AN A 8 A A 2 5
Korean Ind. Hyg. Assoc. J
Vol. 8, No.2, November, 1998

18715t e Aot
$87hA

FUd%n §434, WRHIHIS ARG T7E”

SHEE - e - AlEn”
— Abstract—

Applicability of Computational Fluid Dynamics
on Industrial Ventilation Engineering

Hyun-Chul Ha, Tae-Hyeung Kim, Kwang-Jin Shim*

Department of Environmental Engineering, Changwon National University,
Industrial Health Research Institute, Korea Industrial Safety Co.

Computational Fluid Dynamics(CFD) was applied to predict air flow around the hoods : circular
hoods, square hoods, and push-pull hoods. A commercially available CFD software, CFD-ACE(Ver.
4.0), was tested, which is based on the finite volume method using the ¥-€ turbulence model.
Numerical results were compared with the experimental, analytical and numerical results from other
studies. CFD solutions showed an excellent agreement with the previous experimental and numerical
results. It is promising that CFD techniques could be applied on the variety of complex problems in
the industrial ventilation engineering.

Key Words : Computational fluid dynamics, Ventilation, Numerical simulation, Hood,
x-€ turbulence model
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Nomenclature

¥ T dEAE (), Ao AFH FA

P ¥F= 4T A% (m)

F A

Y 3= A= dol(m)
98 (N/nr]

: glels2 4=(Reynolds number)
DA ] S 7
D ¥ gFolA A X wHE "ol RolA 9

&= (m/s)

P F= 4T HE5(m/s)

DAY 3= 7k2 Zol(m)
D FE AP RE S Ael(m)
i, k& 9g
Cx W &% AE(m/s)
u, - gAY FAF A 4% (pseudo-friction

velocity)

vy WE & A& (m/s)
w iz W &% A& m/s)
X, ¥,z & FAE(m]
y A 713 7k AR 9] AR

<c;§'c O N w i

xS

Greek symbols

k99 A%F ¢ F 5 A o= (J/ke)
€ GF EF AuA 23&(J/ke - s)

P FrA = (kg/nr)

LT A 39

# FA A4 Als (dynamic viscosity)

4 R 3F A4 A4 (turbulent viscosity)
Hoge: TR 737 Al (effective viscosity)

v 1 B84 A+ (kinetic viscosity) (m?/s)

.M &
1 o7 i U =5

Aol fa §AoznE APAE HF
A% dgrAeln, FEHQA dide @7 AlEdE A
2l e FEA-G Aojsle Aolr}. Fawlz] A4
2 4F q%e w7 =8 duh) g8z 4
Adt=tel g Taur) AE-E dA] 9
7 DR RS ool A4t JEHos
7HeE3 e Alde A4 J18E adiz U4 &

€ 3FF3Fe Aot} ulF 4Y A AR ¥l
(American Conference of Governmental
Industrial Hygienists : ACGIH)9 A<i87] o)
74 (Industrial ventilation manual){ACGIH,
1995)3 71el A8 A3 F& viRoR AA 71F)
AAHe] e A& (Burton, 1994: Burgess,
1989)5AM ¥Fx=o 44 71&E &L F Ut} &
At o2 RFEEC] AAIE AA WP v£H
T o A Al B 5 I 53
Aulo] g FEF HA 71EE A FA Ea}
£ A$+E UHGoodfellow, 1985).

olxe] Aol oJEtH Fi AMRAFl HAHA
AE Faul7] Ald F 45.8%7F AA NENE ¢
EAF71A E3tm 9m, %9 olf2E 84.1%7)
AA B39 Aoz Jveity(FIitgetAzd,
1993).

