 b i e N .= L WE” T G-ha;-nne-}-E-—-ﬂ-D
oy g s g ke s S - over | s ol Il (N sy e pesto R | | B S s 2
G500 0000 siesiiesiniess
a0 s A ......
550 — ANRRAN ; ]
0 50 100 150 200 250 300
Time (s)
(b) ¥H 2%
4 49 s AERS dSHAFD

- 98 - 2 A2t gk



A5 2 2

MARS—KS motion model® t}Hx}

bk telbst 7

3|

olE HF

o

np

WA, g e

] Volume direction unit

bt

°©

9

.‘l

AES

o)7] ¢

O

Z7of A 9

1A
4r

T

—

X~
)

oy

Aol E

=

=

1 S A M

B

g

bl stol

pZs
AUy )

MULTID

2

[ e P A= 1A

#H, 33

°©

[e)

Foloh. 1

A7

[€)

=

[e)

Z=
=

A 7

=

2

=

3 3k

S

<

upAek o 2 Motion model

bt

°©

%

RS

2 THE vhevEe £ o)L )

MULTID

hya

ol

JJo
X
o

AXUE

}o], Motion model®] MULTID

23

S|
&S

[}
k=

BR
fie)

o
i

it

Ho
oF

-
L.

oA UER}

_99_



bol

of oj|A A=A Bl

°

A

o

=

9t} Motion model

°©

=
=

PALFES

B

o

o
O

file)
o
o
Ea

~
NJo

.
0

o

Njo

ojy
olm

¢+

=]

5

i
o B

b1 4
MARS—-KS

o

=

]
JAo] o]Fojz Ao g Holm, MARS—KS motion

2~
Fo nd

|

=

5

TrAl Sed

- 100 -

o

MARS—-KS ® el o]

=

31 A
o

7

=0

o
Motion model

]

<)
=]
=

(KINS) o] A
MARS—KS motion model

Kox
gl
1

an

&

_—rl_

2]

-



S|

Ty, 2

S m <

> S

AN

&
w

=

Q
=

2
<
(S

<
IS

O

<

TN

oA

amplitude of oscillation

initial x/y/z acceleration, m/s>
acceleration of each axis (m/s%)
acceleration of gravity, m/s’
height, m

initial water level, m

enthalpy, J/kg

latent heat, J/kg

length or diameter of the manometer, m
rotation matrix of x/y/z-axis
Phase change number
Subcooling number

pressure, Pa

atmospheric pressure, Pa
pressure of x/y/z-axis

thermal power, W

radius of gyration, m

period of oscillation

current time step

velocity, m/s

1 O
- 101 - A -



Greek letters
I
N

90
91‘, Y 2

p

T

¢

Vg

Subscripts
m

/

mass flow rate, kg/s
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Vo~V

inlet
liquid

gas
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HE 1. MARS—KS motion model #]-7<
1. MARS—KS motion model & ZrAJH
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AlF3t, Motion model YA FEE F425 dlAdd st
# 94 AR 9 T 24 & A¥IH. MARS-KS9
Motion model= 80W F4H& &3l AFEE & o, JHYA=R
(indta) o] 191 7F=elA 54 WS leshd "k 80% sl
=& olE YAE 2P (The moving reactor model) S 34 3}17]
213 Motion modele]™, A& &A3lebd % A 23 9
o AN W i WS T AAte] ¥ E T

Motion model& AFE-3l7] s o3 AMES FosjoF o
ok A" FZECAME MARS-KS 48tz AAHY}
ARE o] 839 Volume direction unit vectors A4 gtct.
oA JeEAseM Be HEVES ZAAM} W ojzbs 4 gt
A d=aor ok o]E AgstAl dHEA e Volume
direction unit vector’} AWz WAEZA o=t AS F2 6
of st} o]dlE w7] #8sl MARS—-KS ¥ wlwds 23 sksl
o} 29 F.12 MARS-KS ¢#8€xz 4 Single—Volume F3X

dE9) Jgsd gus glgatt CCC101M A=e] A4

il

T

i =
- 106 - A =T}



o A

6(:)1—

of ol WA = W4

=

g 7t

o] .

