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Bubble-driven Convective Flow in the Liquid with
Temperature Gradient

Dae Seok Bae*' - Jeong Soo Kim**

ABSTRACT

Numerical simulation has been performed to investigate the bubbly flow in the liquid with vertical
temperature gradient. The objective of this study is to establish an accurate numerical prediction
program of gas-liquid two-phase flows in a vertical temperature gradient condition, whose
mathematical model is formulated by the Eulerian-Lagrangian model. The present numerical results
reveal the temperature mixing mechanism and the fluid dynamical characteristics induced by the
bubbly flow in the liquid with stratified temperature. The effects of bubble radius, void fraction, and

gas flow rate on bubble-driven convective flow are considered, too.

FHALETHE 7 A el VERES FAEAA wRer dFedd. B AT 54
Eulerian-Lagrangian 782298 283l X7} 302 F43tH 7]-d 224F(two phase flow)<]

FiEs A g ¢ e z=2aY Els Ao 71xd o3t 2= E
A A st agla FAGEE EAGE oldfste Aolth Ed, V|EWHE, HolEg, il ol
712l o) of71" tRFfFEel HA=

Key Words: Gas-liquid Flow(7]-¥ %), Eulerian-Lagrangian Model(Eulerian-Lagrangian =),

Temperature Gradient(<=-74l), Bubbly Flow(7]X), Convective Flow(t &%)

Nomenclature f o ARE

F : 3

Cp : FEAF g 1 TYNERE
hoo AFEEAA

A4 2011 7. 10, 448 011 8.9, AHRHL 2011 8. 15 P

* R, FANE 7AE s o ot

w FA8)9, Bt 74w st g r%

+ WAIA A}, E-mail: dsbae@pknu.ac.kr r 1 7] ¥u-A



66 HA CH &9

Re : dols= &+

s AIZHR)

t AT

T, : 112

T Xi‘lg:

u 5=

vV o AF

w : ARlE Z

x o FREHR

y o FAHRE

Greek Symbols

a : 7|EEAT] Hol=g&
poo ARAS

p 95

o EHAEA S

v o BRARASF

Subscripts

b :outg

F o AFEHA

FH : Af RO A e 453
YV ARERAAY A
G : PR

T P e

noo FEYE

s EEAR

w . H

H, 922 WM e FEAE e
S71EF7E €A ¥ vH. 53], d
A2 B S FEAR] ARR A A AF Ao 7]-
A 2}F(two phase flow)= AlZ=Hle] <A}
v SHoA tds] Fag 92 sfeg &

A7l s o5 A7rid
ATFAEY »AFAQ] A7 FH A1

RO 2, 55, W FANE FAY &
=7} FHBEY ngge] Wase] £a0] o5
HEd, o8 A5 Aste] J1EA @ o
B el 2otk &, 71Ee] 2Ee o3
o sk, A, A 5L PO TolgYe
FNHE, A/ RERIAN ASHE 2%E
Aul, ko) olasleas v we) g4/
A7 ANEAE B e Z2AE} AYHD
St olsh o] JEE FPFAZe] Agwn
ohel, ATBAed B UAb} FANEL
A Aze dPoRA 1 )5S HAFHoz
.

ol o)A BHRAR, FA7}
T M Sl FAHAT. 28y AE
EgAel QR EFoY 59 43
o

k)

oe, 2%l QAe] A FYH u gk

<
A
@)
Q
c
aQ
=R
<
flo
e
b1
oX,
olj
Lo
i
Jo
2
=
>
X
N

o} 7Aool 7IXEFS Fed mA= P73
AESIA 3714 2dS Aot th Chen
6] EFHE 2719 g "= F
Aol A A HolE= F(Re) SE AT
2 9

& A

ot Asaeda T[5]2 T43E FA WelAd 2 &
= £ &
<

44E& A48 9 o]EFHo =
Murai 5[7] EF=A &= A= & B9=E
7ML F AV 25 o]Fa e 2HAAY YE
fre 545 A3 ¢ FAHAF HReR AT
gk vk ok olE2 /¥ TFXE FHHo=E
7HA sletar AEstE B4 ks W VEE
9 34E AFHeZ vgdrle e,
EURY ¥4 ¢ SR oE duge st



M 152 HN4& 2011, 8.