AAA o2 L /E HA] JAMe B
o} BAE A W AYRYS s vlFgl
HIHE ¢ Fof] Rl A8 ol Utk I
Moz, olHe] BE HAPHZEHQL AN &£RFE
o B &% 3= g 2d Fog 4L 59
7] F= 58 Y B AFE AARDT. (89
Z 5, 1991: H¥EA, 1993 AFA 5, 1996) 3
Agk o2 AES 54 F=of disiMe A @
T UL B, Y FRHe RE FTFY Fzd
3l 4¥9E ke A& A BrBssic o
ALY 2y 4P Ak Aust uj$ gol
1, E ojd Ao 89 SHE NI A
o] E7Fsd A ¢= Ut

ofe] i3 wigtez AAFA Y (Computa-
tional Fluid Dynamics : CFD)2 ©]-8§ A&
ol 7ol AAWFA o] ol&Hm Ut} FA
T ZYeME T Al2E AAE 9 AR
AGES o] &F de AY gl AFoln. AL &
A e dyd visl R 44 AR 98 F
Aot a2y, JA fA d9Ee 53 doe £
A4 A TAE F 3le o9 7R DAl 9
3 P& Yomz HFE FI Ade FFHS
Hrlslor et

2 dFdAME FE 4T /% A3 oig A
FH A H§ 7HeA S Lotr) S8 olm 4Y
87t el e g2 £=(General exhaust
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hoods) 8} F41-F F=o i3] Fxa|ME AAE}
o dZ A} AAAAE v - AFHA. Yukd
J F= Hde 458 F=, FWE Fooitd v
2 Wiez H8¥n AYEY Foe FAA FF
o we} 74zt FREAAE ¢ oF F= YTEEE
ZFANAY WE &= BEXE AMed, =3 A
e} M 2elm e FA s A vwy]
t}. F4-F F=o dgiME Heinsohno] ¥4 =
Z9 & w7l #5S WIAIIRA 7R Bl
sl AAEF £X3A Hoiel vlwPo. Hein-
sohn(1991)¢] FX814 Al F 83 &27} Fof
A A @] wie dae F4H 2T vt
Rt

2. 7|&e| A3

FUollA] AL {4 GEE A @] FH_F o
v $ =8c. 24 U3 nd & ARk €
54 3= 947 #5& 45% 3(1996), 244 F
-2 FroA] F4 =59 #f40 2 J|FE d
¢ 2(1995)9 A7 F°l 3z, HIde H F
(1997)0] W3l A F99] 7|F9 2FEHY AF
< 43 A7 Tol U ¥ A HE&3 de
A9 gle AF ol

AT I M e F= YPUIFE dFEe 7
ZAQ AT ole}t e FAES AHAFA
st B8 Al 7= @IskA Y= Y
o 7 712 95% 2 A3y F=d o
FA3 N AFEL o 2t

Garrison(1988)2 FEM(Finite Element
Method)& o[ &3l F= AFHe X9} ATH
BFS bz g F=E AT RELE A4
t}. Flynne Potential flow solution(1985),
MAXIM(1988)2=, BIEM(Boundary Integral
Equation Method)(1989)& o] &3l F= ¢+
FEAE At = F= TN HVF
(Cross-draft)e] d&& FHHAMoZ o E3H
t}. (1988) Jansson(1988)& ¥y gy F=
o dis] FRAAE 4HAlste] Dalla Valled] 49
Az 4 71e} FA8Y Ao}l vlwste] 9E3 3
#}E dAtt. = Kulmalas 4§ A4 &4 =2
239l FLUENTE °]83ld ¥= 47 #s3ds
sl et (Kulmala, 1993, 1995, 1995)

EWH Aelzd disiAe, Braconnier(1991)7F
20y 229 A4 /5 LHEAY F=8 X
AN B8 o3 o HES B AAE A
st

Robinson® Ingham(1995)& ¥4-% %9
FR A o} AALE U £+ e A
7

sl A2 8k, Heinsohn(1991)& & - i
FE4E dATEA ] 2dE ARt F4-

E F=d gt X84 S skt
I. Xu WAl 34 x| a4 2ty
1. gt xjul 4
tions)

HIgE F5% PPgHtE 718 sl g
5 e VA A PYe e 2k
(CFD-ACE, 1998)