ol A
MARS-KS <]}

601—

S A el Wh

=
ar

s

&7 FAMNEE Ay

| L= S A )

GOL o

EER
7)1 e

.
TEHOE

o %=

E
MARS—-KS 5=t

hdl

B
H

bl
al]

N
ojy

Al o
) S

£ 44

ar

919

o,

A A= a9 F.29 2

Motion model g A}5 9]

bl

o
"

il
2%

o

iial

@ AA =5

isal

B
N

—

Nl
e

Tk
;O.*
G

isal
T

S|
fs

Sk gt

]

)

—_—

s} o

G+

1

&% wlol AbgHh o,

Z o]
1 =

N

_'H_

el

o wg} Motion model

gl o

]

A4 sllof sz

JEREEE

- 107 -



= = =z
o, xEF, vE, 25 T4

g AANMEEE

2
&,
!
rl
iV
o
o
>~
=
ofo
ol
N
rir

7)
‘degree’ , Al7F2 ‘second’ , Zo]E= ‘m’ o]t}
2. MULTID #HXJEZS Motion model w74

Motion model& &3 MULTID HEZAEE |47 1M
MARS-KS  ¢¥g€x= (indta) 8  Motion model YEAE
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8.2.1 Single-Volume X-Coordinate Volume Data, CCC0101-0109

This card (or cards) is required for a single-volume component. The nine words can be entered on
one or more cards, and the card numbers need not be consecutive.

W4(R) Azimuthal angle (degrees). The absolute value of this angle must be < 360 degrees and is
defined as a positional quantity. This quantity is not used in the calculation but is specified
for possible automated drawing of nodalization diagrams.

W5(R) Inclination angle (degrees). The absolute value of this angle must be < 90 degrees. The

angle 0 degrees is horizontal; and positive angles have an upward inclination, i.e., the inlet
is at the lowest elevation. This angle is used in the interphase drag calculation.

13 .1 MARS-KS 48 wlwd W&

kG @ 2|d =4 (Reference point)
0.0 0.0 0.0
25 @ il @ &HM =& & (Number of nodes)
100010000 -1.365 -1.365 -0.75 (3 )
100020000 -1.365 -1.365 -0.25 @ Lt s /== =4 HE (Node number / Center DOII’WT)
100030000 -1.365 -1.365 0.25 \
100040000 -1.365 -1.365 0.95 @ S (0: Sinusoidal function / 1: User-supplied table)
200010000 -1.365 1.365 -0.75 : = :
200020000 -1.365 1.365 -0.25 Sinusoigal function
200030000 -1.365 1.365 0.25 =
¢ 3 . . 27t
200060000 -1.365 1363 0.75 Angular motion: &' = #sin( + )+ 17 +8, | o mpitute  T:period
i} L 306 - -0.7 : i
300020000 1.365 1.365 -0.25 2t Q:tha;eangle B, : Initial angle
300030000  1.365 1.365 0.25 Translational motion: a_, = 4sin(=—+¢)+a, | ¥ : Intial angular speed
300040000 1.365 1.365 0.75 - i 3 : Initial acceleration
400010000 1.365 -1.365 =0.75
400020000 1.365 =-1.365 =0.25
400030000 1.365 -1.365 0.25 (SRR TA0/E
400040000 1.365 -1.365 0.75
500010000 0.0 0.0 -0.75 Time (5 Angular acceleration (deg/s?) Translational acceleration (m/s?)
500020000 0.0 0.0 -0.25 meis : e - ; R :
500030060 0.0 o8 G 2% Rolling Pitching | Yawing Surging | Swaying | Heaving
500040000 0.0 0.0 0.75
600010000 0.0 0.0 -0.75
600020000 0.0 0.0 -0.25 =
A
600030000 0.0 0.0 0.25 0.0 0.0 0.0 -j‘c- | 2ARE (<, v, 2) [deg]
600040000 0.0 0.0 0.75 0.0 0.0 00 T2 LT (x v 2) [deg/s]
700010000 0.0 0.0 1.25 100 2% Ho|E I
) == HIOIE] 2= € < 1000)
0.0 0.0 0.0 0.0 20.0 *roll motion 0.0 00 00 00 0.0 00 0O
0.0 0.0 0.0 0.0 0.0 *pitch motion 10 1.0 00 00 00 00 00
0.0 0.0 0.0 0.0 0.0 *yaw motion
0.0 0.0 0.0 0.0 *x-acceleration 25 2000 00 00, 00- 00 25 ColH
0.0 0.0 0.0 0.0 *y-acceleration
0.0 0.0 0.0 0.0 *z-acceleration 100.0 40 0.0 00 00 00 00

