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( SUMMARY )

According to military standard of the United States, the minimum requirement for
electromagnetic pulse (EMP) shielding is 80 dB. US armed forces in Korea (USFK) and
Korea military also have accepted identical standards. For instance, the USFK protective
facilities which were completed in 1987 — 2001 satisfy shielding effectiveness of 100 dB.
The government building of ministry of national defense of South Korea is built in 2003,
which meets the 100 dB requirement. The stricter criterion is applied for private facilities:
100 dB or more than 120 dB for Samsung Electronics (2002), 100 dB for Ssangyong
Motor (2003), and 110 dB for National Radio Research agency (RRA).

Domestic private facilities usually adopt tightened shielding effectiveness criteria than

Purpose & military standard of the United States. However, military facilities include large scale
Contents buildings which can accommodate a number of people while private facilities are only
available for a handful of people with the purpose of experiments. Consequently, the
objective of this research is EMP shielding effectiveness of 80 dB and 100 dB. The
analysis target is built-in EMP shielding ventilation duct and pipes for air supply and
drainage.
- Simulation for optimized shape
- Shielding experiment in laboratory (EMP)
- Built=in EMP shielding ventilation duct and pipes for air supply and drainage
1. Design guideline for built—=in EMP shielding ventilation duct
2. Design guideline for built—=in EMP shielding pipes for air supply and drainage
3. Possession of core technology for EMP shielding
Results 4. Chart tool development for optimized EMP shielding facilities
5. Shielding effectiveness evaluation of mesh-type facilities
6. Development of multi-layered design for EMP shielding (duct and pipes)
1. Design technology for elements of protection facilities
Expected

Contribution

2. Guideline for design/construction/manufacturing for proposed technology
3. Development of core engineering technology and design strategy

. . Protection
Keywords EMP Duct Utility Pipe B CFD
Facility
JE 2R
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1. EMP #3 54
2. EMP7} Agtehs W] oAl A< 7)skst
3. EMP A717% =#e Waky f-dg Ao 7]s)st
4. A 9 e of#e] A ol
5. e o]
6. Az Fotk (32 W Ve dydr)

F iz obgl 1@ gol thehdth AlolEe Holst kol b &

ofth. Bl Ao ¥ A2 guds 9@ Ak Hef glom, EMPE old 4%

7517} Aol el AZY o] Axg] FFE
% 0

4 3ardAel AT 4RE B 5 Ak oA FFAE 49 £47
of W F A% pE AASE AL H ¥ 5 vk =9, AR EMP Bwd 1 %9
Wl A7) B FHE melFel, olest FW Fejeh T Al Pazhe A71g A
o]fo] Arh} FYshAE AP, EMP/E ABY Ht FEE 4714 wWee) Ao)n
Apol el Zhel b 1 PR A,
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Z height 7
load load

Ground, o, &,

<SIAHEE dAstel o@ gy EANE A AYE
(279 72)>

]
a0

line

Ground

<JAE = ARl o3k oF mAAE AT =
32k x>

3 T v 1EY Hxigte] os] wAsHE M7 digt Axpr)7)e] digk g ]
st IEC 16000—-1-39 A¥ol <I9Al &Y Axpael HPEMel sk IEC
61000—1-4°] 7171938 A A7t oteel o] yepdrh. A3 dolEe] w
EMP9 A% 6.7 kV/m2 Algel® @dA7]7]el XA 7]5A437 YeEREoeH, Hl@“
EMP2 A &oM= 30 V/im AL A7|Zor &40 EA7F st A a5 H9
o], 3 EMP$} vl8] EMP+= WhEolul& X%XMJH A71€] zbelE vERd B F7REA 8
Ao e rEojuis A7l ske] Fuke vkt ExEEh

=} O
Eis=y

>

(

-
211 3
— =

2

ol
i

<Hl& EMPo wE ZHz}7]7]19 v]s)] >

= 52~ F S &
agdy | o e aeed 23} ()
(GHz) (V/m) (H=x)
133 MHz 2.713 30 CW Loss of data
Pentium 2.770 50 AM Loss of data
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1.133 50 AM, Pulse Reset
2.675 50,70 AM, Pulse Loss of access
2.887 75 AM Loss of access
Pulse Disk write
233 MHz 1.070 100
) CW, AM, error
Pentium 1.460 100
Pulse Power down
I 1.480 100
CW Power down
45 Pulse Power down
100 CW Power down
100 AM Power down
300 MHz
) 1.040 100 AM Reset
Pentium
I 1.400 75 Pulse Power down
75 Pulse Power down
50 Pulse Power down
85 Pulse Power down
<8 EMPo| w& HA71719] J3] %>
72 Al Z=ZFojlx] o] oldE
e EE 4 VS Al oA 93
o &) ST
e o 6.7 kV/m 12.4 kV/m 16.6 kV/m
AA} - MAWE FsAe | MAEE 75 A6
o1 %4 | BA - - M 75 A
cAt - - M9 75 A
DA} A A 7lsAst | AH A 75 A st oy
HH EA} A2 7 Ast | XE A 7] A8} -
FA} - - A2 75T
- GAF x| g A 7] A 8} - x| 2 7)5 A st
HAY - - A7 7)5A %
aumay | VE [ AR ASAS | AwA AsAS | A9H 5
JAF - - Ny
99 BA | KA | 2R EER) - -
ZM o ws EMPE A4A7E 4849 25 A4/ 24 g5 AA%
k= AL Qlot, ofel] 3EellA & 4 Qlkeol nEY HAAr|I @A HAof= v AT
A 7REEEE 100 m Ag oA 53 kV/me AAREE HAAZ 5 9= JOLTS Zo] E
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el A3 vhie 2% PA7 BA AFAY A4 TR+ e 2 g,
MHzo| M5 54 GHzZHA )¢ W& Fupd: gjodo) E2hst= 47} g},
<Hl® EMP A9 FF 9 54>
A8 T & A71719] <A A7 T oo
500 kV/m @ 100 300 MHz ~
JOLT
m 10 GHz
12.8 kV/m @ 100 300 MHz ~
IRA (Hi—tech) - ‘
m 10 GHz
Commerecial
) 1 ~ 10 GHz
Electromagneti radar 60 kV/m @ 100 m
: (1.285 GHz)
c wave (Mid—tech)
—radi 1 ~ 10 GH
attack—radiated Navigation radar | 385 V/m @ 100 m g
(9.41 GHz2)
Magnetron
g 475 V/m @ 10 m 1 ~ 3 GHz
generator
Amateur 100 MHz ~ 3
) ) 286 V/m @ 1 m
wireless device GHz
Compact
100 MHz ~ 3
amateur 169 V/m @ 10 cm
Electrostatic . . GHz
. wireless device
discharge lllegal CB radio | 573 V/m @ 10 m 97 MHz
(ESD) attack
100 MHz ~ 3
Stun gun 500 kV
GHz
Lightning—surge 50 kV
SHHINETSUrs , 1.2/50, 10/700
generator (charging voltage)
Electromagneti | C t lighti 10 kV
ompact Ashtng , 1.2/50, 10/700
C wave surge generator | (charging voltage)
attack—conduct 100 ~ 240 V /
CW generator 1 Hz ~ 10 MHz
ed 4kV
Commercial
100 ~ 240 V 50/60 Hz
power supply

ol#lgk EMP ¥lall& A -str] S8 AlA 2

Qo7 A7) 7]9

of st EMP dd& dssich

thet sl

ge Age AR

o 1HES

Zh=o] thgtw 9 AFtAoA AAl HPEM 24
omn, 54U Federal Armed
Forces Scientific Institute°l|A = logic AAF % microcontrollers, PC A 2HY Y EL A
HEE A W CMOS® 22 logic AAS

=g e)

et EMP A9 A 8l 1o wE v I ZE ek

4

=

o
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Standard Fast
TTLI . TIL

P— _"i_ T i
Accull Accu Power supply
|
ribbon
.. cables

Lagici.’ Logic 2Logic circuits

A |
l[_

10 separate Channels

Bz;ﬁe:rsagf}@r Buffer circuits

Loads
Load’ 1Load 2 (I EDs + Resistors)

<Logic AlZElo] thdt HAE AY>

- — - - — — - = - - - — 4

0 25 50 75 100 125 150 175

Evng coup [ (KV/m)
—&—HCT —— HC @—ACT —ib— AC
—e—HCT —— HC —@— ACT —ib— AC

<CMOS #A29] Breakdown (BFR) ¥ Destruction (DFR)>

>~1

T3k, EMP7F 2APS W JHTE Fote] ol AR Jsie A7 e Ass
et E NTE T AR AEE el o @101 %‘:} ol 7HA &) 43
A =& Fsto] olgd A o] XdqHAIT A thito] A Alzko] e A A =
v wAlFe] dAE T ot 4 E Baum—Liu—Tesche (BLT) W23 FEM (Finite
Element Method) ®'HS& &3l EMPY AZ®E avel tist PCB #41S HojF+= A7}

w2

]
i

> 2
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Via structure {Noize sourca) {Signal sources)

SSN Coupling (dB)

-100

20F
40t

-60 }

-80F  TMw TM20 TMot [ 5, (Trace wi via) |

T1 (TE+o) Ta (TE+o) T7 (TE10)

T3 (TE3q) Te (TE30) Tg (TE30)
<&Zyutde o3t topological U E Y A>

—gﬁunal;w;r (top) —l,, 76
-Ground plane ;—3
9.7 1,52

- -Power plane 3!'—* 0.76
“'—"El-gnul layer (bottom)§

) PCB structure (4 layers)

“Anti-via diameter = 2.2
Via pad diameter=1.4
= Via hole diameter = 0.6

Trace width = 0.7

Lumped port Lumped port

<PCB$} viael] thst d/px>

kol Al TEMIO] 93] 2HAE EMP7F QAME W 7S E38 So]le Ax7]s

Ho} M2 FA Ark olgd ALY e AT v Hep
ColElE via® ¥ 9 wE FRe 42 AZY waE e,

=== Segy (Trace w/o via)

1 2 3 4
Frequency (GHz)
<Via2] 5o W& noise TAYLOZHE O AEZH>

EMP A% 915 #% F2E9 A% T2F olgste] As Fxgel Taue 4475
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Azt xF S UHATIE A7 AFBHAS AR 2 s Y FJEe] AR
= EMPE 2A¥ dar|ate] 3 valE £d  Jdornz IAHY o= a3dE 7HAA
ok mekA ofefjel 2 AR FERE=S At 3715 Al A&stAd, 2 5o AAdE
Agaod, Xt Fr15oR FuEE uux AAT|9e A28 £9 F Qlth

=2 BN

100

[+ 2]
o
7

()]
(==}

Shielding effectiveness [dB]

40+
20 ——9gap: 0.05m | "“_
-—-gap:0.1m '
= =-gap:0.15m
coeeegap: 0.2m
G -1 l l ) ] ' - 1 I — 2
10 10 10 10°

Frequency [MHZ2]
<FE AR P29 Ao whE A wv>

obg] oA Fl & 4 %ol % A FxES 0.1 MHzet 1 MHz dieolA =%
kA wel oF 78 dB o]ie AHENE A= 4—5 gl & & Q. Aot TR
239 0.1 MHz$F 1 MHze E1 FA= 7247 ok 10 kV/m$F 5 kV/molH], o]& =71 w9
2 FAakstd ZH7b -15.01 dB9F -20.14 dBelt}. o|g€A F3d El dA2& 5% 42 &%
ol 9ste] Aol -109.68 dB7HA &£ 4 lof, At ¥71TANAY A#H a3E 7IdE
T QAT
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<ABE 3715l =5 AR FxE] M) wE e a9
T T3 El w4 4 i s A" H El
(MHZ) (Adg) (I’l’l) (SE{]B) (A(iB_SEZB)
0.05 89.54 —104.55
0.10 83.52 -98.53
0.1 -15.01
0.15 80.00 -95.00
0.20 77.50 -92.50
0.05 89.54 —-109.68
0.10 83.52 —-103.66
1.0 —20.14
0.15 80.00 —~100.14
0.20 77.50 —97.64
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2
=

CD—AdapcoA}8] STAR-CCM+

e 9E wjdue ¥ f-5
(11.04.010 Double Precision, Win 64)¥ Workstation(Dell 2687W V3—2CPU, Ram

2
=

o]

o
=

ARl

-

°
pal

s,

‘(H

S

=

=

s

SRR

9

5ol

o

14 T2 A
ox

[

o

=

Ry E= EMP x4

X

256Gb)

7}

M| 3%k

Q) hdl <
Iy 3 =
e o
J
iz} B i
W i xo i
0
" H - h
. A 2 N
° ~o (¥
s wo A 7o
Tr ﬂp .wAO \_Ir”
= X 7o T
T WX A
o N B
. o xn Plo Wt 3
0
MM Gl 6 _ 7 Yy oF
; o N mm um ~ ar
ﬂ " W o =
£ o T o X =
= wE o TR T o
o nf NG 1% K 3o o ME o =0
- I T = T oW oF o
Q) Dhar B XU ox Kl
o ) o r O#E 1=
5 S uT® i o
. g 70 o= PR %%QM M
20 o) wir . ™ =
=i g | Bl ih Tz n T
s 2 = 3 a [ R O ot
2 £ T = Gl o M O T X =)
g g S = & G B NG °
5 5 g s IR PEw L T
o O . g =5 T O E T moe N g
- @ @ =9 o) © 7o = ~ N = T
= mb m Ln\uu m 2 £ J|J - <7 qr R o= ”uxrﬁ Mu_.f L oF =
T 55 8L E 7S L E?_H:lmﬂﬁfiﬂ_wmé%ﬂ
= o T W a. = = = W - wo 70 of
T 82t e <88 ° Sam IMTggRCoBTT o
g F = 2 g £ ¢ o R =~ ® = TR R0 RO A
HoaggsgAas WAoo geT Lo
neofs5ELE mawoy Txw T ol B ET L &
£ < 5 © 3 T B K T = F e I
T B0 H < e A D ° Py _wr%. C R T .M
u m < T | R
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QR 2= e WA AN FRsE WA CFD A4 YRRy & 5 Uk
B4 AME FAEE ol Qs AR ANARE AL WA AN Fo] AR
o,

-aiAE Sl dHoly dH

- EA L e RUEE ElolE e osf Al

- AAdS HE

CFD #iHdste e FAZ 745 o 48t B7tsty] fsiA e o5 7H3ke 2
S7F itk 7HA ke Eal alA A el AT 2AAE Beols dA didel Od £4S e
g A 9ot

SR A AA g A

$REA AT AAAolnE 76‘?2234%1 QeI BF
ofth 1 9] theFs ®FWel A, olFA fAE BRI o] CEDoIA F4F olft
FAS BA mer YA Fest FebAs] WRolh Al Felel meb WS v
L ¢ AHD s AL SR 71D W] AR AT BRYE $AA4

of
fo
9,1',
£
w
:
o

2
o
M
u
rE
filo
T
1
g‘L
L
o
o)
fo
i
i

- B=A frAl(ncompressible fluid); ¢=Fol & FAZEA, &, 715 & A7 ol 3)

it
- EA A compressible fluid: $Eol 418 FAZA tREe] SA} oirle) =W

Qe A sERE 54 uel A4 e ATl Be g !
Aeolle NEFY FAZ AFY & Ak BAC YA SHgE A ¢F == B
2 ghgol =l Wstn olol we £E=st WA TeAE AP 3
hammering)sl & H54 fAZ Rk D32 W, f4 U Ao W Lol 3
o7} MES WHAAL o WEe| W As) FAY sFo] WY AARF FA
gdolAE, BE 1 AAE YHT FOE ST 1 WsE (229 F5E el TA

