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On Relevance of Turbulence to Microbubble Dissolution Process
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Masaharu KAMEDA and Yoshiaki KODAMA

Abstract

Gas dissolution processes of microbubbles in a turbulent flow are numerically and
experimentally investigated. In particular, the enhancement of the mass transfer rate is discussed
with paying attention to the strain. The transport of the dissolved gas in axisymmetric shear flows
is numerically solved using a finite difference technique and the Sherwood number, corresponding
to an indicator of the mass transfer rate, is determined for various Schmidt numbers Sc and shear
Reynolds numbers Res. The simulation results indicate that the Sherwood number in the shear
flow is proportional to Sct3Rest’2, which is analogous to the correlation in the uniform flow.
Optical measurements are performed for the fully developed round-jet flow with microbubbles. The
typical bubble diameter is less than 100um. Time-series of the velocity field is obtained using the
Particle Imaging Velocimetry—-Laser Induced Fluorescence (PIV-LIF) technique with a time
resolution comparable to the Kolmogorov's time scale. The bubble diameter is measured using the
Interferometric Laser Imaging (IL1). The mass transfer rate is statistically estimated from the
cumulative distribution of the bubble diameter changing in the downstream. The experimental
results reveal that the turbulence shear considerably enhances the gas dissolution and the
estimated contribution of the turbulence to the mass transfer rate is consistent with the
prediction using the correlation formula obtained through the numerical simulation.

18 2 24
18 7 26



NS (ST S 2 )
AW N =

w
Ju—

N
—

0
1.2
1.3
.1.4

A~ b~ b~ B

4.2
4.2.1
4.2.2
4.2.3 ILI
4.2.4 PIV-LIF
4.3
4.4
4.5
4.6

[1]-131

Imm
()
(i)
[4]-[6]
(1)
(ii)
Imm
(Interferometric Laser Imaging; ILI)["1[¥!
ILI
[91-[11]
Laser Induced
Fluorescence (LIF) Particle

Imaging Velocimetry (PIV) ['*

(3]

Sh (=
D )
Ranz and Marshall!'?!
Sh=2+0.65c"Re'"?, (1-1)
Sc(=vID) Re(=2upR/v)
v
ug (1-1) 2
(1-1)

up



2.2
uy €
s (1)
Up
U 2RJen  9ev vu-(vuy’ Vu+(Vuy
EERS = , (1-2) UsU  +X| —————| +x|——| +..,
U, 2gR*/9y &R 2 - 2 -
(-1
g (1-2) uy/ug
R X vu
T
1 2
[14][15] up U 3
3
1 3
2
2.1
150pum
(i)
(Kolmogorov )
(i1)
us
Up
(iii) 2-1
(iv) Clift et
8.1.[16] [17]

2-1 X



(u,v,w) = (2x, =y, =2) R

Sc 1
Pey
Sh
Sh=A Sc“Re,’
o
4 B
2.3
u p C
V.u=0, (2-2)
oUu+(u-Vyu= —Vp+&V2u, (2-3)
Re,
0L+U-V)C= ﬂvzc, (2-4)
Pe,
u=0 and C=1 at r=1, (2-5)
u—(2x,-y,—z) and C—>0 as r—o.
(2-2)(2-4)
(=2)
V2s:s ( S
)
4R*2S:S 4R’2S:S 2.6
Re, = HEN2SS —p, _ARNZSS - (206)
' v ‘ D
S=diag(2,~1, -1) ( diag
)
2Ry2S:S

y 9€ Uy 0C
" ar r 60 (2_7)
8J3(°C 20C 1 0°C cotf oC
-— LAl aE
Pel\or* ror r 00> r 06
Sh
Sh=—["do sin@(a—cj , (2-8)
0 ar r=1
2.4
(2-7) (Pes>>1)
5o~
O(Pe; ') [16][181(19]
&
e=8V3/Pe)"”, (2-9)
10%u , (18 ,
— r & +| — r + ,
(525 {124 )
2-10)
au(; lﬁzua 2 (
= A, € = EY) +.,
(%) @4(35%] @)
C:C0+C1(5J’)+ s
y=(r—1)g’1 Co
G
Sh=¢"'Sh, +£°Sh +...
(2-11)
Sh,=-2[" do sinﬁ(ac”j (n=0,1.)
/2 a)} o
g (@-11) |
Co
Sho (@u,/or),., 20
(0:7mi2-7) t z

0 au 1/2 61,{ 1/2
t= j do | 2| sin®? 9, z=y| =2 | sin'?0,
/2 or or

r=1 r=1

(2-12)



Co ¢ @7

2
zé—a—2 C, =0,
ot 0Oz

C, =1 atyzl,}

C,—>0 as y—on,

Co
r(1/3,2°/9)
N N VE))
rc,) e 2
[20]
1/3 3
_9G, -3 exp| -] (2-16)
oz TA/3) 9t
Sho

34/3
Shy =
r(1/3)

r

y

172 2/3
Sh:0.672Pe;’3[J’”/2d0 (aaﬁsirﬁej } (2-18)

r=1

Lochiel and Calderbank!?!!