SETE7E A= AA WM I =Tt

FUStE HFRRS 67

Ao Eg#AAd digt do] vt ATt
et B AFdMe FHLETHE 4
A 7]Ze] 93 dFHES WY F

FA A Z2aPe NLsle] =&
T 3tal, Ro|=&(void fraction), 7]E2|
2 FF It dFRsel MAe 4TS
3t} ko).

o Z oo O i
M oox e rr

N

Z7 s 98 A"
2 #4F Ed(homogeneous model), Drift-Flux
, 274 Ed(two fluid model), FE= =24
(number density model), Lagrangian =4, 18]
DNS(direct numerical simulation) o] 3
A7 BEde VERE T4 EHFRE T
g5 74°E 71A eF HA 7L Fd 7
oAU 71-4 Atelo] Fui&rert A
Exo ma] wj o} FAIGE F 3l
T AREH. 2y AA TEs
wowy, 7|z A7|7t FESI
7F obyd 71-4 Apele] &£EAE FA
S S537] ste] 7)-9 2] A
ol=&¢ 9l Drift =

o] Drift-Flux %=

L CER

o
)

ofs
o
_&

L=
o
R

-
ot
1o

X o

of ol
o
kS

k)

ot
tlo

1ot |
IO A )

e
o
=2

mml

(6 et M2 oo o rfr 2 b oX

U

—]%
™, ol= 7-4 2477t 47 vE

N

™
A %

oft

o

fru

td

1,

Lot

2

s

o

fu

>
oo 2
o % i oo

\sﬂ
=)
AL
R
N
Jo

o ¥

~

e 2

“él_% Drift-Flux E=do] H]3
2o 3% 0]'74] %_L T

ir o

N
ret
ox
Em[o
M2 o ko & o g 2

o XN om Mot @ e Mo

o
ul
rir

,
ol
e
X9,
H
%
N
Jo
i
o
1w

™ Flo :
N
-
12

go] A 02 A% 97 WEe] wrp TAA]
S2)0] Bas,

O dEoF A 23R VIERY 548
GAAH W VEFHFE FYHe VX F
U9 E o&ste FHS FEE Hdo] AL
1= gttt o] ¥ BAMEE I HoE o=
kA 9] o]F & FHFShe Edo] Euler Ed o]
™, Euler-Euler A2 Rdolgt Fej7|= 3ok
[8]. Euler =d2 2 7]|X 9] FAHAX Y A A

w3 AE7F W= FdesA =

w3t AAp7E e7Hn, F3ETE AL V2
o] A7|Rg FE3] 7ok I &, HAE A&
FHE FHEete FEast RS 51
o] Lagrangian 2do|™, o]&} 37 FUE &
25 olgste 4 2FAR FHFEHE EHo
AA FrEoll 2A-E el Zhsdtt ol g W
HE A8t A& Eulerian-Lagrangian W7 2 2
dolgt FH9-13].

DNSE W@sle 7] AfAue
2 FHsta, A F9 AA9
Navier-Stokes 78242 o]-&&to] 7 4ba}
ojltt. o] WYL VEeE 01]"14 @9,

FO
ofs

OH

$ 4
oft X
o oX X

011
03 rr
m o
z
o 1> e |o

Atomosphere

®

Liquid

10cm

Bubble Injector

@ 20cm

® Non-slip wall, @ Free surface

Fig. 1 Schematic diagram of calculation domain and
boundary conditions



65 Hop - Wm4 srzazizes| x|
ol BYe oz PuEG. B ¥ Avel @A,
Me 7t 458tE A 71Eo] 93 ex FL=v uVuLJr(VuL)T—%(v Cu)l,
EgHRAS A1sH7] Y&, A= Euler 2L, ) d
7)Al= Lagrangian 29 283l Eulerian- p=0+f)n,, Fuu=0, Re:%,
Lagrangian 82 RHS thso 7pAd ot o . ‘
TR B=1/2, Cp= -t @*0'4
Mg A% slER TS o MY