A e 7497 9lEd olZg Boussinesq 2AH33NE F2v AdUFe BANM £3 A&
HE gelth & UE 1 AAME AT QOB RE AL AAE NYFHOR AT
t o, Wxel WMaE exo PR nHSE AL FAF YFYOR sRHE Aol
FAE MAFHOE AFE ASolE, £59 pA W S5 HRGAYNME A
¥ uv,w HEERelt A4S AFHo AgetE A9, WEp), LM 5L o
Aol Mg AT Wl W b Frksa gebd ARAE o A

@ fA Ao Wek FAE HAsHA [3.4]

- BI¥A FAGnviscid fluid; 8-S FAE & de FAE
A4 frAl(viscous fluid; HAB S s of 3t A9 #*
e 2E fA9 2udd S4elnt 28y W2 A4S
KR A=
= -

=
7é‘—r7} A=, ol =2de 7H FAE WA FA o S
O

s dg £ 9 , HlA
AL UL ol2H fAolY AA EASFE AAE ohith ARAE MHHO
AFT 5 Ak WAL WAL 4TS pesHel AVALE 248 B2 5 o



HZs o241 BHez2r ga dojd w71 ot I8y, dAldezs tREY A%
AE HAE<= 7H88ko silE 7o
© FA FEe] ol wt
- SA%E fA(single-component fluid); td o2 st FAIZF & 7HA /7Y 242w
TAE AL wIH35] w2zs #2 fA(homogeneous fluid)zt FETH3.6] o 24,

- OAE %xﬂ(mulu Component fluld) ol 7}11 2ol EAZ FAE {AS I3} o

>
fu
)
ru
o
Mo
lo
Jo
2
}L
o
> T
o
r
ol =
—{o
e
L
A
o
l-ﬂi
o
mln
ox,
Mo
rlo
Mo
_>'i
au
Ho
fu

= & 49 A
I 7M. e ﬁ—“.—E% ol 7‘7‘«1 H‘:‘Ol E‘Qd FEAE 7AW 4 A2 A £
(mass fraction)& 91X ¢} A ztol] webA wWals Ao g HFArh
@ H3-HEig e #A - e}

- 78 fAl(Newtonian fluid); Ade] AT & S(shear strain-rate)ol]l vl #EHst= A, o

=, 37I.
- M58 FANon-Newtonian fluid); A3 ZATHEF S0 AHH SR &= 74 =24,
x| eF &, HH

@ FAFEY BEF

CFD °1]A1L fFedeol ot HEFHYHol DERA Y] WEe f59 oAy JHA ERF
sl 2Aste Aol Fasith 5o o8 7kA EFHE of#fel 23Tl
@® Xé“ JE] o Fof wz}
- A4 frE(steady flow); 59 MF (S 5, 49, 25, 25 )7F A gEo]
37 o= 75
- A FSnsteady flow); o)L Ho] fE(transient flowolzgtiE B $E Zo=w
A, Z+E et A giEo] Hile f5e Tt
Ao A AFS vio} L°l A F59 AFde Azt Ao wig W4 Wyt Fa3
7] W&o FXEA Al AZE 228 AtE SRS AA A Fow QAEEIte] MSyEo] FE
g #hol HA g3y =3 AE EYFHOE dojd ¢ §lv FEIHHE dod 5 Utk QUH
He 2 fFom EE2 A4Azre] ol AEle AL Zdsith a3y vk A4S E Y /%
o] #Aolgtd X2 Aol BAEE I A AL olfE ZA Fotxm ALY
o] ALAEE @A3] FoE F Ut owd FFoE HFIk st AL FASAS
53l A st ARIE Flolvpel wel ZAE Zlolth s dE EAH, HA Nk
U @l F99 258 FEATg & o gref do) el FEEH= e 43 Aod
A FEHE st AR on AE 83| AES S 4 U U

2
Lo
2
(=)
x
iihd
o
rr

Tk oAH FA 50 dF FHFEAZ ENSES u dFUHS B-UPez FeHT gE
o] Walx = ALE =tA fS(axi-symmetric flow)o]g} @3l oA % 231Y F59 4=

olt.
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@ Raynolse number ol wz},

- Z#F(aminar flow); 47} S4s FASIHA 23 AAJYA Se7te 48 ¢t
- dF(turbulent flow); GA Zal FAAT £5& LI
9‘r die 3 UWE 459 A5 Holsze Ao ds| FEAS F Aok S, #
‘—H 1°T ] E5olA day A7lE EXHS o olZlo] ZA Erte A= S/HolL, oA F
AAEA vk AolHA & Afe dRolth S/ dRe BE golsx FEA MHFHo
2 A9 F Aok wof Holsx vt £ AR olslold 7L TR A E Foh v
oF #olsx 47 2 ¥ AX o] dolH dRAAE ¢ vk #HolEx FUF E HoldH oe %
A G = glom HA sEdAs SFE G/ U AES g Ao BB oy
%<& Ho] f&(transition flow)olzt FETH3.8]. o714, E2 Folsx = HELSTXUE
Aol[E1RATE ALEEH, o W hESEe thxdolE D Ad3gd dolsz & A
A7 S AA Ao 8, dols2 Y At AMEEHE dE S9EFE IR o=E )

718 SE3| AA oA EE ag=0]9 S
AR 1H3= T rsH‘ﬂ4 < %}Zé.—’FX]E'_ AHDNS, direct numerical simulation)g} &t} 22
=0l9] IdFE FAGH R AH A v Az ArlE va A A= FL A
olgt= =7t FHAL, 1315‘* TR £EE0lY E3E o9 Edd(modeling)sh=1Fo
s thFet A7 sl skt olok o], A2 &8Eole aHE EdHs= A dF
2 d & (turbulence modelling)elgt F=2w, AA7FA] w]-$- thFst WdF mdEo] 7fEEo] A&
Ha ok R dF BREPS ARSstubel wel =AY dis dde] @ o ok

- o}&< f-%(subsonic flow); w}&l 4*(Mach number)7} 1®t}h 2 {5& waio}
- H&<% fE(transonic flow); v}t =74 1 A<l o wl}
- %S4 §S(supersonic flow); m}&} 47} 1®.th =
- Fx2L% fEypersonic flow); wlsl 7F 1Rt 953 & F%.
el e e S5 o 559 HE “‘f?}ﬁ} H =4 AR5 Ave B8 ofs% 5

© 7] « 4 « 319 AHphase)o] +E 7|FoE
ol

- @A H=(single-phase flow); 714, A, 1A shibe] ARk 7t T4 -
o)
- ol f&(two-phase flow); F 7§o] o] EAE A=A, E-87], E-R2 Fo] o]
Elkca=leg
- O f5(multi-phase flow); 378 o142 Aoz FAHE FAoth E-F7]-27t U=
Z ool
= Fol 7127} A Wezs Ay, ¥Er] Wl & Fol d3hd I Thaet 7A ZE ol
=t A ZIA-GAY o) ol Rtk ArEdEs 7}11 N2} ?iﬂ’\(LNG

Liquified natural gas)7} 38lat= LNG Ao =
717 FESE ol ElE FHEEtd FAEAY & Aok oA %%ﬂ %EIH -4“]—: T
7HA] olde] AR & Aphase)e]l FEI= AE vdth ey 22 AFolg sHgE



ANE & FA7E F&ESE A5 38 FAoA &3] detdEdH, £ 9 Z1Ee] ¥ de
HA-HA o] A7} shte] FL2 oot} ol#d Ae= dut Y& CFD ZE=82 W 7§
o7 HAFst EAE & F JEF o Ak TH o] B¢ 4o AR FAY & Aol
FAAJA 29 2ot At AR FAe A&l A= B FA7F £4 @9 =2(F, nhol

i
L2 30
%0

a2 AL A) £

= a9 43 A2 EEEHe] EAse
Ae Tsith gz2A 2dsiAd

o
2 fA4 Atelol Ad(nterface)o] & 9|

EAste A5 w3 = vtaulEY AFA AgelAe rtavEs 3k
S7tA 7rgste] A9 AAVE FEIEE St FZ3E rheo-casting o FERHE A=
AT o] A FH(die)dl o171 Mol 24 vAE A7) 1 vtadlge] A4 WA
oF 50%°] Pl&E EdH AornE AR FAE HFL 5 Aok (oFd 1E Y a). T=urt
ojZlo] ¥ WE SoV/HA ¢¥es w1 WAHY REHOE d4o] Yo wWated o
W= AAH 3 Atolo] AAZE FElo] EAske ol frEeol "Hoh(ekd 1Y b F,
rheo-casting o] 482 A2 Ao B &l sigdvta 28 4 9ok
liquid -
phase
— solid
phase
multi — component
fluid
—
(@ =719 B2 #A (b) F& FAA e Y #*F
[713 1] Rheo-casting &A N4 AR FA2 O 75

@ AAA T4

CFD oA/l Az} Ao] moke ThaksiA Aeld 4 Aoy 17 2= 471A dlxF < Az A9
718183 F x5 JERATH
(@) SHA (D)AFA A o=Zg= (d ¥kl

(13 2] w9 A% o) therd @y

o
Ho
o
1o
o
o
I
b

FAFES UEE W5E 33 WEl] 37b4 QB e, £, UE
5o 2zetz FAED. oS WHEE AR A9 otdq Aostikd we fEA O o
o} go] T 7bA WPOoR ol
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@© % AA A (collocated grid system); & HEES AR Ao wTollx gAH Holst
H

w,v,w,p, T, ..

w,v,w,pT,..
w,v,w,pT,..

u,v,w,p,T,..
(29 3] AF AAA

@ AZHE AA A (staggered grid system); WEIQ] X+ ZF Ao F FHA AHostar ¢
25 5 27T & Ao AR FAlolA Aeoste ol

u,v,w

u,v,w

(23 4] A2YY AAA
A% AR 78 WFES AT-A2FHE AIHAE APl u, A2YY FAlE
o]& metaly] gla) AL Zolth Ty GBYP AAAE TEaY ¥ 0 tha vt
o %

ol 7] W2l HZoll AT AAANA A2-AL ZAE WA 71l AdE o AHE
]

@ olatst 3y
Au) BAA Fo) Az PR e ARFSE PHelt od AT Ytk 1 F dEA

W 71X E 273k oo} ZT}H3.9]

D Euler <F3lH(Euler explicit method); 715 Al dAje] W9} vjge] AFE 7[R 3L A
b v EekE AHEEel X RS dAe HaE AEIFOEHA J|FE Al HaEE vtE

(explicitly) 7€ & &= #Ho]tH3.101.

@ Euler =3l (Euler implicit method); Al A|27, A37o|A A vief o], 7|& AA
o] @Al WMt HAL HERE AT v S o

stats W olth o7IAE A Y feEe] AT ¢ A7) " FE 2
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HAAZEO] UAAT FAH oz vfg G WRio)7] WZol ANIRAE A = =HE o
E 2= 77F e ZHol Ao B dHEe e 7 o st
@ 2z1-2t]9 2

A& S (@nd-order Euler implicit method); 2k¢] Euler Sai®-& 1x-2.0
(Ist orden?] HAHEE 7}A|7] W&o AIZF Al2"E A 39S e LTV @R, w
ghA ol 3k AR S afAstr] flsl N Zlo] 2x-20 9 edy S3Holt o] WRA
= de W g AR 90 /otS olulet o] AE3e)
00  30—40"'+ 2"
ot VAN

ﬂ

1D

714 $¥e gE dAo nANSs g's AA VAEE, oW F AAE oA A
ANHe] Z7IA-FE 242 et wEbA], o] WA= T S old AHY WME7kA A%
3 & a7t Ak

@ Crank-Nicolson WH; o] WA= 7]
S FAAESR ZAS St F3t v

2 REHsE oIk A=A, 4 19 7 3

AR ol A F2k AHOR i AR
AR Axe Mee A Aol Weel o
& ool ol ZABtHT,

ou U—1u
ou 2 9
ot At (% 2)
0% 1 Uiy T2t Uy Uy T 2uy Uy
2= o 2 2 ) 13
ox 2 Ax Ax

A Azl taiA 2a-0H 9] AUEE A WA Vo) e WEEL
A dn =8 o] R odd S 2ol Sy dFelr] wWEel <k

T RS o9 AES) stk mEkA = ol et 22 ®Hol
O FAAFEH(CDS, central difference method); &7Fol thal n| R ES 7|ER Ao o Z9
A HFEE2H 2ESsts WHolt o224, 1a 9 23 F3F v &2 ol o} 2ol &gt
Eia=3
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% - 1 : +1 ] 5)
ox Ax
ZAZELS A 2x-0 6] AWEE JpAth
@ 34+ AERHEUDS, upwind difference method); $12] FA4IAE o] AUZ WA 5317 =
&A1 RF Navier-Stokes 78412 RIAHAE tiFdo=m st Wjze FA&4 o] &A=
= BAPE fdsh ol EAES NAAsH ﬁOH MdE Aol T4 AHEHolth 574 Ak
EHES A/AA HA o] FU1E7] ool AT ASZ B A lom mehA o]gk <
ALl & wiEd AN E+= HoRga & ﬁl‘i‘r I8y HT B HAEStHAE P A o]
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@ segregated method;, A< WA 2o] MFHEEF QS WA F3lal o] & Atste £52&5
Tt Wy olth

@ coupled method; ¥& 3 &=E5 U|AFE I Al F= WY

T A B FolA daglEe] desithe Aol e HAbe] WHol st o]
231 B Agsives HoAe —?4«] ol Fh

@ SIMPLE(semi-implicit pressure method for pressure-linked equation); ©] WH-& Azt &

Aol F7 gl B & ok

(6) AFE2 9 f‘SH‘ﬂ

2AHEEHE SRS Wl doAE AbE WAL E ou BHE JPHoE Frutd et E oY
gk o] AVfEI St

(D SOR H (successive over-relaxation method); 7] 4+ Gauss-Seidel H o2 T3+ 3¢} o]
A DA T ekl xol(F FAF T ol ¢k AlF(relaxation factoNd F& Z&
HAFOo R st B WHolth. ZE IR o] TestA N WE o] HolXthe @ o] Q)

@ CG ¥ (conjugate gradient method); o] ©A A T3 A T 7]&7](gradienhE
T3 5 o] & o] &ste FHS MEA sk otk MEAdo] Holu HT US Bol AHEH

@ Multi-grid ; 819 ~H 0] kgt 55 B W) AxA 7S wpitolrbaA u
BA4L FohE o] Witk ofeltolz wd sgelt
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3AHd FZE A (xy,2)el st £ S yv,wEt 8 G &5 ol A (turbulent

k=—14 40 +w (CA)

2
72l AlZ7I(ntensity)7d S7Fg 5 HE Fol S71stH, 9A dF FdUAE S/,
et GR EddA e dFe AVIE L‘rE‘rlﬂ% Hzoltt. 7]shehz el Feyt QTQ el
s frAlel AUA7E SHEFHA F 2ALe ~8=olleddy)7t FAHAL, o]0 o] &2gEo

< olyA] &4 glo] d&EZF o2 A77F B 2 o8 79 &A&EolEE WXt g
deti, & 2ALY £ESO|ERE AE 2ALE YA AEEHEH, ol ouA A
o] =(energy cascade)g} H-E2tr}. vpAToll= G{HIF M F Jde 7P ZF2 2ADAA G
AR 7} HA &3 (viscous effect)oll 93] W ol X|(internal energy)Z vlH =], ©]& W/
ol 4 A] A4k(dissipation) F+= FHA A4tolg) gt olo] tigh MREE % oYX 9} I
(wave numben)e] #AZHN 1Y 60 YEFH AT