4t Al(Basic Governing Equa-

ax; U= (1)

g 3F ’8"6‘ Zﬂ'r(/lt)‘?‘ Hgshe Wi

od wet o2 JIHE e 4 ded CFD-ACE

(Ver. 4.0)e1& 1974 Launderﬂ} Spalding®ll

o8] AAE BE k-endS A3}
— (Puju)= i[ /‘efr( U4 2 )
2 X 311

xj § 9%

2P (9)

axi

o37)4
pi¢

Bogr=p + p=p+ C, ——
€

us 94 ASe 7a] A8 Bag 9E o
WA AUE(OE st Pol et
UE oA () A
2 (puk) =i( ot i’i)+G—pe 3)
ij 3x‘- dk ali

aAhE(e) WY

. (pup =L( Hott i),c.1 £G_E (g
ax; ax; k k
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Ge 9f 44%ez g 43 Zo] EAET

2u; 2u; au;
G=m\ o T, | ox,
Xj xi 3xj

45 $59URE E7) 98 AHgEe A8 A
£ Table 17 2}

Table 1. Value of the constants in the k-emodel

Cp Ce, Ce, g, g,

0.09 1.44 1.92 1.0 1.3

3) ¥ &= (Wall Function)

EZ ke 242 % Rert % Zvke 73
oA o]FojHc}. FHA|Nt W ZHAX Y £ F
e vl Zn, YddAe 2757 27 9
BE k-2 430 e A T8 =dsiof
b, WA ZAA 9 i A o A 2
o] E@Ech

1
ut= Xk In(Ey") y*>11.63  (5)
T, \ 2 Py U
A - = =
A7N, u'= Ulue, u (_‘P ) oy P

ke Karmani<seln, Ee TAFo|t 49
o o& A4E zHd E=9.0(F9%d ez njndy &
ol s, k=0.4% 2F =] gt

oo iy 3§ LFAUAl(kS dF 24
©2 4 (6)3 4 (N2 7E F Ut

]

k- J”_z (6)
Cu
k3/2
e=CY¥
ky

2. FX|EHY Uy

CFD-ACE(Ver. 4.0)olM& o]4tst Wy o& &
% A2 (Finite Volume Method)& A&
Ax, V& YA eBF WHAE =}Ie
Wi e 2 SIMPLE-C(Semi-Implicit Method for
Pressure-Linked Equations Consistent) €3]
28 AHgskarh. o] ¢318l%&e Patankarol 23
A<ty SIMPLE €3l Ee 8 2EAHY
(Pressure-Correction Equation)S 9% 3%
@3] &o|tH(Patankar, 1980: o1ZA&¥, 1997).

I. +=xI344 2 25
1. UE % U F=

4%y Fec d5d Pz 2 S U =
9 (Axisymmetry model)& 839}, 3wy

T ¥ ATRE FHLE FYog 4% 2%
B3l 458E 3OS yz2T zxEE $4e2
# 3 2d(Symmetry model) & A28},

1) sl 2

25y Fcol AL Dalla Valle(1952)9
Hood &% A& A18-d 23 22 FFoz F=
9 ARL 15moln F H42 20m/selch. B
¥ F= AFde AVe 712, AE 20emQ) HAMZ
Yoz Ak FAWE F= wpy]l §FFLS 18w
/min°]lx, ATH #%E 7.5m/solth. Fig. 1&
953 Foo AWy F= wdg vehd Aol

(a) Unflanged circular opening (b) Flanged circular opening

20cm

20cm

(c) Unflanged square opening

20cm

20cm

(d) Flanged square opening
Fig. 1. Circular and square hoods for numerical simulation.
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Free surface BC. Free surface B.C.

AT
Free surface
i‘ B.C.
it 2
®] é é Wall B.C. D
g £
v, Duct val Duct wall
e AR B e, i InletB.C.
5 ,D T Y
Axisymmetry B.C
Duct dismeter : D Axisymmetry B.C.
(a) unflanged circular opening (b) flanged circular opening
Free surface B.C.
T \
'
i
! Free surface
: BC.
symmetry B.C. : 0D
Y
Hood wall
Tt
J D 10D symmetry B.C.
(c) square opening (front view)
Free surface B.C.
 FreeanfweBC. e TEESUTIACE B
Free surface
E " Free surface B.C.
ree surface BC
BC. Wall B.C.
10D 10D
Hood wall Y Hood wall Y
L] Hood InltB.C. ; " Hoodmiernc.
- - - e ¢ m ¢ e s s = - - - e - by + @m s @m e ma s = e -
z 10D symmetry B.C T~ 10D symmetry B.C.
(d) square opening (side view) (e) flanged square opening (side view)
Fig. 2. Computation domain and coordinate system for general exhaust hoods.
2) A = A8, Fixed pressure 3% #4238y}t =Zd