19 X2 Motion model YBEAE A4 o A
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Abstract

Implementation of
multi—dimensional flow analysis
capability in MARS—KS motion
model for marine reactor safety

analysis

Sang Wook Park
Nuclear Engineering
The Graduate School

Seoul National University

In 2018, International Maritime Organization(IMO)
adopted an initial strategy on the reduction of greenhouse
gas emissions from ships to reduce the total annual
greenhouse gas emissions by at least 50% by 2050
compared to 2008 levels. Thus, researches for marine

reactor development as eco—friendly energy and safety
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analysis of marine reactor are actively being conducted. It
i1s expected that new regulatory demand arises, and
fundamental research 1is required to secure independent
verification capability at the level of regulatory agencies.

In this background, an improvement study for the
MARS—KS motion model was conducted for marine reactor
safety analysis. The goal of the study is to implement the
multi—dimensional flow analysis capability in MARS—-KS
motion model. The research was conducted in the order of
code improvement, verification, and application study. First,
the 7 code improvements were performed. Improvement of
volume direction unit vector generation method for
user—friendly code implementation, correction of Ilinear
acceleration term considering inertial force, correction of
the formula for the volume’ s position under the rotational
condition, update of junction property, calculation of
pressure drop along each axis and improvement of
connection information formula between connected volumes
to realize multi—dimensional flow analysis. And
improvement study was conducted to extend the MARS—KS
motion model to the MULTID component.

The second 1s the verification of the improved -code.

First, 1D component and cross—flow verification was

i ey
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performed by solving the conceptual problem used in the
previous research for the MARS—KS motion model at Seoul
National University (H.K. Beom et al., 2019). For the
verification of the 1D component, the manometer and
vertical pipe conceptual problem were analyzed under
various motion conditions, and analysis results were
compared quantitatively with the analytical solution. Next,
for cross—flow verification, a conceptual problem simulating
the downcomer in the reactor was selected by connecting
1D vertical pipes with a cross—junction. When simulating
the downcomer in the reactor, the six—pipe and eight—pipe
conceptual problems that could be implemented through this
study were verified with the existing conceptual problem
consisting of four—pipe. Following the verification of 1D
component and cross—flow, the conceptual problems for a
3D slab and an annular 3D cylinder were selected for the
verification of the MULTID component. Likewise, it was
analyzed under various motion conditions. In addition,
analysis capability of the motion model for MULTID
component was confirmed by applying the motion conditions
in which various external forces act on the 3D slab.
Finally, the modified code was wused to predict the

thermal—hydraulic phenomena, and the change of flow

i ey
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instability and critical heat flux under motion conditions
was examined. First, the results of predicting the flow
instability under two—phase conditions through the RELAP5S
code(M. Colombo et al., 2012) were compared with the
MARS—KS analysis results. Next, utilizing the MARS—KS
motion model, the unstable region that appears due to flow
instability in stationary and motion conditions was predicted
and compared. The change of critical heat flux due to
dynamic motion under the same heat flux condition was
also examined using the same analytical model. When the
critical heat flux appears, the heat transfer efficiency to
the working fluid greatly decreases, thus the wall
temperature increases rapidly. From this, it was confirmed
whether the critical heat flux occurs in the stationary and
motion conditions. Through this application study, the
usability of the improved code was verified.

Keywords : Marine reactor, Multi—dimensional flow
analysis, Safety analysis code, MARS—KS,
Motion model, Ocean condition, Verification
Student Number : 2019—-26252
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