E(k)

[719 6] = E™ FoA FUAe T2 54

AN S aEel 719 € —?9} 2 BA7 310111, mebA 2w

WdEo=x A&, production rate)o]w e9} £ uh k(cutoff)E &3t AuA g &
o} A Ao 93 FFolgA A4F&(dissipation rate)S z+-z JERAT fEo] A O F
Fogeol Qom, AR o =e=co S0 YT}

dRe ASA el el 752 AL 843 Navier-Stokes g Aol 23ty A ujE

=t 284 YA AzAele wjEdd oy AE dRIF 7HRE P 2 2AILFH A LA
o] oY)l M7IAE hRE EA) 5, o] o golmz 27 AXNH ARDEE S5F
FHoE Fopxity, Al Tt FA M E GRE A s7] HsiAAE olHE A2 =AY

A A S FE3] F9] Navier-Stokes WA 212 ZFo]of 3t A % =EAk DNS; direct

numerical simulation). 22y}, Aol HAFEH &HFoZE= &x| g O]%i F7F ¢ e FF

ot AFH o Z DNS & LS + v AdAHoltk. dA 9 =203 AFH T S At
stojgts, Fotdo® B0l e H3 tiste] o] MAAES AH st 7

A r

ot

nk

7k Pl = A E7bsstt. wet g g (modelings o= 3

l =
ok o] W2 AR & A HFH &FLR 3 T A& AEE Eole i,



. Ry g o] &3t A
of gt
= g md(Reynolds-stress model) 3}
2 (subgrid-scale model) o, & wAd s o]lES FACE Hdth Y

L=
£ flsted dAT A ghproperties)S 7HAE HIFEA FAY dRFEHES TFY

M A vhe} o), AuPPAA S theh e %43} Navier-Stokes 7 4ol ok

fy i op O 2] 9)
ot o, or; O, -

ol w,v= FEHWEH, pr FAHE GHEA d¥s dEE UE ), 192 v=/AY 314
Al<(kinematic viscosity)e]t}. 4] 83} 2] 9+ Einstein &] 7| o] &3t &
Z7IHAAME ZF dHerm) ol U= F A HHEE JddA(inden) = EE i}%Oﬂ
S Uit o E EW 2] 9ol A ujaui/a:cj% oldl ~ j(=1, 2, 37}

=

m
rz
s
i
52
N
£
Pl
2

3
Zupu/&x olmlst, Wkdol] JA¥ 2~ (=1, 2, 37} WA k7] wWZol @<= Wy A

S Ukt flolA do8 dF EAUAE @/QE sl yekd 4 ok Qg
(=1, 2, = &, y, 2 &3k, watA =1, 2, 3 z6=1, 2, E 22 U, v, Wt &, vy,
s 9r|gh

(2) ¥o)l==--83 = d(Reynolds-stress models)

oA At bie} Zo] £xuy dEHI 2 fF FHES doles2-BdY e EFeRE U
E 4 AT A9 HH#Ee (P Y dHolE2-HE()F EFW)L g go| T
+ Atk

_ 1 t+ At/2 , _
Z—f W(x,y,2t)dt, ) =p—1p A 10
13 t— At/2

A71N Ate HARFR Z712 Jee, ol §%59 e wel AAHG ¢ & WA
ANz F(EE 33 Folrl®: ol @% Ao wet A7FY <t ofd w9
o} 2 100 wel &9} dEe gy go] TAE 4= 9tk

u, —E—Fu?, p=p+p (2 1D

A& 83} Navier-Stokes A4 9o #olz=-Fvs A& tad 22 Hols=-
HFA 2lo] Ao Rt

l

B A2
au,
~=0 (2] 12)
ox;
_ _ _ o
ou; _— 9 9 0 u, 0T;;
T R TS (4 13)
ot T ox. ox ox.0x. Ox
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(3) olt)-H A4 (eddy viscosity)

E 47 HsiAd= A 129 13& Eofof i
2 7] W&ol ol& Erhsdlith ol F siAsty]
2]3}le] Boussinesq & 7} o] @y 2:0]a t}. Boussinesq = -8 (Shear stress)¥ &%= WH
F& Apolo mlE|AATE Uv THATAAAA Hols2-8893 F WP E Abololx Hl

A7} YTk B3 gl BT

golsz- FaEs o9 48 pol W FR
ol &

T - 2 ou;  ou; 2 N
Ty = i“.7:_2vt3zzi+§5z:7’f:_vt(6xj+6—xi)+§5ﬁk (2] 14)
ol s, =(1/2)(ou,/ox;+0u;/ox,)E dol=2-BF = W&, v oY) FAAS

(eddy viscosity)elth. ol metA = UE pE 5 1,5 AH-H4A

g 275 i, ol & v, E oft-g4HA S (eddy diffusivity) == &

Boussinesq 7} oA doldle Al oAY-HAATE A9A Bt} st FA|olth o] ¢}

2o BAoA 71 di] 2ol wo] x93 AM(dimensional analysis)o| T}, 2}

A -H A T= 54 & S(characteristic) V' ¢F &4 4 ol(characteristic) L ¢ 5902 FAEH
v, ]=V e L=[v] &

ol [« ] X}A(dimension)= <jv] gttt Fu 2 TFFo A
& ot o, xRl FHFe] Ade dYstd v 2k

k] = 1" 2] 16)
le] = VL™ 21 17)
[$]=wvL™! 4] 18)

=
o 0-A 2 wdl(zero-equation model)
ou, ou
Uy _Culgn (—+—) (e )= F2 = (4 20)
8:l:j ox

e 1-9-4 2] wdl(one-equation model)

v, =k (4 2D

o 2142 e (two-equation model)

w=e e 4 22)
noo I
kol e(te= ) & o U= RE S
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(Reynolds-stress transport equation model)

wu g AR FEERNCERY P,

T Aoz FAHAT] W,

LU] 1
3k 2= BAAEAS vtEA] Fojofk gt
B QS

H v —
wo} ojuje}, o] we Eolof Hi +4 BAHAE oA Wiy Aoz FAH ot
Hebd UR £EURA, 248 5 24 £4uHAe) FEusd nE 27245 ZAZAE
oA Fol Mo} stk

(3) o}A3A -8-8 = d(subgrid scale stress model)

Z-olt] EAKLES; large-eddy simulation)= @&Hf5 ol EAlst= 4% Add(@Es 28F0))
2 F7)d g o] 58I T, A F 2AY 9 dt(arge-scale eddy)-S X & Ao o] 2
A sk ol meba 2 2AL] dde tsiAe AR A stE Al & 2A
ol gk FEFs RIS Tt wgsiAl "k & Aty iR dRAUAE AL
AL AL s dRe By EAS 7EA L 7] wEel, obAx RdE {5 TR o
2 A9 WA Ge AHo| Ak oot BALA Z 2AYY oo} 2 AAIY oY
Atolo] o AE H(filtering) FA o] ¢]3te] o] Fol it}
2 oge dFsls EYFHEEY 4 5L EHH AAH o5t gSat go] HoFHH,
Al o 7 SlE(over-banzE FE AT}
E(x,t):/m /OO F(&,¢)Glaw—¢, t—t )dt d¢ (2] 23)
o714 G & HEelg=r(ilter function)ol™, A& A FE5IH(ESH FDAA FPH.
AE Y A, AE5UA 27 Navier-Stokes A 2 o] Z&3lH Z-olt] BAE 91 F-9lit]
AL A 0 ZA & A Aot
ou,
P (4 24)
_ B —
iy 0 (puy=—2p T, O (2 25)
ot ox; ' ox;  Ox; oz 0 ;

T = U U (2] 26)
obAA S WA o] FolH, metA F AU FRE o] &dte] RAHFH ook Tk
Z-olt A AL foE PR FASNY dEel, olE £7] A= BE £

) 2 27)
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A ol M2, o U-HHAS o= SHEE Vo

J[m
oX,

Zo] L o oz EAHATL} o}
dole 2 A aKgride] 7] AL H3t=d Hksld,

Qs o =
vt 7] ghe

#2191 22 Smagorinsky(1963)ell oJ3h ot)-H dA+ w2 EADolet SEAEEE 7
7+ = C,A(C, Smagorinsky 4492tV = L] S|=(C.A)| S| & Aasign. Axxow
No-APATE b2 o] FAEH

v, =(C,A)|81=CA"| 8]
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a57] T EMP F-7lel 2siA 4l
EMP S 913 Al del= ndddr|e dAgn vdeidrls nde
A

A =]
o Al 2AdskE R AAuAE AFESH] wdel ARuF- HHﬂ*’—?E% 3~5m/s
EE 20~25m/sE 555 AA
A v

% ]
WA B W e w217 ol

tt2w o]o] wel w7] Ao #AE dEbd)

OA dbd7)= vand Agvzt Afety &2 dRozRE £8Ho] w2 Adrg7tA] vk
st AZ717F Qo FE 8% AE, A Tl AFSET ZHEY X Ae= tA dxe|
vl Aol AAINE =& 99 dxlo] glojA AR dEel A &8t A7 ¥
ANEAL A5 BT wale] Ao w7lEeE A FdeA RFofok St AE T
of WA AR Qste] Be gl B 5 Uk F3] $ds1} vlde] okl 1
oz FAd EHE Aol A Y4 Felstofol duh ugwasll va g

W, 2y 9 AR A A skar AR, FAIF QL Al gk 82> 1o, 7]
§H17]§71f°ﬂﬂ+ Aol tigt S glom ondedS A drHoE +E
gojof @3 FHojglth, KOSHA CODE E—84-2011 “nld el A4 2 Mdx|o] st
Z|=A R oM E vl &%, uAEAT| Y EHs A 3] W dAag 3] sl #
& ALt 7159 5o glon EMP AuE 1#d yg-e A3 rEEo] A @t

]

]/\Lul;qyu AL BHIAAHY EMP Ad#ts wgste] Auans dojrmas g9lo] H
, EMP =9 & 9]35l9] Waveguide Below Cutoff Array (WBC Array, =3+3% )
7_“3}74] H AL fa @Hdo] Fol=A Hrh

L R %%Oﬂ/ﬂ” WBC Array (=33 wid) 7} AXE w347 Axe] w77k ol
545 1Este] HA34s APske S FEE AT ¥

X

e

(2) AlE2olA

Oh 2d% 3 3H’~‘—*.Ziﬁ
HAMEA 7] 1% 37| EMP X2 93 Eulylo] Axyw dro &3
Hol w77k 5] %J%}%}Xl k7 €tk WBC jdel =7] 2 e H=
olgsto] a4d& AT
AAE ALEZ R I Star—CCM' 10.04.009% A3l oH o] F o]gs Zbat wjd<)
AT, FTUF A EPEEI Ax Qe 7 wWiZI7kA 458 dAskdh o
A = FE<Q Main 9%, EMP 95 3 ©o}9 wjdo] AX5e B8
Main A5%oF AdE = 559 9 W2 Ese F7ER Uil 47202 gHE 2dt

0%
2
AL T
N
lo
2

il

Main %9 #74L2 700mm, F7FAES IS 800, 850, 900, 1,050mm % 1,250mmoO.=
st HE5HE] 2401‘;“ 150, 300mm$} 450mme] 37142 sto] % 58 AESQL % 19 3
g, 3% 20 AlE#olA Alo|AE YEp o, T7 7ef A4S 98 Mesh A= L}E}W%\“ﬂr.
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1] H

3
a1

[

WBC Array

Dim

1250

400

600

0521 050} '006 098 008

150, 300, 450

800 — 43,565,61,85, 125ea

[23] 7] Volume Mesh #Z4
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[ 2] A& =1

Connection WBC Connection length Exhaust air
diameters to the main line velocity Case
Array

[mm] [mm] [m/s]
15 800—-150—-15
150 20 800—-150-20
25 800—-150—-25
300 15 850—-300—-15
800 300 20 800-300—-20
43ea 25 800—-300-25
15 800—450—-15
450 20 800—450-20
25 800—450-25
15 850—-150—-15
150 20 850—-150—-20
25 850—150—-25
300 15 850—-300—-15
850 300 20 850—-300—-20
S5ea 95 850—300—25
15 850—450—-15
450 20 850—-450-20
25 850—450—-25
15 900—-150—-15
150 20 900-150-20
25 900—-150—-25
800 15 900-300—-15
900 300 20 900-300—-20
6lea 25 900-300—25
15 900—-450-15
450 20 900—-450-20
25 900—-450-25
15 1050-150—-15
150 20 1050-150-20
25 1050—-150-25
1.050 300 15 1050-300—-15
300 20 1050-300—-20
85ea 25 1050-300—25
15 1050—-450—-15
450 20 1050—-450-20
25 1050—450-25
15 1250-150—-15
150 20 1250-150—-20
25 1250-150-25
800 15 1250-300—-15
1,250 300 20 1250-300—-20
125ea 25 1250—300—25
15 1250—-450—-15
450 20 1250-450-20
25 1250—-450—-25
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« Hj7| 22 - 700 » WBC ARRAY — 43, 55, 61, 85,125 ea _
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2 Cases tlFo = 3t}
7% 159 3 3 A AFES ©
A CaseE YEMTH =313 252 20mme 30mm, 719

ul 15m/s®E 3l F 144 caseZ 3l

gyld Fejel A5 HE e 1 4o AJEH ]
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(¢) Grid Type

[Z2¥ 15] Types of WBC arrays

3] Simulation model

3z
ar

[

Total length

Module size

[mm] [mm]

S WBC Type

THK.