F= d79E Inlet boundary condition®2 4 & Wall B.C.2 A&3gtt. WalldMe $3 &
A3te] Fixed velocity 23& A&t £F  So| @aslx] Youz Wall B.C. ¥¥, & 3t 9
Free surfacee Outlet boundary conditione® T REL A4t gdoA #|9slgr}t. Y5 Fo
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F AR 440070011, F= d7dE 15749 4
A5 FAAZS = FWA] G 95% F=e 2R
A Kol AzE FAAANA 4%7] e 453
Foo visl Azrt 1/20] 22,2008 344
Atk FEH F=o F AASE 3930470012 FE
oMol AR x, y, 2 WY BT yiEeE F
729708 AT EWA @Y HY F=o B¢
F AzFE 2890002 FWE Fruche AHAT
F= 4T AR B T 22 12070
g BPAAT. EAA Y Hole Y Ao HF
3] Adsich. 2 mdol dig A =12 Fig. 2
st g},

3) FE=A

283 7YY AE T3] A 2P AR A
31go] 10M%]37t @ W€ FHE A2z 5
o} 9F 3003 HT wHE ALE HAIG 2T BY¥
o} W3y} 107 olatz fAIsol FHAN T, s
FHE gQAsr] A8 o 508 A= o WE ASE
AAsiAch B A7 A" AFEHEAEYD 1,
CPU-266H:) & ©| 83l ¥ 3503 F=o| wEALM
< AARE o, 95Y FudM e & 108 B=
ALt AZto]l 28EAn, EWAA7} 2F 98% F=
t o 5% AT AN Alzle] 2883t E, FW
3 Foo gisidE 5008 B WEAtY &8
se AFE AL AL AR F=r oF 2BE, &
W= 2d FUd F=rt 208 A=A

4) ALt At AS 2y
(1) 953 %=(Unflanged circular opening)
249 Uy 2d$ HEslo ARG FREHA
Axte] AY=E HF3r] Y3l Dalla Valle(1952)
#} Garrison(1977)¢] A 84& o]&3ict. Dalla
Valleq] 44 &= 342 oS 47 2t}
v _ 1
Vo 1+12.73(X/D)*
Garrison®] AAIF FAHAY &= AL oS
I} g},

8

v
Vo T L1X(0.00” for X/X0.5 (9
0

14
Voo 8(X/D)"" for 0.5<X/D<1.5 (10)
0

T g 438492 Kulmala(1995)7} Laser
Doppler Anemometer(LDA)E ol&3le &3 &
Az} vinsEtn, BE kedfF ZdS o] 83 3
M Ao vlws Br|E Ik dF5H F=o
g AN 23 F8x HF dL Table 29 2
o] 89k & it}

Table 2. Validation method of numerical solutions for
plain circular opening

Reference Method

Dalla Valle(1952)  Measurement

Measurement Kulmala(1995) LDA measurement
Garrison(1988) Measurement
N ical
umer'xca Kulmala(1995) k-eturbulence model
analysis

(2) 24#] 291 9%83¥ F=(Flanged circular

opening)

ZW= 29U 95y F=o oiFg FXY Aoge
Dalla Valle(1952)¢] %% A% 2 Flynn(1985)
9} Potential flow solution® ©] 4% <xjs)X 9
Aze} vlwslgtt. F Drakal(1970)° <& AA|
g g ol ZWAE JHx 95 A7 tig
A9 /%€ ALY 5 JA ARNE AAHE o
g3l AFslger. 4(11)2 Drakalel] 93t A
d Fgdole] EWRE 71 95E F=UT 54
Aol f4-& Fohe ot}

v XD
Vo 0.25+ (X/D)*

Table 32 Zdx|7} @3 98 F=o A3
A ARE AF37] A AN W EeY.