0.672

(2-18)

1/3
(2-2) (2-3)
Rey

u, :(—2r+%—%JP2(cos 0), u, =(r—i4jpzl (cosd),
roor r

(2-19)
P, ) () Y
Acrivos and Goddard™?
C
Shy, Sh,
1/345/3 2/3
ShO:s 3 [B(3/4,3/2)] (2-20)

4"°1(1/3) ’

au 12 2/3
j/zde (a—'gsin39j } - (2-17)

i = 3'°I(2/3)B(3/4,3/2)
[r/3)]"”

lede”rdﬂ 21" (-2 +3n)
0 0 55/3\/1’2](Cosg)siné’(f—n)m

N 3*2B(3/4,3/2)" (E-n)" P, (cos &)

£ [le (cos¢)sin C]z
(2-21)
n= ;fde cos”?@sin?g.  (2-22)
B(3/4,3/2)%
B(.) .
Shy Shy
S (Stokes) _ 1.01561)4/3 +0.736. (2-23)
[17]
oy
5. Rel
(2.18)
Sh=A P61/3Re;l/3 =4 Scl/3Re§l—l)/3 (2_24)

A

2.3

(2.8)

[23]-[25]

[26][27]

Adams-Bashforth

Crank-Nicolson (28]

SMAC 9



( (2.2)) 8 . —
1.01 ’ ELiEI.{F‘l 080) vd
1107 6l )
180 e % ..»",
- = | _ P
2 5 (Emstein’s effective viscosity theory)
¢ (2-19) 0 " - =
( (2-23)) 1! lig 1 10 1
3-1  Sh Pe, Re,
(2-11) 3-2
3.3
Re,=0.346 3.46 34.6 346 Sh  Pey
3-3
(2-18) Pe;
Sh Reg
Sh
20 o Numerical ) A
——————— Theoretical up to O(e-1) &
——————— Theoretical up to O(¢%) o
15 e=(2Pe)? /’,j;f" i Ranz-Marshall  ( (1-1))
" F 0 (1-1)
“ 10 .:;:?,‘/ 1 2 0
5 .o—':.ﬁf:;:? 1 2
1__.-2;:'_'-'1&:’."- Ranz—Marshall
0 i .
10 10! 10° 10°
fe 2| % Re=346 ) : /
3.1 a He=34.6 j‘r-'
=
Ryskin®"
Reg 3-2
3-2
u* ML
¢ (W'—pL)/pe g
Ryskin
Re; ( 24 )
Einstein Sh a
2.5 ( (31D B

Sh(Re,, Pe,) = a(Re,)Pe” + B(Re,).  (3-1)

3-3



1/3 o
B Re, 3-1
3-1 (3-1) a, B Re,
Reg o B
0.346 0.986 1.06
3.46  1.008 1.04
6.93 1.029 1.01
173 1.104 0.767
346 1.161 0.665
69.3 1.237 0.510
173 1.369 0.184
346  1.492 -0.175
693 1.632 -0.641
(04
( (2-23) 1 )
(Res=0.346) « -2.9%
(04
: +  Se=10,
15 x ‘g:;:[[]'\ #
C Se=10
& Se=10
o (4 ”
= Sh.Sc V5,527 Rel”
- :
=
5 =
s"ra
—
0= - _
10 10! lin i
Re,
3-4
Sc=10 10> 10° 10* Re>3
(3-1) 3-1 Sh Sc'? 3-4
Sh S¢™' Reg Re,!?
Sh=0.5275c"Re!"” +... (3-2)
34 (3-1)
3-1 Sh Sc's
(2-24) (3-2) Re,
1/2
S5, Re, '?