110
38

2—Ply
4—-Ply
6—Ply
8—Ply
Honeycomb

80
74

80dB

35.91

20 50.65

(19.8)

Grid

140

2-Ply
4-Ply
6—Ply
8—Ply
Honeycomb

0.lmm

116

104
95

100dB

47.40
65.43

Grid

160
136

2—Ply
4-Ply
6—Ply
8—Ply
Honeycomb

116
108
57.28

80dB

30 80.80

(28)

Grid

205

2-Ply

1lmm

172

153

140
74.64
103.20

6—Ply
8—Ply
Honeycomb

100dB

Grid
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¥ 4] Simulation Case

Inlet-Vel

THK. SE WBC-Array /el Case
2-Ply 6 case
4-Ply 6 case

20dB 6-Ply 6 case
8-Ply 6 case

Honeycomb 6 case

Grid 6 case

0.lmm
2-Ply 6 case
4-Ply 6 case
6-Ply 6 case

100dB 8-Ply 6 case
Honeycomb 6 case

Grid 1,3,6,9, 6 case

2-Ply 2,15 6 case

4-Ply 6 case

20dB 6-Ply 6 case
8-Ply 6 case

Honeycomb 6 case

Grid 6 case

Imm 2-Ply 6 case
4-Ply 6 case
6-Ply 6 case

100dB 8-Ply 6 case
Honeycomb 6 case
Grid 6 case
Total 144 case
\ Duct 7|EE 5 &8 : 2 Type
2E9| 37| 2E
Xt 45 - 80 dB, 100 dB

- -
=71/ 9“7 |_ € Honeycomb, Ch&S, 28
Duct ZE|&sgt ©

/ WEC @] Type - 35

ZM SSHIE/ HASH71E

13691215 mis - 68
Size 8 Type x 3 x AHH] Type 3 x == 2 type = 144 case
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Inlet Velocity [m/s]
[Z2¥ 16] Flow velocities in center of WBC (0.1mm, SE 80dB)
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Inlet Velocity [m/s]
[7219 17] Flow velocities in center of WBC (0.1mm, SE 100dB)
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Inlet Velocity [m/s]
[Z2¥ 18] Flow velocities in center of WBC (Imm, SE 80dB)
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[72¥ 19] Flow velocities in center of WBC (Imm, SE 100dB)
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[3£ 5] Calculation of flow velocities in center of WBC according to various types of

WBC

THK. SE WBC Equation R?
2—Ply =—0.0068+1.0124zx 0.99
4—-Ply y=0.0075+1.0118z 0.99
30 6—Ply y=0.0174+1.0125z 0.99
dB 8—Ply y=0.0018+ 1.0134z 0.99
Honeycomb y=0.0056+1.0476x 0.99
0.1 Grid y=0.0022+ 1.0204zx 0.99
mm 2—Ply y=—10.0060+ 1.0126x 0.99
4—Ply y=0.0116+1.01392 0.99
100dB 6—Ply y=10.00514+1.0140z 0.99
8—Ply y=0.0065+1.0127x 0.99
Honeycomb y = 0.0047+ 1.0506x 0.99
Grid y=0.00014+1.0189x 0.99
2—Ply y=—0.0167+ 0.9708z 0.99
4—-Ply y=—0.00144+1.0703x 0.99
30 6—Ply y =—0.0040 + 1.0786z 0.99
dB 8—Ply y=—0.0088+ 1.0814z 0.99
Honeycomb y=—0.00002+ 1.1558x 0.99
1 Grid y=—0.00005+1.1328x 0.99
mm 2—Ply y=—10.0026+ 1.067x 0.99
4—Ply y=—0.0084+1.0778z 0.99
L00dE 6—Ply y=—10.0085+1.0733z 0.99
8—Ply y=0.0020+ 1.0840zx 0.99
Honeycomb y=—0.0001+1.1638x 0.99
Grid y=—0.0008+1.1332x 0.99

_50_



(th) =vtadjds] B4 4¥gsd

Ao f&el wE Tk wld et ETelA e FagEEA s sAst A9E 19 20
~23°f YERY ST
a9 202 H#F7 0.1lmm, SE 80dBo|w =3t#°] ®Eo] 20mme! % 7+ JHE
T e ek 7] FH 4y AbolE yvERd Aolth "ol & 4 Qle wkgl Zo
T2 A9 479 FFol 1~12m/sl A5ol= 65 722 T3 wjdo] 7 w2
1S5 Hola oy f%o] 15nm/s®E WetAA W gEEHoe] Srtete Aes & F
[e)

5 Honeycomb Type¥} Grid Type< 2719 el BEF FAFSE Hi AdHEAS Hol

b
>

kR

‘

o 1l off
ol

30
= =

R¥2 2 ofk

Tayhid o) ek 20 B e EA A FAE O§ 21 dE
T 65o% T wids AFst A= 479 FHol SR 2%,
s %= Aoz YerSth E3 Honeycomb
T o2 FElol vls] w4 & HEHe ®BolM Grid Typed A5+ 45 7%
T FEEAS Hola Stk webA Bt EAE o] 8ot =3t
5 6% —4%5—Grid—2%—8%—honeycomb? %% eyt u}
2t 65 7% A =33 259 A7]7F 20mmeola d#HC FA47F 0.lmmeol™ SE 80,
B EF 6% 7XE AFgsks o] g EA SHAA 7P fEld Ae o ¢ sl
o3 28 27] 30mm, A F717F lmm, SE 80dB, SE 100dB 2% =33t
Ao g9k ETolA e e EA N AANE 27 229 29 23] YERSIT

35

30 Fie U S U SO
. SE 80dB (0.1mm) o

sk = 2py ER— S —

4-Ply
6-Ply

20 | B 8-Ply

E=— Honeycomb

[T Grid

A Pressure [Pa]

Velocity [m/s]
(23 20] Pressure drop in WBC arrays (0.1mm, 80dB)
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[32 6] Average pressure drop in WBC arrays

Thk SE WBCA Equation R?
2—-Ply y =—10.3041 + 9.3279 x ¢(0-:09467) 0.99
4—Ply y =—10.4977 + 9.7509 x ¢ 08617 0.99
6-Ply y =—0.7209+ 10.0548 x ¢*05347) 0.99
80dB
8—Ply y=—1.2494+1.7135 x ¢ *-19357) 0.99
Honeycomb y=—11.1981+ 10.2558 x ¢-093%) 0.99
0.1 Grid y=—11.7869 + 10.8176 x " 0923") 0.99
i 2—Ply y =—11.3633+ 10.1692 x ¢'"-099%%) 0.99
4—Ply y =—12.2026 + 10.9125 x ¢-0922¢) 0.99
6—Ply y=—8.7719+8.2417 x ¢:0861+) 0.99
100dB
8—Ply y =— 16.3045 + 14.9029 x ¢-09312) 0.99
Honeycomb y =— 14.6868 4 13.1356 x ¢0-1065¢) 0.99
Grid y =—12.9551+ 11.9836 x :08542) 0.99
2—Ply y =—12.7298 + 10.8876 x ¢'-11652) 0.99
4—Ply y =—17.6797+ 15.1097 x ¢'-12102) 0.99
6—Ply y =—17.6797 + 15.1097 x ¢'-1210v) 0.99
80dB
8—Ply y=—19.51704 16.8719 x ¢0-11412) 0.99
Honeycomb y =—12.5054 + 11.0966 x ¢'-1095*) 0.99
1 Grid y =—13.03+ 11.2047 x ¢10057) 0.99
i 2—Ply y =—14.2346 4 12.2750 x ¢ 0-1145%) 0.99
4—Ply y =—17.0606 + 14.7772 x ¢-11642) 0.99
6—Ply y=—21.8539+ 18.7218 x ¢!-12017) 0.99
100dB
8—Ply y =—24.1247 4 20.8292 x ¢0-1157¢) 0.99
Honeycomb y=5.2331 x ¢0:11667) 0.71
Grid y=— 8.727 + 8.0449 x ¢(0:09207) 0.99
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[719) 24] Pressure drop in WBC arrays (0.1mm, 80dB)
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[Z1¥] 25] Pressure drop in WBC arrays (0.1mm, 100dB)
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S
T TZ2E AFEShE Flo] A S M fElth As o 4
- 2% 7717} 30mm, &
=Ao] 7H # A eV =
A] ©
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Electromagnetic Pulse (EMP)ef °oJst 43 7+F Ax717]19 o2ts 2 184S do7|=
2 WS Ao EMP A#HE fIst AA7F 52 oty EMPo &3iA AR Sl 7|AA 7 &
s WA HH, ARS] Anbel AA ZEkg o] & 8 oyl Ay P FAIES v g AR
7I7E AR WA APE SRR Hed SNE 1A § Sle ol AsE 9As)

° 4 F45& AHgEto] o

S WA

et Be Wtow n5E9 A9, Ay o }Eﬂur 3%
ARz A o7 | dlop shrh. wal, EMPoﬂ o I¥e Ko

ne dE, EA Aol ol BET uW AT iy o] %jx}ﬂu} oAl 9 24 At

_4

olglgt EMP At 9] B Qo do o3l WaAAdS AAT A5, FFolA Age 2#H kA
F7F AEE REEEof g Z}ﬂ]"éﬁol A = A7 kel Fahe = A9k HlE
Ueb e, 29 &3} (Shielding Effectiveness, SE)7F A T2 2<Qit}t. 29| &2 EMPS U
e AA71718 dxpar g e vlE HA AEEo] AR, of7]ed nhd #hs FUHH R
A gatol FolAnt. AAl FARE 71718 Mg 71719 AR WA e o2 o]o] uwhet
A &5 = A4 o] DLEV]E} obef v vARE E WFE V7)o wE AHE AMte B

th. =, EMPE Ho &0 7]7]e] ARHA R T Ao Q5= A 7] 80 dBS}
100 dB2 FsiA= 2= & & 5 vk

N

(3 7] ZARS ARFA 7171 et 2pag Aat B

HEMP = 9k 50 kV/m
TAHE AA71719] A Abg | 50 V/m
HAa 29 & 20log,,(50,000/50) = 60 dB
n}x] 20 dB
STy = AH & 60 + 20 = 80 dB

[ 8] WFg ARFA 717]e dist A& A w2

HEMP Z " ¢k 50 kV/m
TARE AR 71 Ak WA 3 V/m
HA 2H & 20log;,(50,000/3) = 84.4 dB
bzl 20 dB
275 A 84.4 + 20 = 104.4 dB

o

5O QRERE R 4Y5E BET L WIS 4

¢ o =vbge Fe) W oY RS westel EMP A4S Ak At v)Ee o
L gE EMPF BE AR BET % B Eokel o= 4% Rass Ao o

& ATk FAEGor, A7 GO K3 AR MLEMME WOz @ £
A =

At BAES EUR FaHEs AAVISE AHAT77] flete makd AE, ERRER
o Apzo iy =& o]|gste] 2Hare FeAS A= AT R dE o g}
shAIRE w7 ¢ 2 A5, EMPel| tid el FosHAIR, wi7|Ho s o] FQstEw
R EadEe] wiy)eEds WajskAl dvkd 1 o ge] wm|siA Al "k =, A a o}



Yeb el gt 24 =3 Fest 947 dvh AA w3 A4 571, 97 9 gt
Theste s FAlS S5 adsiFolol stk wiriwke] A%, FF w7 &) wiriHe 2
TH7F o, w7ldge F&ES T o HE Vo E AEUAdAME FE2 3.4~45
mls, 5E0EL 6.5~10 m/s, 3442 ALE 8~12 m/s IS AAZELE£ 07 st Yt} F
EE52 T8 A= 85 m/s, 380 ES 5.5~8 m/s0lal ¥F2 A& 6.5~11 m/s0]
o uEHa el Aol 125 m/sS B go® 1 o H 30 m/sZE HoUthS, v
TTE =aae] EMP Al a3t wreets w7 He Vlse AldE shA Fshd ARE Al g
AZE EASHA HER ool st #A]o] FQstrt,

7| WAl AXEE ©d ALY =5kd ujde Al avsh fHojuAnt, Zhhe] vl
AV RS Zeksllor He MAREC] destth Ee Eude] dA|dolrt dojdaE ZAek A
g Al BEFEO] EobA nlg Sk ofyel AF AE e AeAl "ot E=d 7] 59
of B-%, 5718 &52 Walste] /5 Aol WAsA dnt

-2k T2 LTkl Ap

H9S w 2HadsS HAStE B4
A3 by =

= e &

@) o2 72 Eond v as

Ob @Y ALY Evw WY

O 283 22 @l AMAY vk wjdS g Rl 2AE EMP adE ofAlsk=d ayt
Aoty gFollA e A= By JeE Tl A muhd S Felo] AR
L LA o Rl G P P B i g ) A S P R R R o B i o i ol B i R o id o'
o= Az 99 15, REZF BAEE, ZAAE S Uil FrEE dge 4 29
o} #Zo] xddT F

1

Py =5 Re(P,<F) (21 29)
2
= e M Re(B)wpyr| A || Ay )
T

b=y
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E - 'ﬂ.
k
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A 3 i 2t el AR Ardelsh ARAlE (& w440l »}Ewua
AcS D AT 2], o FARE, g AR, pE AR A5EE e 5,
19] @el A4 Esha wjde] Faus A8 4 302 BAAL

wu0a4 | Ay | 2

P =
10 4

Re(B)e (2] 30)

o1ol whepA simAlel 9 AzACL Aol AAVIHE] Ry ook e
Z71s0 Gk metA hzzol s ARAot FEFS ErhRe Fast A4 A
dastel AN BT EobAA Hek Teh e 9 A dolh BobaES B4l ol
vlgo] F7kshl HEE olF mebdt o wale] ska 477k Bestet,

2

bW
o o

Wh AxAE =3 Hd

AA7I97F Az gl 7h2y AAAE mabd sdz AbskAl 2 Aol @l AHE =
s i Ed 2y 29y ARelM FHHEE A9 AR b2 39 29¢ MRV
AZ7E 60l AZE AAAY mabd WS ekt 9 FolA BAE Ao Az A
A Eubd il e Faeb 2 A, AATIYE 7FRAC] o ARAO] 6t A E S
SHsHA drk ARV o Aol 15 FIsks Eeh, Wl FaHEE A9 4
312 EdT & gl

Re(B)e™ > (2] 31)
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Astet, 9)Fol A AR Axr)vs R WA ARE DAY mug Nds B3
C oy Axdo] Lo maats Zob AA AR vt stz o] o ARZo] 6.9 HAzt
o 23137 =, aom xﬂizgcﬂ ﬁaoﬂ JoH x%xwhu yAE A Eulere] ZrlsiA
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7h2q Eaae] Zole ARl oo ] AHEH. S, 1% 299 AR AAAY Eak
Welsh masl W AR A Baee] U gtk B AR A9 3 AR
Mz a7 wjel Sans EohsbEA sbRdol ol o) 7aldch meba gaelA
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(H AHaR AEHIA

140 .
130 —#%— Unit rectangular
—A— 8-layer
120 —— 6-layer
110§ 4-layer
—&— 2-layer
— 100
[21]
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/2]

0 0.5 1 15 2
Frequency [GHz]
(19 31] b5 7% 3 & A4E Eaky vide] gk A st Alaeol .