(3) EHA7} gl A8 F=(Unflanged squ-

are opening)

EAA7 e A0 F=9 47 /%7 FAA

(11)

Table 3. Validation method of numerical solutions for
flanged circular opening

Reference Method

Measurement
Potential flow solution
Analytical solution

Dalla Valle(1952)
Flynn(1985)
Drakal(1970)
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A7E AF37] 98 FHL Sxol i A4S
A7 Fletcher(1977)9 43 Dalla Valled]
&% ANE vwdtYct.

Fletchere] ¥4 2](12)¢} 2},

(4) 41 2 FW¥ F=(Flanged square
opening)

EQR 2 Y Foo dig FAEA A

7% Tyaglo$} Shepelev(1970)7} AAIEE &4

vV _ 1 (12) &9 Dalla Valle® % A#E o]&3tich
Vo, 0.93+8.58¢ Tyaglo®}t ShepelevZl AAg S4AdM9 &5
o714 ALt F4& 2(13)7 2t
a= (l) (A)’ 8= 0.2(5— ) M‘=£arctan LW (13)
vE W vA Vo « OXNAX+ [+ W
5) A HE
(1) €838 % =(Unflanged circu-
12 r T lar opening)
’ : prediction in this | AlY A7) vlw
1 L i study -
| | @ Dalla Valle

o

—A— Kulmala(LDA)

—— Garrison

|
| Garrison (1988)8] #<% &3 4Axs
1 Kulmala(1995)7} LDAYPH 28 =

g F= AT FALC diF =

|

|
.[ Fig. 32 Dalla Valle(1952) ¥
|
|
| % A0S CFD-ACEE o83l 44|
| ® A4 23S vz Rolg.
| x/D7h 0.3elskeME SR A R
‘ Dalla Valle®] &4 ZIrEve Hxn
Garrisond @Rl Gt e @A

[ PR PR L TR L L L

0 0.2 0.4 0.6 0.8 1 1.2
X/D

i
1.4

&3t kA%t LDASY ZHiehe
o X e debgd. A

Fig. 3. Predicted and empirical centerline velocities for unflanged

circular opening.

A4 ARs vmsl ¥ 9, X/D7t
0~0.4914 <zt Zol7} BT AL A)
slelne 23 Ansh £A84 Azl

Asl QABE AT & F AT

120
}—0—.Num.erical prediction] TR FE=E Hristr] A3
wo | e sty FANNH FFAe) Aolg WLE (%)
) —&— Kulmala 2 AAte] B
L 22z] &l -=A] k1)
% o] (%) =———————T;71 %7; 2% 100
> 080 ¢ (14)
g 9] Ao A& Ete W, Dalla
040 ¢ Valle®] &% ZAzet #84 AxE
HaslHH Hi 5% = A1 gt
T of A teider. aelm A At 2
A AHE X/D7E 1.290 AHA A <F
o 0 02 04 06 08 1 12 14 17%% =2 237} EA 3l Garrison
X/D

9] d#9hE 6.6% B Aol7t drt

Fig. 4. Predicted centerline velocities for unflanged circular opening.

At LDAS% Zzst vimE,
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Illllllllll
(1] 0F

(a) Velocity contour

LA

| LS LA

{b)Velocity contour combined with streamline

Fig. 5. Velocity contour and Velocity contour combined with streamline for unflanged circular opening.

B 1.6%3% 38 A #o] =4 deEwz,

1.20

0.80

V/ Vo

0.20 r

0.00

|
—e— Dalla Valle's i
experimential result |

E -4 Flynn's polential
1 soluioon

—a— Nummerical prediction ‘
in this study 1
| - Dakal's Anaiyical |

0.00 0.09 0.16 0.30 0.50 0.78 1.10
X/0

HUY o= 8% = B £z 9
Y F= AT AR BYS sNE d
de Aoz et

o9& FA A 29 vw

Fig. 4= llpos] X814 ZA39 CFD-ACE
£ o] &% FAHN FAE vingd Ao},
Kulmala®] «}& gtEth= ot A 59 A
o2 JvERsit, ¥ 342 vas] 28 Kulmala
o] Axele oF 9.3%F 9 Aoz} v}, X/D
71 1 ole] S¥ F 71R] 4] 2do] vj$-
281t