(
(1-1)) 2
( (3-2)
Levich!'®
Sc 1/2 (3-2)
Sc 1/3
x Turbulence effect
/QI\_’f on mass transfer rate of microbubble
—_—

Small bubbles Large bubbles

Axisymmetric

100mm

B
Up<<u

H i Non-axisymmetric

We(=pdu’?/ 0)<<1

"

u,: Buoyant velocity

o: Surface tension

u’: Turbulence velocity

4-1

ILI PIV-LIF

4-1
4.1.3
4.5
Up
Uy
We




500mm 1500mm

Hexagonal tube

Flowmeter
Transparent tank T Cylindrical tube v
Drain
P 500mm _
YLF Laser
g
g S —_
(=1
2
r
Micribubble generator CMOS camera
Gas supply—{im T Reserve tank 4-3
Flowmeter ump
4-2 413
[4]
4.1 4-4
41.1 0.5mm
4-2 Imm 8
0.5mm
x r X r
u v 200kPa
150pum
4-5
CMOS
YLF (
A=539nm) QO Gas supply nozzle
O Water supply nozzle
.Smm
4.1.2 .Smm
600mmx  600mmXx 1500mm
25mm
4-3
45

4-5



414

4-6
4-6(a)
15
150ml/min
100 1500ml/min Kawaguchi et al.['
2
R N
N
R R
4.2
ILI PIV-LIF 19-300pum
421
YLF (Photonics Industries,
DMI10E-527 A=539nm)
f:100mm
Imm £:500mm
Imm
ILI . .
L4 (a) Uncompressed image (b) Compressed image
4-6 ILI
4.2.2
CMOS (IDT,
X-Stream VISION model XS-3) 4.2.4 PIV-LIF
PIV
500—-1000 (frame/s)
Kolmogorov
40mm( )><10mm( ) PIV
800>=<200pixel ILI CMOS LIF
1
Rhodamine-B( : 460-550(nm);
: 550-700(nm)) (
PIV-LIF 10pm )
(A~600nm)
PIV 15> 15pixel
4.2.3 ILI
ILI
33.75mm><4.5mm 1
Maeda et al.”’ 1 5000

Kawaguchi et al.['"] 20



43

X
4-1
4-1
N,
2.5x107(m’/s)
: 1.67x107(m’/s)
(x): 100-300(mm)
27.0+0.2(°C)
pH: 7.60+0.15
less than 5(g/m?)
4-4 8 (¢=0.5mm)
10.5m/s
60g/m’
0.5g/m’ N
(0.45m?) 7.7g 1
3x107%g
4.4
N XN
4-2
4-2
© 9998
N XN : 6x21
1 15x15
At: 1x107s
Ax: 1x10*m
4-2 1
10
PIV
(
)E3%(

Welch (32]

0.2%
T 3 ' ' x=300mm
= 2 R™“=38.1um-
= RY=62.4um
a m
[l 0 I;[ i, 3
0 50 100 150 200 250
R [um]
(a) x=300mm
T ' x=150mm
= R"“=39.2um-
— RY=64.1um
A
Q" [ i i
100 150 200 250
R [um]
(b) x=150mm
T 3 ' ' x=100mm
= 2 R"=45.20m-
= RY=68.8um
2 . ’ Hh e ‘
0 50 100 150 200 250
R [um]
(c) x=100mm
4-7
45
x R (PDF)
4-7
1L1 13pm PDF
6000 2
11
1.75um
R(A) R(S)
Sauter 4-7



ILI

u PDF 4-8 Y

Wygnanski and Fiedler**

3
4-8(a), (b)
—0.089, —0.044
3.1, 3.3 [33]
4-8(a), (b)
erJJ_B’r‘IPH.S erH L"JJJ+3:fJ'JHI
6 ; :
| : P !
g 2 i % :
S a4t i /o v I
) | £ |
[ it ! ] k™ }
O ] i \‘ ]
w2 i s * :
a P -
oy E i it E i
1 i ¥ .‘.‘. |
| > |
0 loosenent® . . ; _
0.0 0.1 0.2 03 04 05 0.6
u [m/s]
(a) x=300mm
3 Uarr_gnr'm.\ Hm Um+3”mu
3 - :
—_ A% l
z | Aoy |
B2 $ A i
= f “'u i
s :‘ Y
o 1+ )’ ,\ i
a # ® !
2 P .
0 s ; ; . Ml
0.0 0.2 04 06 08 1.0 1.2
u [m/s]
(b) x=150mm
4-8

09 ——~ T T r .
08 b ™~ Measured —e—
: AN Fitted —----
@ 07 p | T
806 e e e ]
R o e el 1
D 04t -\-‘_'"\[-.._ ‘-5“---‘}__:?"\ -]
8; [ (9.85%107°x+0.250) 17 {'
- 100 150 200 250 300
X [mm]
4-9
u U,
X 4-9 L)
x=150-300(mm)
[34] U,' x 1
u rms Upms
35]
Umiurms
s (1£0.24)U,,

Umo_l X 1
x=150-300(mm)

x=150(mm)
4-10 -

X Wygnanski and Fiedler!?!

U, 1 (4-1)
= -,
Ui {1+(2-1)(=7,)’}
Uno rip o oou U,0/2
.
rin X 4-11

[ _J
x=150-300(mm)
4-11 drip/dx 9.40x107
331 (9.40x1072
-10.2x107?)