29 S1E A AR A D1 A8 45 T ok Al G At
od At @& vheRdih 2 ulwat] 1814 AnsysAhel HFSSE ol-gsko] Fa
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A7 5o A= olmoh mE ghe deha glon, 7 59 Bee Gl A
el vleiA BESErE AN wEA Yebde S A2 JEe] muheks AR
o] E4do] Folux: 2& & F Stk

Outlet

Inlet

N
.
N
\
.
\
.
|

2-layer 4-layer B-layer 8-layer

|

(1% 33] o T2 W B A

-

7% wo e dg 3719 4 Hla

2 A2ty B o W OF BE 1 GHelA Y AdERS QT B EF 5 4%

oz A & 7} AT & 75 S
(SE,,) (m/s) (m/s)
% 7z S 52.00 0.77 0.68
Z 7z S 63.44 0.85 0.69
Z 7% T 70.18 0.86 0.70
% 7% L9 74.88 0.88 0.68
A ok wjed 91.00 0.79 0.53
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. YE& EMP ¥ S33#9 A 7ol =2l

D A&

EMP #d& 98t BFAIEL oo AH wWate /=T EE /=g HEC
EMP =g Z=3#u]d (Waveguide—Below—Cutoff array, WBCA)S A X|3}= Zlo] AH
QE}

==

; | dutdoly, ey 2718 E]ishs
s Apelel A¥lo] 7ty FE 9 Zufutat AME ¥

: & g HES 7] =del AR
2t FEe mabe] wlE gy EA] wE SrAstE dAdE ks
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2t &3} (Shielding Effectiveness, SE)+ 93 E3#9 A= =339 XF &
Aol Holgl Fi & oy W AMEH AL, AMAY =k S e maas 7
1 gk WMol Ao, ZF9 do] ¢ Tuti Hﬂ%i/] Aol & .ol gl
Tohe WAL F2lo] Batsle] 7] 9l Aol AEIFrL obd Ao
ARget7l el tha FE7F Sl

uebA 2 doAe AR ek A5 d- VlsAkeEe] g4A HEE 7 e 94Y
g3#o] AE AMzZFE T3t o
sto] AdEael] e Zb FEje =3k wid ] dolE 11|

f
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(2) EMP =}¥|

EMP A7} B adt A Auds 7IEel et = 715o] d5-8h7] wite] vj=ef =
7159 MIL-STD—-188-125-15 AHE ¥tk EMP 2452 F3HH= AA7])stel YAt
W Az gkete] A5 olgste] wVIsk Ao AEE uEhr] flEAM AdadtE

AL gol FebAu A spolt AYLA, 4
A GEQY. ® 108 27 Eaw gee] ne

sp= AL 1= ()2 _og10gn (21 32)
a B
o714, 1 2t wjd el daAjdo]
foaar N =yl g4

[3£ 10] Constants for SE equation

Pattern A B a
Circular 31.95 175800 Diameter
Rectangular 27.3 150000 Unit side
Hexagonal 17.5 96659 Diagonal line
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2 32604 m=ukte] JNETE FbeHAl HHE, NEb Fdet JejE g Aol WskA e, A
337 & FEE A 5 Stk

SE=AL1/1f(a—f)2f2010g2—ka (A 33)
a B T

37|14, k. 34 (wave number)

2 329} 2 33014 Esgre] 7ol o] AXW A= ANA He Eawe o7} AR
A9l & 37} 7 g

(3) Est#e F7]e wE A EH

0% 34t 949 Enw oAl 49 AEs F wskw Wde Ha e FolE vehd
AR xFE 949 matudl A%, yES Eukw 99 Ak Aol (mm)E ekl 3ol
oh 29 34014 B 5t vuhel go] 99 Edwel A9 ARl A HW En e
o Weol7t kA AW, AAEI ghol AAA HW WL DL Sk AL
% % 9k

[
-

% 3500 AgHOR wol AHgsH: AF 50 mm olste] A% Estz wjde A9,
AEs g Estw AE] 0E AnE dehigith 49 AEe] 30 mmel FS, Estw u)
99 Zolt 80 dBY] AAEHE VoW 70 mmAES wrw el Polst AL
B, 100 dBe] A E7E dowd 88 mmel Zol7l Wad AL & & Ak

T4 362 AE EukE e Abgst A4S b 71 @ we) dolsh At AW adE
Hejste] Eobg wjge] Hx WedolT ek 1S uehd Zlolth 1% 36904 ¥ & 9)
= ouhe} gol xFelA A e] A4 71 @ We] dolE Aestn Ay e Adgsh v
oA maw jde HAa BedoE T 5 U

—

600

550 F
500 f
450 |
400 £
350 F
300 |
250 |
200 f

WBC Array Length [mm]

150 F
100
50 E

of
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

WBC Diameter [mm]
[2¥ 34] Minimum length for various SE in circular WBCA
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WBC Array Length [mm]

WBC Array Length [mm]

150 —
140 F--
130 F-
120 -
110
100 £
%0 F
ok
70E]
ook
s0f-
a0
w0k
20 b

700 ¢
650 F-----
600 -
550 F
500 F
450 F
400 F
350 F
300 F
250 F
200 F
150 F
100 F
50 F

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
WBC Diameter [mm]

[Z¥ 35] Zoom in the Fig. 34

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

L [mm]

[2¥ 36] Minimum length for various SE in rectangular WBCA

a9 378 7 70 3 o Aolrk 40 mmoldkel A9-E FoisiA ek 2 AR 9
b 71 gk Wl Zolzk 30 mmel A, 2HEY 7S 100 dBE A gshd ¢y+% Hl| o <]
HAiFdeZol= 103 mm o olH, AHad gs 80 dBE Austd Tat wide] Hi
HoZol= 80 mm AEQ RS & 5 Utk

Zal 384,]. ZFJ 39‘— 07]—‘65] Equii HHO&J ;]/\ erOZ:_]o]E. ;}: 7451 q_ﬂ_ﬂ 7}i_o_i
9 348F ¥ 369 A3, AHAE Eukd wde] dolg Fete WHY FdsHA 24l
otk 18 39904 §78 e A% Zdol7k 30 mm ¥ W, 80 dB & AHEH}ES doHd &
o vjd e HAHol= 57 mm ©lH, 100 dBY AHadE o Zutdk wide ol
75 mm] Ao|rt Jas RS & 5 Utk

et ARZbE Eutdo] A9-¢f Blwsld 80 dBY AHEHE dE Aol S48 =3
TS AHESHE 5 mm A5 Zok vl Aolrt Fobx Al Hw, 100 dBE] AHadE I+
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Agoe= S48 =ad wdS AFESHE Zlo] 30 mmAE A YEhYyE A
A7 789 A9 80 dBS 100 dB EF S7+8 Tutae Algst= 7o)

150 ¢

140 |
130 |
120 F
110 f
100 §
o0
80
70 f

WBC Array Length [mm]

60 |

50

40

L [mm]

(13 37] Zoom in the Fig. 36

500

450

400

350

300

250

200

150

WBC Array Length [mm]

100

50

10 20 30 40 50 60 70 80 90 100
L [mm]

[779) 38] Minimum length for various SE in hexagonal WBCA
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100
95
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70
65
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55 ki
50
45
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35
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25 e z : : : : : : : :
20 i i i i i i i i i i

WBC Array Length [mm]

L [mm]

[Z29 39] Zoom in the Fig. 38
(4) AHETe b F4 23

b A age] e =odud 4o
% 11-% 13S 938, A28 9 §713
Zlolth, el Al UEhd A 3274 332
Shol ZhaksiAl 14kl A o2 el
% 11914 AEol 50 mm¢! A= ¢ quiJH o] Z o] =—5.7509+1.6324 X SEZL” O & 7

o uﬂw Aelg b e W

e Fol Hitalo] AFgE] ofele Zw

AT 5 glom, gshs AET e S AEte] e ok wde olg T

F gk

4% Ewe AT A9 549 wu
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TE 5 gom FHA 0

>

ofo
Jm?{J
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oS Yo Eobgt )
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]_

Ho &

& i

[3 11] Minimum length requiredin circular WBCA with diameter

Diameter 2
Length of WBCA[mm] R
[mm]
90 y = 5.1000+ 3.2800x
80 y=1.5809+2.8119x
70 y=—1.3882+2.3879x
60 y=—13.8600+1.9978x
0.99
50 y=—>5.7509+1.6324x
40 y=—"7.0400+ 1.28582
30 y=—"7.5527+0.9525z
20 y=—7.200+0.6300x
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[3£ 12] Minimum length requiredin rectangular WBCA with unit side

Unit side [mm] Length of WBCA [mm] R?
90 y=6.5282+4.1208x
80 y = 1.9400 + 3.4642z
70 y=—1.7073+2.8989x
60 y=—14.6636+2.3982z
0.99
50 y=—6.8536+1.9426x
40 y=—28.3000+ 1.5200x
30 y=—8.9045+1.1214x
20 y=—28.5736+0.7401x

) FE3iA

3E 13% 9 3994 Adlax ds 100 dBY S4F =] A%2] Zol7F 30 mmo]
, S wjd ] ol 74.6 mmoltH (19 40). FLsAH & TS ZHE 100 dBH AL
& Lo e Aol 103.2 mm7b Ak 3 E9d 14F e ¥7E sEe] WA
%718 T A$E 584.6 mmPolw, AHzbE Latke s wjde] A
717} 300x300 mm<% ) %ﬂoiﬂ 27 He T Yd7age %a‘ﬁé T wg
88,867.9 mm? AH4d =ty wjde 88,950.27 mm?o|t},

o N2

rlo

Em

[3 13] Minimum length required in honeycomb WBCA with diagonal line

Diagonal line [mm] Length of WBCA [mm] R?
90 y =—12.9209 +2.9057
80 y=—13.7082+2.5108x
70 y=—14.2209+2.1457x
60 y=—14.3209+ 1.8030
0.99
50 y=—14.0964 +1.4787x
40 y=—13.3882+1.1679«x
30 y=—12.1309+0.8676x
20 y =—3.3808 4+ 0.7760x
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[Z2¥ 40] Modeling of WBC Array

25

[ Grid 100dB -
7zz2Z) Honeycomb 100dB § § 7

20 b ..................... ..................... ...............

N
)]
T

A Pressure [Pa]
=

9 12 15
Velocity [m/s]

[72¥ 41] Averaging pressure loss in entrance and exit of WBCA

B7He 913 CFD AlgdloldS 25 F5H= 2719 £55 1, 3,6, 9, 12 m/s 4
15 m/sql A5 o= siglom 27p« Kol thair 2H2; 6case®] & 12cases a4
sttt A @5 Eakd wdelA ] e EAY Euky ald AT 2 ET0lM ] B &

2 g Zlolm 19 42 WBC 97
ok % VH Fafrsa vt 7401@ el & Qs vkek o] At hEHEAE &
Z = A S

48 o) EAEe ALEE A9 Aot FEdEsdel A4y Fue] LR AEH
A9k tha ZA debdth SAT 9T f%50l 9 m/sE WA W {2489 Euke
Feeao] A et AL ¢ 5 Yok Ea FEHES WBCE 7ol Ede] Py
of wet A9 o)z} glom FPeldE K248 FHY AR AAE A9 H 2 @ge
woth webd AT AAEN ee 2E K490 A4 Feo) wue 49 {2489
SR Agets Zo] WEas W WE GYLAL weldthd R Ao Wdd 4
o1}
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Honeycomb-WBC-In

Grid-WBC-Out
XY honeycomb-WBC-Out

[ Grid-WBC-In
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15

12

Inlet Velocity [m/s]

[729 42] Averaging velocity of flow loss in entrance and exit of WBCA
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= 25mm, WBC cell& A& 70.3mm¢! o] WH3s= honeycomb o],
1.5mmE AFE-3t

(a) standard

(b) Concentric Reducer

(¢c) Eccentric Reducer

(d) WBC(Wave guide below cutoff)
[729 43] WBC, Concentric Reducer & Eccentric Reducer

_74_



%%F _{l&lli}. """ P "kl_c:élx-” --.,___.\‘
R =/
— EVPREANS i — |
S A=/
soiEE . | =
E27)=R) - . i
l HEH QR A 2
HEZE Tod 7
Hfs R5 7t 2 HE

(W) AlEdelA

Syt wjdo] AAE FxadeM e FA9 55, 4Y ¥WE = dMAsty] flstel CFD
AlEH ol s At

wrild el e fE5S wijde] TRl wel gEAN 5
2m/s, g AT elA e AFFES 0.5~0.7m/sol™ dHtH o F 2.0m/s °|s7t uhEA s}
oomebd 2 =EedAe F il daelM e f5e & 149 #o] 0.5, 0.9, 1.2, 1.5,
1.8m/s ¥ 2.0m/s? 6708 &= YO Z F 18 caseEs #A5H3A T

J

¢

FRAMY AFFEHES 1~
o
2

A2 WBC wdeAel 7%, mid &3 59 7949 75 U S8 sS dotst
3, AZFe] ZEMAAD Y WE VOF (Volume of Fluid) S o] &€3te] WBC w|d H-2jo 4 9]

T&e Bk
9 44 AlEEClAS $1% Volume MeshE e 2102 Polyhedral meshs ©]-&3f

o] 270 E AEE ZAs it

[213] 44] Volume Mesh (2,738,960 cells)

_75_



¥ 14] Simulation Case

Inlet Speed Concentric Eccentric
[m/s] Standard Reducer Reducer Cases
0.5 s—05 c—05 e—05
0.9 s—09 c—09 e—09
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1.5 s—15 c—15 e—15
1.8 s—18 c—18 e—18
2.0 s—20 c—20 e—20

Y 3 Type
Size 3x &2 =6case

A 3x 26 Type= 18 case.

0|2 g0 I}= non steady EH7}

0.1 sec 7 aliAd
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(3) W27
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[3% 15] Simulation Result

Case Result (Volume Fraction)

lsec c—05

S5sec c—05
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(729 45] Maximum flow velocities at the center of the WBC array
[719 46] Average flow velocities at the center of the WBC array
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[23 47] Maximum flow velocity calculation at the center of the WBC array
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[71¥) 48] Average flow velocity calculation at the center of the WBC array
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[721¥ 49] Pressure loss in accordance with types of reducer
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G-125-2.0
G—-150-2.0
G—200-2.0
H-100-0.6
H-125-0.6
H-150-0.6
H-200-0.6
H-100-1.0
100 1.0 H-125-1.0
' : H-150-1.0
125, H-200-1.0
150, H-100-1.5
H-150-1.5

H-200-1.5
H-100-2.0
H-125-2.0
H-150-2.0
H-—200-2.0
M-100-0.6
M-125-0.6
M-150-0.6
M—200-0.6
M-100-1.0
M-125-1.0
M-150-1.0
M-200-1.0
M-100-1.5
M-125-1.5
M-150-1.5
M—-200-1.5
M-100-2.0
M-125-2.0
M—-150-2.0
M-200-2.0

r

0.6

1.0

Grid

1.5

2.0

0.6

Honeycomb

2.0

0.6

1.0

Multi—Layer

1.5

2.0

it

o
5
r

= e B 4FT, FH 3Te thdeR Wi 27 g RUEEE
0.6, 1.0, 1.5m/s ¥ 2.0m/s& dA3sto] F 48Fe] tlste] 0.1% HAOE wFFlelA <
W& B7Fskith. 11 58 AlEelolde f1% Volume Mesh #74d A3tE YeERS
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Unsteady

H|Z AL #14 (Time serise)

~SHR, R IR ALSSIR 2= B R0E B 2/R70ISH US,
St 217t A1012AR) 20t HAA O OHsE,
BN o 34 Jts

~HI5=2 : AFEOHR S 2UE B I SAH S,
AFRE A F0I= S0t B0 20| 55,
NS AR 301402 R0 fA B R,
Hi==2| = £=0/6-1.5m/s 0l510E & == =&, <4l 1/100
AlRHEDHONIF E Bl S S Tt & SfAlzh (U2 4ell4)
Hl5E = 01BNl ST FE| 2 i+ isS A Ea,

i

[717 57] A&l

(13 58] A4S 93 Volume Mesh

_88_




(4) CFD &4 23}

¢

o+ &% (100A—0.6m/s)

O

[3 17] Multi—Layer Type =33 v o] A7t Ao upE

Volume Fraction of water
0.00 0.20 { 40_ 0.60 0.80 1.0

B g
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ - 4 m
Solution Time 10 (s)

Fraction of water
40 0.60 0.80 1.0

Fraction of water
40 0.60 0.80 1.0

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ = |
Solution Time 30 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| 4 A
Solution Time 35 (s)

G99 EAE MUE 4502 4AR ALRA AF 2] 100mmeln 47 Fdo
T S REUE A AL UthbAR QuHes
207 ekt
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kel
—
o
=
=3
il
—
[eb)
<
o
~
-3
«
kS
)
F
A;
L
=
2
1o,
o
o,

o W& 3} &5 (100A—-1.0m/s)

O

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 10.01 (s)

Volume Fraction of water
0.00 0.20 0 O 0.60 0.80 1.0

Solution 14.955 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 20.01 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 24.935 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solunon Trme 30.52 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 35.37 (s)

5-0) 0] 100mmelt 978 5] Lom/ss: 459 st delA 7o)
o] 0.6m/sel Aol WA T B4 F97F Ao, Estw A AMPAE 297}
ggstel AR e o] Uolubd P AOE vhehgrt,
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[3 19] Multi—Layer Type Z3+3 wld o] A7 Ao & 314 &5 (100A—-1.5m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| = |

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ o |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| - =
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 30 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| . i 3 |