Fig. 6. Centerline velocities for flanged circular opening.
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)

A
1%

Ly>

l‘i'\nl st hvo lade ool da b

&

ohbe
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X

(a) Velocity contour

Fig. 5= €%%¥ F=o g x84 25
JY2E a)e TEEAE e oz, b)

0.55

Ll
0.35

0.25
02
0.15
0.1

0.05

LLALL ARLARSORERRELARLS LIRRI LERLIRARELERRIREIRIZLL)1LE

(b) Velocity contour combined with streamline

Fig. 7. Velocity contour and Velocity contour combined with streamline for flanged circular opening.
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. = ddAe BE el T dTeA
& & Ut

(2) 2¥A 2 9%8Y F=(flanged circular

opening)

Fig. 62 ZdX7 28 9588 F=d dig ¢4
$H ARE vlug afZolrr. WA, Dalla
Valle?] Z3Z3e} vufg of F= dFolA] oF
ko] Aolzt AP S ¥ Mwtd oz Al uj
dA3tn QUthe RS & F Atk 53] AMsiee
o ¥y opeEl AAHow FAHANMY &
T 23X A3t dXste Aoz dEnt JdF &

— Ddlavalle

0

< 12381x] &3 Potential flow solutiong] 2
e F= oA TS E dRY d¥goE F=
YrollA] Fzbe] Alo]lE Heolzm AT, F= F
A HolA4E ZH AT} o) IX& s e
Wi slch. Dalla Valled) A@dzte}l 4% 84l
ste] zlole oF 4.8% Aol BitE] £ Mz
a#le] 3= 7 #£5% 4 FEol £ 3o
2 e

Fig. 7& £3## 2¥ 958 Foo ozt 5%
Azt f4d-& el oot

A5y Fzd gz FR8A ARE Agdatel
giMa] aeln, e PR A vwgds W 2

Agollal AAE FAE ] AT} v A E
3tn F= AT fF dF THo] FEsitin
GEo

(3) ERA7F fi= F¥¥ F=(Unfla-

nged square opening)

Fig. 82 Fletcher®d ¥4 % Dalla
Valles] &% Axe} x84 Axe F4A
&= 8 oz Jehlle] vag Aejck 2
3} vlwelAt Dalla Valles] % d3e &3
AIE FAF AE7F glo] 2Elzme] A4
H ARE U] "ol FAES oz A

kY

gl

;

0 02 04 06 08 1
XD

Fig. 8. Predicted and empirical centerline velocities for

unflanged rectangular opening.

(a) Velocity contour

2 B7)E g FE 4T ST UE
gsiere @ & 9e Hoz woHEd. g 8
A & F U%c] Dalla Valled] 438 Ay

(b) Velocity contour combined with streamline

Fig. 9. Velocity contour and Velocity contour combined with streamline at y-z plane for unflanged square

opening.
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ol A 8N Ay JHIE vasBd, SRR
oFzte] Apoirzt g ¥ i F dAdtx Ut

Fletcher?] 438 ZA#el #1314 AnE vjwsl
Bl AANAQ zpole HA 3%F=AT 7HE B
aole 9%AFEAT. AN & £ AR F=
e o) oAt AT, X/D7F ¢F 0.5
o]o] HA A At Al 4R AT

Fig. 9 3%% Foo g X34 23g o
doz Jepd Aoz y-z He TEEMI S
vehd Fojct.