- 1% AN FH A AHEE HAA AEEE A o] o LEEFEA

=] KeX

A8 iRt seE 4 A4S G AN A B4L Fig 1
- A= HgrEA A&}l

e o =AS, LA 2 Bolo] P ARE
- 7|Ee Ao A AW sl= \kA

IS RAE TReln AMHEAE A we gz deel yeag

ISR =]

A B4 R pae a9

A Aol e Aupgae gga g

- iAol AW ZuA A

af Lo
ot

+V o (frppug) =0 1)
- Hol=&4:
1
fo=3 J a1V @)

- o) SEATRA):

f Lprur
ot +V o (frppup,)

f gpcug

+78t +V (prGuGuG)

=—=Vo—(frortfepc)g+ (F+Fep)

- 1ES BAEFWA

D

D,
G G
o PaVera) + 5 (BosVoug)

Dy
- E(ﬁf)z Vour) +peVeg+ VeVp
; @
—VouNViu,+ =V I(V « u;)

3
+ %Pﬂ rgCpludus+ %PL Vausx (V Xup) =0
_A)Ee HFA A AL
(p— i pilud?) Vo =p,Vey ©)
- 247 ARE FEE:
fitfe=1 (©)

p
Uy = Wy U= 0, oy =0,

o ,0p oT @)
—()=0,—/—=0,7.=T,
ay(at) 0% =0 h=1
- AHER AAzA
oh oh
ot Ty = vy
8°h ouy ®)

Dagm —P=0—5— ;> Ts=T,
atm 3.’Ez al‘n h

B AFoM e AEAL Table 13 Zow,
Eulerian-Lagrangian 7825 do] o3 Xujrt
Aol {3 o]43l= Van Leer LimiterS ©]
43 TVDW(total diminishing
scheme)& AMS3FH 3, UM A &2 23 FAA}
EHE ARSte] o]4hs} etk aElar Auid
g2 & Fahe A4S SMAC(highly
simplified MAC)ol| 7]Z3te] 43t

variation

Table 1. Calculation conditions

AES, zxy 02 m x 015 m

AR 80 x 60

A4EH o, b |01 m

A FHAAASF, v |10* m?/s

FHUlEE, ¢ 9.81 m/s’

it i 0.05, 0.10, 0.20, 0.30
71X %, g 45x10° ~ 52x10° m’/s
7|27 & 0.0025 m

71 W7 0.25, 0.5, 1.0, 3.0 mm




M 152 HN4& 2011, 8.

SETE7E A= AA WM J[ZIF 7

3. Zot & uE

ARZE ARTE WellA 2=7F ASstE fAle
713 o5t 2EEHHFE EBulerian-Lagrangian
WAAED S ARS8t FA S48t oS 7HA
skttt Fig. 2= &0l EASA &= #A
5]'51 %E e yebdoh et skt
a1 27°CelH, &=
= Aol ot FAdd. Folof
TAE= a"9EFg 3, 6, 7, 99 LZdA=
Fig. 2¢] 2" & (temperature legend)oll 7|F gt
o FA AL AHHE Bl A 9 7]’ e A

G4e nasol fd cAHdn. 248 e
EREE 4 A9 V)% @ LEEF B
e s gane AuE W SEgn
eEde $A0 ET Bart vk

Figure 32 A]7t s} E}E MEE WY &=
©l (Fig. 3( )-(1))%

BRI EEEE e P é%ﬁﬂ‘_%E CEEE:

[}
< 9v]$t} Fig. 3@ 7I1EEE $ t=05s
d wje] £eME X5 TAZ Ae®, e
2o o3f ofr|E HAFTo] 3WFLR gy
= As ¢ F Ak () A= Aeste 712
of & FARIF Fss FASL, 2) FAF
Az &=L dl ¢ WFeE P,
(3) oFAWFgFo 2 WIFHEE o V|ZEF F
Holl +2FE5S AT o] He|HAFY £
TEXE AdE5H Vzdler -9 W FF
of oaf FHRIF FAEHIL, AN o]F B

Fig. 2 Stratified temperature pattern at =00 s in the
cavity

_>'~l_‘
o
=5}

Figure 4= o =02, r = 0.1 mm¥ o
Holl A o] AIZHE FHHgEE 25 e
Alzre] Aol wet Fiwaks
EWEE WAL ¢ =
27t A9 dAsA ‘rro°] A7 ol