Solution Time 35 (s)

o] #wAgo] 100mmeolal drellA &7k 1.5m/s® Fd¥H ™ Euhad wjdox = ozt

o 4985e glon 10m/sel ASo Tl Ador A%d 35S wolk Zow
Ebske}
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0

14 32 (100A—2.0m/s)

O

[3 20] Multi—Layer Type =33 o] A7 A zfo] up&

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . == |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| i -l
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ iE |
Solution Time 20 (s)

Wl%e] $Ao] 100mmeln AT 57k 2.0m/s® HEY o Wl okt
o FAYE gout Eske WA AMRe 5 fUTF SelME 5919 W} g 2
2 o 5 g

wpeha] ko] 100mmel Aol AT 75
= SRR FYHE skeauedlA e 49 =
Adsol A skrb o fsto] fU9 SellA sk Fo =
T3 &9 f5ol 1.5, 2.0m/s7F HE FYT Selde sk
UER w2kl 100mmel Aol a9 #9 SE5 WA s Aol
g st 550 wajddol doluA e ZloR ddEn o d dAdE
71715 1/100 ooz Fuls dAste] atre 55 wEA st Zo] &5 Jox ad

Hh

oX L
01)4 do
B

o)
_O‘L
RN
ofy s
1o
i
2
Jdo
A

0,
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Volume Fraction of water
0.60 0.80 1.0

0.00 0.20 0.40
(| B = 7

Solution Time 5 (s)

Volume Fraction of water
0.60 0.80 1.4

0.00 0.20 0.40
Solution Time 10 (s)

Volume Fraction of water

0.00 0.20 0.40 0.60 & A

. b | |
Solution Time 15 (s)

Volume Fraction of water

0.00 0.20 0.40 0.60 0.80 1.0

[ i
Time 19.49 (s)

Solution

M eel B7o] 125mmela el A a4 el frol 0.5m/s2 F
52 99 mstw wgde] Aueld #97 4Fsn 4FE e £9E Aol Ang
= 3]

o metE ALY o HAHE Ao ehitt,
ol 4ol BEo] 7] wEe] muw wjole] Ave] 9§ 589 Adto] L nA
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| T -
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ i | |
Solution Time 10 (s)

Volume Fraction of water
0.00 O.?O 0.40 0.60 0.80 1.0

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ O - .
Solution Time 25 (s)

Velume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 30 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

-
Solution Time 34.35 (s)

WlEke] ghge] 125mmoli AelA SRk Lom/sE fdsw wvbah ude] ofax
FUAT S S H A AUHOR Fvt FEHL DR Wt HiE RO ek

.
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 JudF
N e 3 |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
N o |
Solution Time 17.87 (s)

W] 7ol 125mmel . ITelA 57k Lom/s® fHE waka wido] 9N
BN Sl F97k Ass Eakw Mg FUAAE 59 SA7 dess Aow

b AR ShEe AT RRAAE S 599 A5 QoA Lo,
]_

ol WE £EE FYST Sesk =ukw Wgde) Zue] o8 dRaAw RE fet
WE SRR Ao FUNE S A Eoke Mg B Mg Aow BeHE
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[3 24] Multi—Layer Type =33 w9 Azt Ao W& s &5 (125A—-2.0m/s)

0.00 0.20 0.40 0.60 0.80 1.0

0.00 0.20 0.40 0.60 0.80 1.0

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ e 3 i
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ T ]
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
- T |
Solution Time 30 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
E o 3 -
Solution Time 35 (s)

W] wgo] 125mmeli el Al ST 1om/s® fIEW watak o] gAg ¥
ML S50 97 AEH] Enw Mg FHAE e £907 gEee gow
CehgAR See FUT FRAME B #9945 dolubd Btk e FUSE

e Sz wukg fde] 9 WA g oz audr
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[ 25] Multi—Layer Type =3} o] Al Ao & st 55 (150A—0.6m/s)

1.

Volume Fraction of water
0.40 : 0.60 0.80 1.0

Solution ﬁ'me 5(s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution ﬁme 10 (s)

Volume Fraction of water
0.00 0.20 0.40 . 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 _ 0.60 0.80 ) 1.0

Solution ﬁ'me 20 (s)

W4e] #7o] 150mmel Areld] 347k 0.6m/sE YW Ete Welo] AT
oAl 310 F917 Aatn] oje] mE o 5t FUHE PR ARsel ©
shabe] Q1 Zo) 5w ol Fue] Yt o tehdth ot A FUE WS
Sobgh wgde] Ao] os) 5 Yol W] WEQ Ao wekwch

=
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[3 26] Multi—Layer Type =33 w9 Azt Ao W& s+ &5 (150A—1.0m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.40 0.60 0.80

S |
Solution Time 20 (s)

0.00 0.20 0.40 0.60 0.80 1.0
[ i -
Solution Time 30 (s)

a

Mgl el 150mmelat TelA Sk Lom/sE U = 3
NN Bk w7k FASA e Sheel FAT FROAAE W] £k 33

Asee Aow vepi,

o

X
ol
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1111

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ & |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| E |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ B T
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

s 5 | i
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ ] |
Solution Time 25 (s)

Volume Fraction of water
0.40 0.60 0.80 1.0

e |
Solution Time 30 (s)

o] 150mme]al oA wiE7F 1.5m/sE FYEd =93 wjdo] X
Fo A s w7 dRste] 97 ASsHAT TS mE SEE FYE e vt

A Eshw Qe Batste o vehg

o
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0

[ 28] Multi—Layer Type =3} o] Al Ao & st 55 (150A—2.5m/s)

O

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| i |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 I

- = —
Solution Time 20 (s)

sige] o] 150mmolm ATl HlEt 2.0m/sE RS ok wjdo] 1A%
PRAME WMFTE AR 297k FEAAT AT SN ME SEZ 4YHE e
7 Evbe M dg Bakshs 20® vkt

olelg WAL 100mmo) WSV Tl Ao Lo wele] o ARHE wMeE i
b mEy] W] AT SelM wE SER f5E 05 PO R Wt mubn

e sty MEel o ww
= wokg wde] FHAR 5919 Aol ol
WAl Polg Ak ReA FFE WAL RS & S vk

- 100 -




0

O

[ 29] Multi—Layer Type =3} wld o] Al Ao & st 55 (200A—0.6m/s)

Volume Fraction of water
0.00 O.._?O 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . j | N |
Solution Time 18.34 (s)

4
1o
N
—
~
\]
E
ol
il
it}
2
=
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o
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il
é
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1o
4
o
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ol
!
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0

o,

o] W 3} &5 (200A—-1.0m/s)

O

[ 30] Multi—Layer Type =33 s o] A7+

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ 1 |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

i | - i
Solution Time 20 (s)

Volume Fraction of water
0.40  0.60 0.80 1.0

3
Solution Time 25 (s)

Volume Fraction of water
0.00 .20 0.40 0.60 0.80 1.0
[ - i
Solution Time 30 (s)
vl =#e] #Ad o]l 200mmelal TellAl w7t 1.0m/sE FHEW =3k vjdo]l A
BRI WgT iRl £vh Asstn AT FAME WE KRR W #9074
e A % & A
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0

14 52 (200A—1.5m/s)

il
(e}

[3 31] Multi—Layer Type =33 wjd 2] A|7F A 3ol u}

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Veolume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

i |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ ) - i
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 _ 1.0

|
Solution Time 20 (s)

Volume Fraction of water
40 0.60 0.80 1.0

Solution Time 25 (s)

Velume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

- = -

Solution Time 30 (s)

Weel Bol 200mmeln ATANM WF7h Lom/sE FYHW Evhw wge] X
PRAMNE WL ATl £97k BSAAT YTHRAAY FAFEES DolihA g A

o2 e
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0

14 52 (200A—-2.0m/s)

O

[ 32] Multi—Layer Type =33 vl 2] A7t 3o W}

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
1

Solution Time 10 (s)

e Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80

e i |
Solution Time 30 (s)
vl 2] o] 200mmelal el A wiErE 2.0m/sE AU EH =3 vjdo] 91X st
BRI E WgT IR £ev AsaAN ATREAN FAdES QoA g A

o2 e
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[3 33] Grid Type =33 8o A7t Aef & 3+ 55 (100A—-0.6m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
N a |
Solution Time 5 (s)

Vo!ume Fracnon of Water
0. 0.2 0.40 0.60 .0
_ - _-
Solution Time 10 (s)

Volume Fracnon of water
0.40 0.60 0.8

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
s N i
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| b |
Solution Time 25 (s)

—

Volume Fraction of water
0.00 O._ZO 0.40 0.60 0.80 1.0
[ 1 il |
Solution Time 30 (s)

Hi=e] #7gde]l 100mmelar sirellM w7k 0.6m/s% Fd= ™ Evpak wjdo] A%
M=

PR W7 ARetel 297k et md SRR f9HE WSe Esbae] Ao
o8 ARE WETE A Aol mak AW WEHlAE W £919) Aol Uoln
3RS FERelAE FUsE MY o] FolFel AR 1/2 olskel A7 #4
B Ag ¢ 5
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[3 34] Grid Type =33 8o A7t Aef wE 3+ &5 (100A—-1.0m/s)

Voiume Fraction of water
0.40 0.60

Solution Time 5 (s)

Volume Fraction of warer
0.20 0.40 0.60

* — - i
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . i B |
Solution Time 15 (s)

Volume Fracnon of water
0.40 0.60

0. 0.2 = 0.8 ;
Solution Time 20 (s)

Volume Fraction of water
0.40 0.60

Solution Time 25 (s)

-

o wo] 100mmela YA W7 Lom/s2 FUHW Evkg Wde] 9429
RPRAME W7 diste] 2ok A5stn RUSE s mokel A s oF

57 @7 Agstel wabh AMRe] Mgl WS 5919 el doubm wvtwl
P

AN w2l £97t F5ss A & 5 Ak

il
<
T
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[3% 35] Grid Type =334 w9 Al7F Ao & s 55 (100A—1.5m/s)

Voiume Fracnon of Water
0.40 0.60

* —" i 1 i
Solution Time 5 (s)

Vo!ume Fraction of water
0.40 0.60 0.80

'_; = -
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . e 4 |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 20 (s)

Volume Fractfon of water
0.0 0.2 0.40 0.60 0.80
__. _ I
Solution Time 25 (s)

Vo/ume Fractron of water
0.40 0.60 0.80

Solution Time 30 (s)

#70] 100mmel Preld W7t Lom/s2 FddE Eshe wdol
AL Eobe oAe Aol Qs 90t 5etn 4R 99 JFoR wv
HRAE AUAOZ R 1/2 o ge] 9T wol: o= vekuvh
3

dol A wjgre] sl M= AAL] 100% 7Hhe] F7F deshs As

=

9

<=

2o
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o5
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30 &Eou@ ot
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[3 36] Grid Type =33 o] A7t Ao & 3+ &5 (100A—-2.0m/s)

_
Velume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . i 3 |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 10 (s)

p——— ————

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ B | |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 . 1.0
il

[ -
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ E 3 |
Solution Time 25 (s)

——

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ E 3 |
Solution Time 30 (s)

%] #7ol 100mmelx ATFA WEsk 2.0m/sE AU Ene
At mvtp e Aol g3 £/t A5sn 4FE £99 PO wnw )
RelNm ANAHOR W 1/2 o4 £98 Holt Aoz etk e wu
fe) A~
~
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[3 37] Grid Type =33 v o] A7t A 3fof u} I &5 (125A—0.6m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ 3 'i. i
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
s | 1
Solution T.'me 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ IS |
Solution Time 15 (s)

Vo!ume Fraction of warer
0. 0.40 0.60 .
_ i -
Solution Tfme 20 (s)

_

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| = |
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ . == -
Solution Time 30 (s)

Wlake] 4ol 125mmeli QoA W7k 0.6m/s2 FlEW Eahk wds £l
9ol el dolhis A & £ glek ol Eatak el AMel ola) A5
o
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14 52 (125A—1.0m/s)

ol

[ 38] Grid Type =33 v o] A|7F A 3}o] wpE

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ =l -
Solution Time 5 (s)

Volume Fraction of water

0.00 0.20 0. 40 0.60 0.80 1.0
Solution T.'me 10 (s)
Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ R i

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ E § |

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 24.9 (s)

e BAo] 126mmelal JTollA w7 1.0m/s®E FY=H =3td ujd, f- o2
FEME 2T 50 Aol dolus Zow yUetwth ol =3t wde] FE7E A E o]
71 Wil Aol JMgrt ol filskrrh dReta FEHE M fEe] FANHY] vl
Zog ddd
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[3 39] Grid Type =33 o] A7t Aef wE 34+ 35 (125A—-1.5m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

X - | |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ B 8 |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
i & | - 1m
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ = 8 -
Solution Time 30 (s)

W] #AHo]l 125mmeol i F-olA] uls7t 1.6m/s2 SEd a3 ajdy) 4=
o] Aol doui= Ao® Yyttt ol Zmb wide] Fert Azt elr] witel Z
NGk o} flakavt elRatn G W fEol AAHY) BB Zow wikd
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[3 40] Grid Type =33 8o A7t Aef w}E 34+ 55 (125A-2.0m/s)

Volume Fraction of water
0.40 0.60 0.80 1.0

Bl |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

S 8 .
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . il i
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

S il | .
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 30 (s)

= BT
o A vud wE 2 FYEHE s @ 2 wjds FYEiA dojues A
o2 Aot
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Volume Fraction of water
0.00 0.20 0.40 - 0.60 0.80 1.0
[ il | |

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ O = o
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 _ 0.60 0.80 1.0
[ . i i
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
S = |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
i | .
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ D ] | -

Solution Time 30 (s)

Wlake] #de] 150mmel i QFelA M7t 0.6m/s® FIEW waka el wg
Lo 59 Aol oy Ao et o Eaw Wl A
of ol ARH WG me S f9HE w5 G 2o wukh
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o

[3£ 42] Grid Type =3¢ #jd o] AIXF Aol whE sk 35 (150A—1.5m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ T i | 7
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

N F | |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ I | [
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

N B | -
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ B B |
Solution Time 30 (s)

Ze] #Ao] 150mmeol . TellA M7t 1.5m/s®E S9lEW Taty wjedo] of
oAM= Zakak wid e Al oa AFd Wi FAdHs Wi Fel ol ¢
ghoHlwd wE e fYEER Qe fUE wse A =3 de Saeks
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[3 43] Grid Type =33 o] A7t Aef & 3+ 35 (150A—-2.0m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ B im
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ E ] |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| D B | - m
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 24.99 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
L - -
Solution Time 30 (s)

e #gel 150mmeln ATAA WFTE 20m/sE FUHE ME fYSE o
st WA Auel o) oRE Wt £ e @A mstw WAS Sastel WA
FH gl e 120107 Se7l Asele AE & 4 9luk
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(200A—0.6m/s)

&
ot
ol

[ 44] Grid Type =33 s o] A7 A 3}of & 3}

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

LN ] -

Solution Tirme 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| U 5 - n
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . | |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| . = |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| R ¥ |
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[

Sofutfon_ Time 30 (s)

wjsgte] #7do] 200mmoli Ol WAl 0.6misE FUNWE 1Y HET 4Hs
5ot i wjele] AuelA olfnd W40 dgow HYTRE Ea@ WA w4

97k 1/2 oo F5ds Ae & 4 vk
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[ 45] Grid Type =33 w9l Azt Ao wE 314 &5 (200A—1.0m/s)

Volume Fraction of water
0.20 0.40 0.60 0.80 1.0
] i

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
! . 3
Solution Time 10 (s)

Volume Fraction of water
0.20 0.40 0.60 0.80 1.0
b |

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80
i |

Solution Time 18.74 (s)

200mme] i Tl WZTF 1.0m/sE SdEW waty md
ol dolub= AL & & otk EH muk wjdY FFem 5919

% mE
o] dolip 0% vhErET
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[3 46] Grid Type =33 8o A7t Aef & 3+ 55 (200A—-1.5m/s)

Volume Fraction of water
0.00 0.20 .40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ I i | |
Solution Time 10 (s)

Volume Fraction of water
0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
o

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 .0

[ ] - i
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 28.59 (s)

o] #gol 200mmeolaL el M wi7F 1.6m/s=2 FiE™ Evkd wjd e 9ol
A A B el 90%7HA w918 Aol dojues Ae ¢ Sl
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[3 47] Grid Type =33 v o] A7t Aef wE 3+ &5 (200A—-2.0m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 2.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ E | |

Solution Time 25 (s)

Volume Fraction of water
.00 0.20 0.40 .60 .80

I!"‘
Q

Solution Time 30 (s)

wj5he) #730] 200mmol 3 TN WAl 2.0m/sE HUEHW ME S f8s
Gob wab v oal oRE W4Tt £ W dgor wow Wde SHEe T
W] B9 95% AEAA wae] 907h Aseks Ao w Uepkt
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¥ 48] Honeycomb E=33 vjd o] A|zF

o),

o W 34 &5 (100A-0.6m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| B | -

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ Bl | B
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 ) 0.60 0.80 1.0

[ . E ] |
Solution Time 15 (s)

Volume Fraction of water
0.40 - 0.60 0.80 1.0

et
.'