(4) 82 48 AY¥ F=(Flanged square

opening)
Fig. 102 #1438, Dalla Valled] &% Zxs}

SN AFHE Jed ool £\ A}
HMAE v, FE F 2.4%H =Y A
el glo] F d& Axr} o & dXdz 3l
e AL & 4 Ut Dalla Vallesl 4823 s}
5 AY dAsE @ Jehiz

Fig. 112 E3dx 9 3y F=o uig 54
Az f4-E yzdl dis) JeRd Ao}

2. F4-B ¥=

CFD-ACE®S] 7 (Jet)ol tidt <2588 37}
317 998, Heinsohn(1991)°) 371 #F 2 &
£ WHSAFIEA AAF 7R FALAEY 2
27102 FH-F Foo dFd FAHYS 3o

Heinsohn$] Z}e} vjmsich

14 { study

l —— Dalla Valle

{ ~A— Nurrerical predicton in ths |

!-+—Anuhical solulion

1) FX8N =g
| Heinsohne] F4-F F=of i3] 44
! @ 2o 24L& Table 49} 2t}

Table 4°14 & 4 31%°] Heinsohno]
AAF FXHNME w7 FFE &
do] 7 0.495m/s/m=z nAAR, F4
=3 #7 F%QBF F7 #&5(UB<
A Z . 2t =de] gt F7) f%¥
F20 ¥3ld mE vwe o g

Case 17 Case 3& vj=3j H¥, g7

0 01 02 03 04 05 06 07 08
XD

Fig. 10. Predicted and empirical centerline velocities for flanged

rectangular opening.

09 1

(a) Velocity contour

FEF2 €8 Zo] 9 0.0571m/mino 2
FEY3RT F7] 742 Case 1°] Case 3

Bo} 20 W= AR gtk & F-

(b) Streamline

Fig. 11. Velocity contour and Streamline at y-z plain for flanged square opening.
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Z Fzo o) F-ul7] o]l 22 o FH =&
9] F&o % #] Ax9 BEE HH

Case 29} Case 39 H]lmoAMe F4 &9 #
2r0] 3.93m/s$} 3.81m/s2 A2 FUE u, F7
FF29] Aolo| WME FH-F FSo 7|F HHE o
&3l 5£&< H7H

2) A = ¥ FYH=A
Fig. 12€ ¥4-% & »del A4 24L& v
A Aolt}. Free surface$l Top# Left surface

Table 4. Configurations of push-pull ventilation system
for numerical simulations

QB SB UB
Case /s perm of slot  (m) (m/s) QE/QB
1 0.0571 0.00725 7.88 8.67
2 0.0285 0.00725 3.93 17.34
3 0.0571 0.01500 3.81 8.67

Exhaust volumetric flow rate per m of slot (QE/L) :
0.495mr/s/m

Exhaust volumetric flow rate per m2 of liquid surface
(QE/A) : 0.283nr/s/m

Vessel width (W) : 1.8m

Exhaust slot height (SE) : 0.195m

QB : Flow rate of push nozzle

QE : Flow rate of exhaust slot

SB : Push nozzle height

UB : Push air velocity

(a) Unflanged circular opening (b) Flanged circular
opening

(c) Unflanged square opening (d) Flanged square opening
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Fig. 12. Computational domain for push-pull ventilation system.
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Fig. 13. Streamline for Case 1, Case 2 and Case 3.
respectively.
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Fig. 14. Velocity contour in Case 1, Case 2 and Case 3,
respectively.

Fig. 13 ¥4-& $=9 {42 vl Ao
Case 19ME W2 F7) 2156 28 F4 =& F

9o N8/} B 3= Zoz W ¥1, £3)
3 w3 Zoz Wy Boexn e A& & F
it} A9k Case 29 Case 39lde F4 =%
z9lo] 7187} =B Zog Wy EojeA ¥m, F
2 718 oF E F= Zog Yeirtn AUt
Heinsohne] x84 Zzjel opdziA2 W F

r &

N

L2

— 174 —




o] 71% Q& FH =& FHY It x
2 oL 3 Hu, B %o F7v W
E £52 E 3= FoZ o|FE 3] [Ed E
Fz=7t 283 wi7|AIFIA Rdhe @] 2AEHA
1=

Fig. 14& 3711 Zdd digt $£X84 Aa8
sExdez yehd Aotk Case 13 Case 39
dlmell A, 4 vlmolMel w7 A 2 Case 184
Case 3914 0.25m/s B5%Ae] ¢ W& BAE
7WA D FEEO] §l7] e HEAY Ao s
o] o] 3tk AL & & Ut