Y
&

bod

of
bt

dob 1

"

o

rr
fodp o
[ e

(@ t=05s (@ t=05s

() t=100 s (h =100 s

() =300 s

(d) =600 s

(e) t=1200 s

(f) =300.0 s

Fig. 3 Velocity (leftf and  temperature  (right)
patterns at «=02, r=01 mm and six
different instants



70 HA CH &9

\

0
0

{3y S FE S AR

=2
o

i, £E7F A2 e §A9
AAA A dhgo] dojuh(Fig. 3(1) 2HA

== %

T YT

——t=05s
—A—t=10s
—vy—t=50s
—— t=300s
—#—t=600s
—e— t=300.05

Holizontal Veelocity, u,,, (mis)

-0.006 |-

0,008 L L L L L L 1 1 1
00 01 02 03 04 05 06 07 08 09 10
xw

Fig. 4 Horizontal velocity distributions for various
instants at yh=1.0, «=02, r=0.1 mm

0.027

0.024 -

0.021 |-

0.018 |-

0.015 -

0012 |-

0.009 -

Vertical Velocity, u,, (m/s)
°

3

8

0.003

0.000 | | | | | | | | |
00 01 02 03 04 05 06 07 08 09 10

yh

Fig. 5 Vertical velocity distributions for various
bubble radii at xw =05, =02, =60 s

Figure 5= a = 02, t = 60 s & ] 7|HIE <
FAANA J|ERA WE {AY FANEES
EEXE Yepdth 7)x27F 2AstE 7xe

A 4 e uhe} o] 71X WAoo FrlEhE $3
W& Sl A% fA FfEel F
sl 2=Ego] W] AYHS ¢ F AUtk
Figure 72 7|94 v = 01 mm¥ @ o H
slo] wWE 2EEIEAS AHEEZ Yt
a =005 AXE 7IZHFFY FAZ dFHEol
vjofsle] R nefAE A Jdo A
2 A EFEHA B A2 ok, A
F Ude A FHeT9 FATe] 9
Ho] FHiye dAGL T HATFLEE
gt o 29 Aedgdy e 22 34
st AR fAse d@4s Hlth 2y
Fig. 3(a = 02)% Fig. 7(a = 03)°14 #Z=
uke} o] o7f FE3] AW tFfrso] &
AP o] Fro ne FAZF A 99 W=
F4E3, A fFA%e dud AAZ snE
AA v EHHETSEE WL U ¢

(¢) r=1.0 mm

Fig. 6 Temperature patterns for various bubble radii at
a=02, t=60 s



M 152 HN4& 2011, 8.

SETE7E A= AA WM I =Tt

FUStE HFRRS 71

F Ut

Figure 82 7]
mm¥ W 7%
= EX 1)H =
dzANA 7IZFF W OE 22 ¢ &
X9 ®gE VM EE otk TIEf ol

Fl
Lz
o,
o
-
It
(€8]
o
(e}
»
~
(e}
[y

Fo

rlr o

a) =05 s at a=0.05

) =100 s at a=0.05

(@ t=05 s at a=0.30

(h) +=100 s at a=0.30

(¢) =300 s at a=005 () =300 s at a=0.30

(d) t=600 s at a=005 () t=60.0 s at a=0.30

(e) t=1200 s at a=005 (K t=120.0 s at a=0.30

(f) 1=3000 s at =005 () t=3000 s at a=0.30

Fig. 7 Temperature patterns for different void fractions
at r=0.1 mm and six different instants

S

R R - )
=)
A
X
N
b
Jo
off
o
olN
=
i
H

o XN {4
[0
ol

0.008

0.006 |-

0.004 |-

0.002 |-

0.000

-0.002 |-

-0.004 |-

Horizontal Velocity, u,, (m/s)

—t— g =4.5x10° m%s|
-0.006 —=— g =9.0x10° m%s|
—O—q 18x10 m/s

-0.008
0.0 01 02 03 04 05 06 07 08 09 1.0

x/w

Fig. 8 Horizontal velocity distributions for various
gas flow rate at yh=10, r=0.1 mm, t=300 s