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

N 1 |
Solution Time 25 (s)

[
M}t
=
Bl
a)
1o
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N
oy
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¥ 49] Honeycomb =33 v o] AJ7F A3t & s 35 (100A—1.0m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 5 (s)

Volume Fraction of water
0.40 0.60 0.80 1.0

Solution Time 10 (s)

Volume Fraction of water
0.4(? 0.60 0.80 1.0

i - a
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 19.32 (s)
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¥ 50] Honeycomb =33 v o] A7k Ao wpE 3 55 (100A—1.5m/s)

a_—_e_;ﬁ?——_—ﬁ-‘

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution 'T."m; 5 (s)

Volume Fraction of water
0.00 0.2_0 0.40 0.60 0.80 1.0

5 .
Solution Time 10 (s)

Volume Fracnon of water
0.00 0.20 0.40 0.60 0.80 1.0

e 15 (s)

aff

Solution Ti

m

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

m

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 25 (s)

wjeke] #dol 100mmelar Y-ellA wig7F 1.6m/s= Fud wa vl fFdow <
2ol M= vl F7F AAA SR 100%] 7H A o Eakd wjd e 5
AT v B8 80% HEAA Wi F97F s AS & At
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Volume Fraction of water
0.00 0.20 0. 40 0.60 0.80 1.0

\H

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

s i |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 24.95 (s)

o

Gl
I

%)

=5}
ATIES
_ﬂ

740l 150mmela JTell A wlg7h 2.0m/sE FYEA wE o fFYo
Aol Aol M oiE wierE FdE = et @ wE SRE muby
doules Eubd wjd o] Fdel] fIAR widel M A wiee] 80% H =
deol Ao Aow yEdth
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ . | . |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 O.{O 0.60 0.80 1.0

- 5 | |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ E |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 17.89 (s)

5] #7o] 125mmola Al WATh 0.6m/sE fYEW Esta WA wvie
M AW weweld fUE Sk =¥ SRR Busty] uiel w £ole] ol
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

i | |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.2 0.40 0.60 0.80 1.0
[ = .
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ i 3 T

Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 _ 0.60 0.80 1.0

[ B § -
Solution Time 30 (s)

Wl =e] W7do] 125mmeolar ol w7 1.0m/sZE Y EE 75 E =ukd efd
SR 742 g 990 Ao] dojutE Ao w eyt ol by wjd e Ao 9
AFE WeT FAEHE get FRE7] el Ao ddEn
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Volume Fraction of water
0.00 0.20 0.40_ 0.60 0.80 1.0
[ | |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ . 1

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ . i |

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ . | |
Solution Time 20 (s)

-

7ol #7go]l 125mmeolal Yol vt 1.5m/s® FdEd = ujde = i
80%7HA W F9I7F ek, Taka Wi el SHF-o] wigHelA = 90%7HA i
5 o7 et o) Bl wE SE2 FUEHE v maka sl oA
T7F e nua wE S5 2y idS S wEd AR wukEch

lo 5
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Velume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

= |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ i | - n
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 - 0.60 0.80 1.0

|
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
1

Solution Time 24.4 (s)

5] #7ol 125mmola el WSl 2.0m/sE fUHW Este MAn wstw
Aol gl el W5 159 80%7H4 Wl 917k Aeshs 2ow vehget

POV
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[3% 56] Honeycomb =33 v o] A7 Ao & 3¢ &5 (150A—-0.6m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ ; N |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ I |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ ] |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

- E -1
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 : 0.60 0.80 1.0

Solution Time 30 (s)

g

W59k $o] 150mmel i PFelA W47t 0.6m/sE FUHW wvtw W, Suke o)
A Amwe] WFHelM BE 5919 g5o] dojuks gow vhehgth ol Evtw Wl
Aol 4] AfFu= Wge melA f9HE W5t GRE7) MR Ao werEh
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ | |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ - A
Solution Time 10.34 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 __ 1.0

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

i
Solution Time 25 (s)

Velume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ i |
Solution Time 30 (s)

Wl gke] #7o] 150mmel i QeI WET 1.0m/sE SHW WS F9TRE Ev
o] Fuskx g 599 ge] dejuks Ao vehdtt
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ e i |

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ E |
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| = -l
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

i |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 L 0.60 0.80 1.0

[ - o |
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ P | B |
Solution Time 30 (s)

W52 #7go] 150mmela Al WS Lom/sE fEW Eshw g Amy
A5E W5el f9EE W REel AAl WM BA) 0% A WS STk
Feke, wvbgh el FURAE waw B 80%7k W Rt Aset How i
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¥ 59] Honeycomb =3z ujd o] A7t A3te] wpE s+ &5 (150A—2.0m/s)

Velume Fraction of warer
0.00 0.20 0.40 0.60 0.80 1.0

[ Y | |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

— —ay -
Solution Time 10 (s)

0.00 0.20 0.40 0.60 0.80 1.0
[ N |
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 .40 0.60 0.80 1.0

- T - .
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

H
‘

Solution Tme 25 (s)

0.00 0.20 0.40 0.60 0.80 1.0
[ | |
Solution Time 27.65 (s)

Mol #7o] 150mmel T QTN W4Tt 2.0m/s® HHE £ weleln oFH
MGE e SR §olHs wgg RRHe muw Wde Bdstn wuw g Fuo

NFRAHE R B 7% AR M) £ Ao Ao ek

1l
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[3% 60] Honeycomb =33 v o] A|ZF Ao & 3+ &5 (200A-0.6m/s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ O it |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

[ = -
Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

Wl57he] ghgo] 200mmel i el W 0.6m/sE KU mes fEE W
Sobgh e A o8] dFE Wt GREe fUTRE wv WA w5
Fol olupn] o] Estw WAL FAF olFAr WA el o
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
T | [

Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ M T
Solution Time 10 (s)

Volume Frtion of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ | e
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

il
"

Solution me 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
. i | e |

Solution Time 30 (s)

T ¥Ao] 200mmolal el wig7E 1.0m/sZ A W F A5 Rk
el A7k w7 HA L 80% FLETHA w97 At Ao®E YER
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Volume Fraction of water
0.00 0.20 0.40 0.60
EE

0.80 1.0
=
Solution Time 11.67 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
| S = 8 - e
Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ S ¥ |
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ N |
Solution Time 25 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
Solution Time 30 (s)
W3] #Ago] 200mmeolal JTNA w47F 1.6m/sZE FYEH =yt oA o735t

W57t WEA FUE e FRekel ANAoR wxtw Wdn WA AT AA A
2 e 97t gEE fETO AAAAE Wee] SR At ACE Vhebdth
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Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

E i § |
Solution Time 5 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ B e |

Solution Time 10 (s)

Volume Fraction of water
0.00 0.20 0.40 5 0.60 0.80 1.0

'

Solution Time 15 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ 0= - e
Solution Time 20 (s)

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ | |

Solution Time 25 (s)

Wl ee] el 200mmela AFlA Wk 2.0m/sE FYEE = o]
7E fEE ME ure @21 S e Baaa de U wSeeld A
90%714 ANA LR WG F97F AEAW fE2Tol AAAAW W) 597k 50% 4

2 YEE 2L 4 vk
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¥ 64] 15% AAF w4 35 vl
A7 100mm, #1554 : 1.0m/s

WBC Type
Multi—Layer Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 10
Solution Time 14,955 (s)
Grid Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ . J | D |
Solution Time 15 (s)
Honeycomb Volume Fraction of water
0.00 0.20 0.40 060 0.80 L0
Solution Time 15 (s)

o] #Aol 100mm= St oFelAM fFEe wigvh v #1128
1.Om/s® 9™ =t wjdo] A FEolM= Grid Typed =3ds AAT F97}
7R vl 917 A vEben v 552 Edkake] 6243 <1 honeycomb?] 7
T Ee 9] WEkE Hole Zo® ey
gy dnbA o wiere 53 fASE e wol
7

o ARl wWsk sl WA WS 917k ok

a1 T L
Aow UEy Eaps A8 2497 iy mde Eus ol F e 5o HmA <
A A & 5k =8 Eaw i A% gFoR Y ek dFs] {UTAA
AgH o Wiy FA7k FEshs A & 5 A
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[ 65] 16% ZA¥5 Wi 55 Bl

WBC Type

Multi—Layer

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ E 3 |
Solution Time 15 (s)

Grid Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ 5 0 |

Solution Time 15 (s)

Honeycomb Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
N i | |
Solution Time 15 (s)
[ 66] 156% A3$ Wl 55 vl
#74 150mm, W54 0 1.0m/s

WBC Type

Multi—Layer

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

| 3 |
Solution Time 15 (s)

Grid
Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0
[ I i | |
Solution Time 15 (s)
Honeycomb

Volume Fraction of water
0.00 0.20 0.40 0.60 0.80 1.0

Solution Time 15 (s)
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HAw| =18 A4S 3k Advection A27]7F= High resolution & ©]&3t3ow, JdFai4S
$15h AP A A ’é“é‘% chersl Wk 7pe-d] 1 23 (First order) A8 E 830 AXLS
TR oAkt Wy Ale kA A HE AHKHAAES o] &5t sk, FHEFEAE Root

Mean Square ix}% & %—3}—‘5 ]‘ﬂ Agslgon Ay Lol RMS 7F 1.0E—4 °f
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(3 CFD & A}
D 25A FH3
O =9 A 4SE) 80dB =71
Tyl #Ao]l 26mmeoli =3l #Aol 3Zmm <l Z=stelA EMP A EEA| 7}
80dB Q1 Z=xielA Al Al (HA/F) 2] £27F 0.05~1.0m/s 2 W3keh= Aol thet sfAS
T3 T
U % 74~75 & #FAEH dHAo](a)7F 5mm Ql Zypke] AXAE X
7} 242 0.05 m/s ¥ 1.0 m/s & ALst= A9 Y=0.003m A Hol| A9 o
UERATE AET71Q1 0.05 m/s & E 5ol HAste A =T J?J_r%
npE Ao 2 e AF-gxtel wist kA A HASHA Hi Eut
HE S I EstE S BHola vk wd FAIYT FEstelA g 4141
3 (square) & -5 ETTAlA gkl EA st
x m/s M= =3 THFA] &

Y
Ol
o
=2
2

2
o
o

2
do
4 N

>

offt W o x & Ko
> o (B orP ot mn A
I
J
fl
J
J

r:i offt :T:
%)

E<nl
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-
S

off ol HJob >

wy N R 1% o
L 2
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o,
ok
=

m 2 EEZ
Tl o
s
2

S
F
~

5% 3}
0

S o o©
—_— —‘—4 —
O N ox
o i &
=4
ﬂ
(@)
|
ﬂ

au
S A Y

5mmvliﬁﬂ ate] GuE sl g
i7@ﬁﬁf@%%EﬂL/ﬁ+a#%34;w%aa@mmagxﬂwhzq
o] ¥ 45

1.0 m/s oA =
!

1o
E lo e b
)
_ 1o 4
o,
o
ey
-1
||\
o
o

+ a=bmm, a=10mm & 7}A= Zutdo] AX=E o, x#H A ST
o AEd(ap)s YERH Tgzolnh
a=bmm o] A% T d3o Hetsa
A Yo, s 5 2
o7 yetwh. 53] HR57te wE hEEA"e] Jlsks @EE 17}0}74] ﬂ"‘iﬂ ]t =
v}t %“JOT Bl des 2o 129 RSV FokAe ddoeE dddnh
a=10mm 9] A% =9 A5 AdEAZFe] A7 E a=bmm 9] A-¢-9 AR HES
Holx glov, Tupte] wef wE ¢heEaAl] ztol= A YERA 9

@ =¥ A<=SE) 100dB =7

T3 #7o]l 25mmolil =3 #AFAo] 32mm %l FstelA EMP A E3E 2] 7}
100dB &1 Zxdolld #lAl (HAR) e £%7F 0.05~1.0m/s & W3}st= 5o tigh &4
= Ty

s ¥ 77-78 & FAET @idol(a)7F 5mm 9l Eukdte] AXEH FzAskA B F-A
E57F 27 0.05 m/s ¥ 1.0 m/s & W3h= 4% Y=0.003m A @AM I FA4HS
Ebdith, H3xAbE| Al 80dB £F fAFsE #ES Holal glovy, ShAkst W bR zef A
4—-layer 727} 7FF <k A Ao=w yElrt 1 29 FHo®EE 6-layers 1727}
square &} Hexagonal & A< Ao = square 7} 1% 7ol A= Hexagonal 7-%7F ¢
s Aoz yotfnt. A Al 80dB ol Hlsto] AT FSHold Zmupyke] A7 F7Fgel
wet A8 S5 S dS5EHY, ol tidh e o] HAT & gl
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Z 74] $AE% 0.05 m/s & I ¢+

w3 (25A, a=5mm, SE=80dB)

oA d

CEEE!

Iy FAet
B34 (Pa)

Square

Total Pressure

Plane
1.000e+002
| 7.500e+001
5.000e+001
2.500e+001

0.000e+000

Inlet '

186.36

0.090 {m)

0.0225

Hexagonal

Total Pressure
Plane 2
1.000+002

| 7.5008+001
5.000e+001
2.5008+001

0.000e+000

0,050

158.61

0,100 (m)

0.075

4—layers

Total Pressure
Plang 2
1.000e+002

| 7.500e+001
5.000e+001
2.500e+001

0.000e+000

0.050

60.30

0,100 (m)

0.075

b—layers

Total Pressure
Plang 2
1.0002+002

| 7.500e+001
5.000e+001
2.500e+001

0.000e+000

Inlet '

78.17

0.100 (m)

0.0258

0.075

*latm 7] AUl

14
)

- 154 -




[ 75] FA%E 1.0 m/s 9

) ¢t B2 (25A, a=5mm, SE=80dB)

Eaagd

a4 27

A HAEY
g4 (Pa)

Square

Total Pressure
Plane 2

5.000e+003
3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa)

Qutlet |

0,080 {m)

0.0225

Inlg_t '

5152.779

Hexagon

al

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

0.100 (m)

0028

0.075

4317.31

4—layers

Total Pressure
Plane 2

5.000e+003
3.760e+003
2.500e+003
1.250e+003

0.000e+000
[Pa)

0,100 {m)
1

0075

1276.78

6—layers

Total Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

0100 {m)

0.025

0075

2206.91

“latm 7] iy
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[ 76] 745 % 0.05 m/s & Y 43 (25A, a=10mm, SE=80dB)

A ey

CREEE!