T, Case 29 Case 32 vl ®H Case 3&
AHFg o] F7] FH¥eR F4 ZdA AN
2157 9 EAYAA F Im/s 3= £58 74
stn AR, F7] FFo] £E5F Case 294 & F
A wZA AR #H F7] f&el FFHEA Fo]
Eo] 0.5m/s °l8ly ¥ fEo=z o EW 98
E2e A& ¢ & . & Heinsohn?] $3314
A7} Zo] FH xFA A Fxe BUAT
#F71 fFol Ayl a2 Case 29 ¥4 =Fo] o
EW 9] 7158 E = Foz 28I ‘Yo' F
2 23E Rz Jehgoh

ol Al 71A mdd] diF Fx|HMe] ARE 8
oFstd oo

SN 23 2L FFE F-u7] A7dEg=
F7179 fFo] vR Zehd F4H x=Fo 7|F
o8 =& FHo U7t E F= FOo2 go| olF
A, F FoolA FE3E] HlY] AAFA R
u 2ol AwrEQ #7] Al2d Ae AEd
(Case 1, Case 39] vj1).

T ¥4 w20 A £27) 2ogs, 7] f3el
UE Hod F4 xZoA AN 71H7 2HEF
o] B Foiix] 383 dolFA| R3] wid] o
E3d Al A7} At Case 2, Case 39| ¥]a),

F4-2 Fco) gk CFD-ACES F3184 A
Heinsohno] A3k X181 o] A} wf-¢ 2 LA
3% 3, Case 30| 29EZ wjy] B}t 7P¢ 3t
e Aez 25t} Case 1 2 Case 37 A9
Hl &% FAAZHo R AAIF 2(1995)9] s34 2
FHME Case 39] BV} Case 18Th 31},

FH-Z Foof ot FX A Hies vz =Y
2 A14-¥ Heinsohn®] X814 A} o - L=

29
o

A x
2z
=

¥ 4AE d& F AW o] FHE 0o AL
FA7E F4 =20 dd BAEE EFUet)d 7
FE 83 A5 F e A ey

V. €8 % &% oA

£ 97E 48 A44A T3 CFD-ACE
g ol$¥ FXAMYCE F= QT AA 5
A58 the, ATl 43S T 4@ Fokol
g H5He Fohrs]l 9E Aol FAHNE
gol 24u7) Aol HA ARE Rol @ & Ut
W, e 549 ¥l FEo) MAA A8 b
7 Wgol] Alzksh ul RN ol LAY Wgol
2 s,

FARN FE 9T 457 A4 S v
Bokeb) o) 958 F=, 3UY FE aen ¥
4-% ¥=g mdz Y¥sdc. 49, 94
. 293 BE SXHY dhE ol gt A8
4 A vz - B7He Aohe obdlsh BTk

1) ¥&% ¥= (Circular opening)

@ EAA & - Fol BARLO] 2449 FUY =Y
o 2§ 958 Foo gt FAMY G5 Y
< Hoixtr}.

@ A7 ge ¥94%8% =9 2 ¢ LDAZH
Anele a7t 1.6% B ol B3 ol¢ Hejd
d& 8E /I Aoz dehitt = A ge]
vz Ao AT & AU

2) 348 F= (Square opening)

@ 331 BdS o] 83 Ay F=o g K%

& T8 4y Ad¢ vagds 4 95% =29
Hohe ot & Aolg Jeldx|w, wEY 9
A7g JeElych

©@ EEA7) gle AWY T AL 4943
Hafdd o F= A7 YA dPdFAET ot
= AERA, A=rt HAASFF v S F dA
H #e EH,

@ E¥X7t 98 AUy FooMe d¥AnR
t} FX\Ne 27 AArt ot e e e
Ak, & Aoy WAY & UUt. 53] Yt
Hlagg o HF 2.4% Fxe] zpolytel] o)z o

— 175 —



o} 3 FwWY Fro diF FA &5 A5
g FET Aoz Yeuth

3) Push-Pull Hood
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