© g=18<10" m’s

Fig. 9 Velocity and temperature patterns for various
gas flow rate at r=0.1 mm, =300 s



72 HA CH &9

B3 HE LR

Eulerian-Lagrangian "4 2] %
HS=3s 7 3}st

=
LSy

N
O}i -
o of
2o
oo -

o o
Jo
[
o
=
©

Torg o

Ju oz
rfo
H
(ot
EEI){_:

il
o
©
N
Hd
9,
o,
z
T
Bl ot b I O it b B o[o[o ot

e
o
o
o]

o
OINI L
o L a T

2 ey
P,L‘
8
o
N

it
> Jo

__)li_il‘

o,

b ol

)
G
=2

fr
N
£ Ho %

B>
b
X
o

ol

ol

£

o

l

N

)

ol

oz
IS < )
Bt 2 X (Zoox

Jo 1o ot flo do

>
)
R
ofs
o
2
Y
Lo

O, ol

[o
&

olj N

N
N
>
)
)
SHe
ok
o2 2

»
b
E
30 oy M1 &
1 iy i
ol\
N
rir
N

22
=

18 © o rlo &
o rob oot 1 rfu

oo
R
>
Y
o
ry
(-
ot
4y o

E

| =28 20083t ® AT
Hho} =3 E A< (PK-2008-036).

SpE

Znes

20 A

H, dX1-"0o, 71‘_10(5]% “

o) 2 WolHe 97 A
Adol e )4 F A7 AFFRF A
233] A& =73, 2004, pp.178-183

2. Taylor, G., “The action of a surface current

o o

LI

used as a breakwater," Proc. R. Soc. Lond.
A, Vol. 231, No. 1187, 1955, pp.466-478

3. McDougall, T. J., "Bubble plumes in
stratified environments," J. Fluid Mech.,
Vol. 85, Issue 4, 1978, pp.655-672

N. A.

"Simplified analysis of air-bubble plumes in

4. Hussain, and Narang, B. S,

moderately stratified environments," J. Heat

10.

11.

12.

13.

. Zhang, D. Z.

Transfer, Vol. 106, 1984, pp.543-551

. Asaeda, T. and Imberger, J., "Structure of

bubble
environments," J. Fluid Mech., Vol
1993, pp.35-57

stratified

249,

plumes in linearly

. Chen, M. H. and Cardoso, S. S. S., "The

mixing of liquid by a plume of low-
bubbles,"
Vol. 55,

Reynolds  number Chemical

Engineering Science, Issue 14,

2000, pp.2585-2594

. Murai, Y., Ohno, Y., Bae, D. S, Hassan,

A., Ishikawa, M.,

"Bubble-generated convection in immiscible

and Yamamoto, F.,,

two-phase stratified liquids," Proceedings of
ASME FEDSM-01, 2001, pp.481-486

and Prosperetti, A,
"Ensemble phase-averaged equations for
bubbly flow,” Phys. Fluids, Vol. 6, Issue 9,

1994, pp.2956-2970

. Shuen, J. S., Solomon, A. S. P., Faeth, G.

“Structure of

Q. F,

jets:

M., and Zhang,
particle
predictions,” AIAA Journal, Vol. 23, Issue 3,
1984, pp.396-404

Squires, K. D. and Eaton, J. K., "Particle

laden measurements and

response and turbulence modification in
isotropic turbulence," Phys. Fluids, Vol. 2,
Issue 7, 1990, pp.1191-1203

Lu, Q. Q. Fontaine, J. R, and Aubertin,
G., "A Lagrangian model for solid particles
Int'l J. Multiphase
Flow, Vol. 19, Issue 2, 1993, pp.347-367
Stewart, C. W. and Crowe, C. T., "Bubble
Int'l 7J.
Multiphase Flow, Vol. 19, Issue 3, 1993,
pp-501-507

Murai, Y. and Matsumoto, Y., "Numerical

in turbulent flows,"

dispersion in free shear flows,"

analysis of detailed flow structure in a
bubble plume," JSME Int'l J. Series B, Vol.
41, No. 3, 1998, pp.568-574