T H7
g4 (Pa)

Square

Total Pressure
Piane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

Qutlet

"4

0100 (m)

0,025

0075

rI_nl.et '

63.38

Hexagonal

Total Pressure
Plane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

0.900 (m)

0.025

0075

PN

75.38

4—layers

Total Pressure
ane:

1.000e+002

7.500e+001

5.000e+001

2 500e+001

0.000e+000
[Pa)

0.100 (m)

0478

Inlet '

e

39.11

6—layers

Total Pressure
Plane 2

1.000e+002
7.500e+001
5.000e+001
2.500e+001

0.000e+000
Pa]

0.050

0.100 (m)

0.025

0.075

ANSYS
R17.1
Academic

45.38
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(% 77] &A£% 1.0 m/s 9 & ¢+

w32 (25A, 10=5mm, SE=80dB )

=g

3417 3}

I HAEt
g4 (Pa)

Square

Total Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
[Pa]

Qutlet

"4

Inlet '

100 {m)
1

0025

0.075

1917.53

Hexagonal

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
[Pa]

0.100 (m}

0.025

0.075

2202.4

4—layers

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.2508+003

0.000e+000
[Pa]

Outlet |

0,050

0.100 (m)
1

0628

oara

1185.44

6—layers

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000

0.100 (m}

1843.64
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Total pressure drop [Pa]

Total pressure drop [Pa]

12000

e— SOUQre  ¢eeeee HexXa —emmmmm— [-[gyer e e 6layer

10000

8000

6000

4000

2000

Fluid velocity [m/s]

(13 73] =u3 A-5ok +e&A (25A, SE=80, a=5)

4500
4000 e— SO UArE  ®eeeee Hexy e /-gyer e= e 6layer
3500
3000
2500
2000
1500
1000

500

0.05 0.1 03 0.5 1
Fluid velocity [m/s]

(19 74] &3 d-3d =54 (25A, SE=80, a=10)
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e}

=1 8-79 v FAFY dFHZdol(a)7F 10mm 1 E3ko] ’“i]
0.05 m/s ¥ 1.0 m/s & W3= 4% Y=0.003m #] 4| »
]Eﬂr o] Zo] Z7sle] a=5mm 1 A-F-o vt ¢F

o
o
= oz yeEhgon, tE A9 nlAE 4-layer ?;7} M A

RNER Y
AR
fﬂ

e ﬁ 53]

JELrﬂ

S ¥
N

374
LHERSETE
e 19 759 1% 762 a=b5mm, a=10mm & 7FA Eukdo] AXE o, X AS7
100dB Q! =3t d—-Fehi-o AEA (Ap)S Yebd 18 Zoj
g AFe] HAEAL 4-layer<6—layer<Hexagonal<Square < °. %
st ATH-5S 7= A 4-layer 7FZ27F 7 AgEA o] A2 A
o] 1.0m/s 9 AAzAS A, a=btmm o ZdFS HAAsE HAf
z}o]= 8.45 kPa, 4—layer 77%9 #$tAfol+= 3.14 kPa & square T+%
—layer 722 AYAsI} oF 73% HAde AoE YERRLE ol
9]

i
Fl

i-ﬂ

a=bmm 2 %
AA YEweH, &
o7 YEeth #%
A ok

o 4

—W e,

square JA9o] %

o] Eutte] Hlst
Aol s5° WF ] RoiA vlE AAGHAEHA o] vl stedts, FA1¢] ol EE 2
HAlo] FHEE PAQ ATV 7AY 5= 998] she=d adAel Hew ddd
=

a=10mm 9J 35 L] A A9 zfo] = 4—layer<
6—layer<Square<Hexagonal = ° = YEIo™ a=5mm < 33y dGFT Hzo] glo
v, 7 eagad dohak Wake2 15%(0.05m/s) oA 32% (F% 1.0m/s) 2ol 7k gl

[‘1(‘

RO R YEFSLT
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[ 78] €A1E% 0.05 m/s & )

o}
H

HEY (25A, a=5mm, SE=100dB )

37 Xl

EEELR

ks

3414

"

FUFH AU HAF
(Pa)

Total Pressure
Piang 2
1.000e+002

| 7.500e+001
5.000e+001
2.500a+001
Square

0.000e+000
[Pa]

Outlet )

.

Inlet '

184.34

0.090 {m)

00225

Total Pressure
Plang 2
1.000e+002

| 7.500e+001
5.000e+001
2.500e+001
Hexagonal

0.000e+000
[Pa]

Outlet '

0.050

338.33

0100 (m)

0.075

Total Pressure
ane
1.000e+002

| 7.500e+001
5.000e+001
2.5008+001

4—layers

0.000e+000

0,050

50.98

0400 {m)

0.025

0478

Pressure
Plang 2
1.0002+002

| 7.500e+001
5.000e+001
2.500e+001

6—layers

0.000e+000
|

Inlet '

402.45

0.100 (m)

0.0258

0.075

*latm 7] ZoieE
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(¥ 79] S4&E% 1.0 m/s & T o

gt

=3 (25A, a=bmm, SE=100dB )

=g

SRR

AUFHTLERHEF
(Pa)

Square

Total Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

QOutlet |

0.090 (m)
]

00225

Inl?t '

5125.3

Hexagonal

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

0.100 {m)

0075

4276.37

4—layers

Total Pressure
ane:

5.000e+003

3.750e+003

2.500e+003

1.250e+003

0.000e+000

0100 (m)

0025

[

1350

6—layers

Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000

0.100 (m)

0.025

0075

2293.39

*latm 7] Aoidd
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% 80] FAIE% 0.05 m/s & Y ¥ (25A, a=10mm, SE=100dB )

A ey

CREEEE!

AYH AU HAF
(Pa)

Square

Total Pressure
Piane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
[Pa]

Outlet

"4

0050 0.100 jm)

0.025 0.075

Inlet '

63.73

Hexagonal

Total Pressure
Plane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
[Pa]

0.100 im)

0.025 0075,

74.69

4—layers

Total Pressure
ane

1.000e+002
7.500e+001
5.000e+001
2.5008+001

0.000e+000
[Pa]

Qutlet |

'S

0050 0.100 (m)

37.40

6—layers

Total Pressure
Piang 2
1.0008+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

0050 0,100 (m)
0075 =

49.8

*latm 7]1& A
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[3 81] #A&5% 1.0 m/s o] ¥l ¥ (25A, a=10mm, SE=100dB )

R R S oy

R REE
el CEEE! o

Tota Pressure Inlet '
5.000e+003 =3
o4 ) .(

3.750e+003

2.500e+003

1.250e+003

Square 2150.34

0.000e+000
(Pa]

0025 0075

Total Pressure Inlet
5.000e+003 —

3.750e+003
2.500e+003

1.250e+003

Hexagonal 2236.69

0.000e+000
[Pa]

Outlet |

' 0 0050 0.100 (m) .

0025 0075

Total Pressure Inlet
5.000e+003

3.750e+003
2.500e+003

4—layers e 1109.85
!l. ie+000

Qutlet 7

' - 0 0050 0.100 (m) ‘

o028 0075

Total Pressure
Pilang 2
5.000a+003

3.750e+003
2.500e+003

b—layers (— 1452.39
Pa]

Qutlet

' b o 0,050 0,100 m) -

0.025 0078

*latm 7] 2oidd
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Total pressure drop [Pa]

Total Pressure drop [Pa]

9000

8000

7000

6000

5000

4000

3000

2000

1000

4500

4000

3500

3000

2500

2000

1500

1000

500

S— SOUarE  ®eeees HeXa emmmmms /-lgyer e e Glayer

0.05 0.1 0.3 0.5 1

[18! 75] =afet M-FEh 2 AM(25A a=5mm, SE=100)

e— S UArE  ®eeeee Hexg e /-|gyer e e 6layer

0.05 0.1 03 0.5 1
Fluid velocity [m/s]

[O8! 76] =utEt M-FLh & AM(25A, a=5mm, SE=100)
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(b 32A FH73

@ A=A 4SE) 80dB =1

T3] #A7do] 32mm ol E=33He] 7ol 40mm @1 FASske A EMP x}#H &3 %] 71 80dB <!
zA904 FRFACAPe £=71 0.05 0.1, 0.3, 0.5 1.0 m/s 2 H3E w a3} AFH
i FAW e FAUH S siasa
‘ds°] 80dB olaL, FAlFH TrZdol(a)r Smm <l =vtdko] AX|
H zAstdA BWRALSE7E 242 0.05 m/s 7 1.0 m/s 2 M3k -9 Y=0.003m A of A 2]
a5 ]

[

2 AREE 49 A SxdiolA 25mm F3 AFEA R ¢Hg Rl ot E A
o] 7’ Aom yeown, Mo g9 viVIAE 4-layers 7E27F HHES HA3
o

1

= T 9t} Hexagonal B &E e A4S 7= A
2 Bagct 2-1490 gddol 10mse AL H=F
o & x}o] 7}

O

o2 xZA(Hexagonal, Square)ell H|3}e] 1}91: Zifli YERTE o] 25mm

Z2713% FAE dEE Yl

= ¥ 84-85 2 fFATHTHAA ()7t 10mm 1 =adte] AXH zstoA AW FAEE

7} Z+zF 0.05 m/s & 1.0 m/s & Wst= A9 Y=0.003m A Ao A ) SAUHS JeRATH

A &0 ¢ a=bmm o Zxol| Hlste] GHF I SISl whEkA hEEAd ] A A e

2 ZasteE A%S Uit A

g ¥ 773 ¥ 78S asbmm, a=10mm E 7} = Edo] AXE u), X}HA ST}

dB ¢l =3 A-FHFe] AdEH(AP)S YERAL

a=bmm o] 7ZA-¢ =@ AF o] At e 4-layerd6-layer<Hexagonal<Square <= 2.2 =LA }
5

Bhom, FU JTHEE /HAE AS s-layer TRIE P AgLAFol Fe Aoz e
ST 53 SEF7e mE dHELAT ] Tlsta A or Ut Hed ole =y ¥
gol B S =y Ao FREE7E wokA= delez dAddn a=10mm o 737
S deof dAdEAdFe A7]eA= 4-layer<6-layer<Square<Hexagonal <+ 2.2 UEFGLC
ol fAlEHEHAdole Frtol wE Zydel FAMS riQld Ao ATHT O}Xl‘i
Sotge] g oo WE dEEMdAol= asdimm 2 e & Y-S Hola oy, &
o] G el mE dHELL Aole ZA e AoE E4EHUH

@ =#A4(SE) 100dB =4
%F&ﬂ #7ge] 26mm ol E=ohgte] #Ae] 32mm 1 Z23telA EMP 2h# H %X 7F 100dB

A z27A FRHFACAML £=7F 0.05~1.0m/s 2 H3lsls g0l tha ) sy e
—’Fﬁﬂfﬂ%‘;ﬂ‘r.
‘jr% ¥ 86-87 2 FAIEFHGHZol(a)7F Smm ¢l Eudo] AXH z2ddA BUFASEE
Z+Zy 0.05 m/s 3 1.0 m/s 2 ¥W3F= % Y=0.003m A G A o] I FALHES YeERATH

Ei}fﬂﬂ]—r 80dB o} FAHEH WHS Holx 9lom, 4-layers Fx7 FHWEFZ o] 7pF FHe
o2 Yyt

P _Ihj_}L
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[

82] A& % 0.05 m/s o U ¢ F3E(32A, a=5mm, SE=80dB )

3443t B w4 s (Pa)

Square

Total Pressure
Plane 2
1.000e+002

| 7.500e+001
5,000e+001
2.500e+001

0.000e+000
Pa]

Outlet

" 4

[ 0050 0.100 {m)

Inlet .

129

—
0.025 0.075

Hexagonal

Total Pressure
Plane 2
1.000e+002

| 7.500e+001
5.000e+001
2.5008+001

0.000e+000
(Pa]

Qutlet

L) 0.050 0,100 {m}

@

Inlet .

175.32

—
0.025 0.075

4—layers

Total Pressure
Piane 2
1.000e+002

| 7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

Qutlet

'-

Inle_t .

66.52

0100 (m)
— =]
0.025 0.075

6—layers

Total Pressure
Plane 2
1.000e+002

| 7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

Outlet

".

Inle_t .

66.64

0.100 (m)
—
0.025 0.075

*latm 7]& o™

- 166 -




[3 83] FAIE%E 1.0 m/s & ] ¢HEE(32A, a=5mm, SE=80dB )

Eoteg

CREER

S R T R
(Pa)

Square

Total Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
[Pa]

Outlet

0050 0.100 fm)

0.025 0.075

Inl‘et '

3583.14

Hexagonal

Tolal Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250a+003

0.000+000
[Pa}

0050 0.100 {m}

0,025 0.078

4472.61

4—layers

Total Pressure
Plane 2

5.000e+003
3.750e+003
2.500e+003
1.250a+003

0.000e+000
(Pa]

Qutlet

'S

0050 0.100 (m)

0.025 0.075

1839.08

b—layers

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000

0.050 0,100 (m)

0.025 0.075

1854.02

*latm 7]&

EEEe
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[ 84] €AE% 0.05 m/s & )

o}
H

i=]
RUN

X

(32A, a=10mm, SE=80dB )

=g

SRR

dusd 7t ¥E (Pa)

Square

Total Pressure
Plane 2
1.000e+002

7.500e+001
5,000e+001
2.500e+001

0.000e+000

Outlet

0025

0.050

0.075

0100 {m}

Inlet .

52.6

Hexagonal

Total Pressure
Plane 2
1.000e+002

7.500e+001
5.000e+001
2.5008+001

0.000e+000

Qutlet

0.075

0400 (m)

Inlet .

61.95

4—layers

Total Pressure
Piane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

Outlet !

0.050

0.075

0,100 {m}

Inlet .

55.3

6—layers

Total Pressure
Plane 2
1.000e+002

7.500e+001
5.000e+001
2.500e+001

0.000e+000
(Pa]

0.025

0075

0.100 (m)

Inlet .

61.8

*latm 7]1& A
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[ 85] A% 1.0 m/s & ] HE3E(32A, a=10mm, SE=80dB )

Eoteg

R R

AUYF AL HHEF
(Pa)

Square

Total Pressure
Piane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

Qutlet

"4

0.050

Inlfet‘ '

0.100 (m)
1

0025 0.075

1632.13

Hexagonal

Total Pressure
Plane 2
5.000e+003

3.750e+003
2.500e+003
1.250e+003

0.000e+000
(Pa]

0050

0100 (m) -

0.025 0075

1809.03

4—layers

Total Pressure
Plane 2
5.000e+003

3.760e+003
2.500e+003
1.250e+003

0.000e+000
[Pa)

0.050

0.100 (m}
1

0025 0.075

1548.63

6—layers

Total Pressure
Plane 2
5.000e+003

3.750e+003
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[ 87] A% 1.0 m/s & I HE>E(32A, a=5mm, SE=100dB )
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[ 88] A& % 0.05 m/s & Y 4> (32A, a=10mm, SE=100dB )
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