4-9 4-11



I. D .P'n-zﬁenl -
’ Wygnanskik Fiedleo 1969)
Similarity law ——
0.8
= 06
0.4
0.2
0.0
0.0
Wy
4-10 (x=100mm)
301 e Measured ,
fffffff Fitted -
— 25 | tt P
% &
= 20t /.,—"'
o L
= 15 | /’,o" T
10 .2 9.40x10 2x+4.82x10 7
100 150 200 250 300
X [mm]
4-11
Um urms
VoOTMS Vi 4-12
(@]
4-9
urms VVWIS
0.24 0.185
300(mm) u 4-13
u
Ty 4-14
(@]

oy Bs AN Vi [M5]

Te [x107s]

0.7 — -

N BSIE Ilé ¥
L M. 1 u o
(L6 % % L ,r'y
0.2417
05 | : u
3 ki__jlﬂ!}{jf,h =
0.4 ~a_
03 ]
I}E . = ;' rmi
& ey, - L
ot [ g g
no
100 Is0 200 250 300
X [mm]
4-12
rms
!“ 4 r__“--_.‘t\‘...i.;:_.:-iq; & Buhb'!}rl - 1
: R Single —
10 b y=300mm ™ ]
M,
i ..,
107" f % Ax "
107 = Fr- __’ .
10! 10" 10" 10° 10°
f11/s]
(a) x=300mm
104 | —eoteiidn, Bubbly -]
y Single —
1w b r=150mm Lo 8 ]
{i“fﬁﬁf
1w e,
107 = Fr- &
10! 10" 10" 10° 10°
f11/s]
(b) x=150mm
4-13
7 y - :
—— Single s
6 r --—-o— Bubbly .
5 L
4 L
3 L
2 L
l L
0 1 1 1 1 1
100 150 200 250 300

X [mm)]
4-14




4-12 4-13 4-14

(3-2)
x=150(mm)
2 3
Sh
4.6 [36]
T (DID)"?
7 Kolmogorov
7, Sh &
[371[38] (3_2)
2zR*(dV DU\ _ 4zR’ DU 4zR’
3 (E‘E)z 3 D SRRV-Ur——e, Sho g (3-2)
Added imertia Inertia around bubble Stokes drag W
(4-2) x=150-300(mm)
Vv U (4-2)
4V _3DU V-U-u, (4-3)
dt Dt Ty 1
ug(=2R’g/9v)
3(=R*/9v) dr _ 1 drR__ D(C-C,)Sh (4-4)
R=20-80(pm) dx (U, +uy) dt 2pR(U,,+uy)
52-830(us)
1-16(mm/s) Cs Cow D pg
£
Cs
(34135] &=0.017U, /1,5 c. =My, (4-5)
Un> "112 ( 49 4-11) 2247
x=150-300 (mm) &=0.018-0.23 a Bunsen My(=28) N,
(m?/s*) Kolmogorov T(K) a
n(=(v'/g)"") 7 (=(v/9)'"?) uy(=(ve)'"™) [39]
41-77 (pm) 1.9-6.9(ms) 11-21(mm/s)
a=(-2.637-10"T7 +0.01939T* —3.499T +89.84) ™",
Kolmogorov 4 92
D=(3.131-10"77-0.1026T +5.746)  [x10" m"/s],
75/ 7,<<1 w5/ 1),
75/ 7,<<1 (4-6)
C..=0 pg=1.12(kg/m?)
Tk 4-14 73/ Tp<<1 ( (3-2) Sh
4-3) /¢t 1, 1T e 2+o.4sC”3g”2R3’2+1.055$§fg”412 (4-7)
V=U+rup v v
1 2
Ranz-Marshall
n 3
up/u,<<l (1-2)
Ranz-Marshall ( (1-1))



4-15

x=150-300(mm)

ILI
[(R)
R
RV, RP . R™_ . RW™
T(R")=n/N R PDF ¢R)
I'(R) ¢o(R)
T(R)=[dR p(R), (4-8)
4-15
X=X R, Rl(l)
RI(Z)’”') Rl(”),,.., RI(N) x=x,
RZ RZ(l)a R2(2)an., Rz(n),..., RQ(N) N x:xz
R R™_R,™
le:xl(Rl): F‘x:xz(Rz) X
X] =X R R, >R,
x;=150 (mm) x,=300 (mm)
0.1<T|;-,;<0.9
(R1=18.4-67.8 (um))
(AR)(=R,-R)) ILI
R R
X=X X=X
ﬂ(%) X=X3 r
| M (4-9)
’ 1+0.018
B =0.1
(AR) (4-7)
X2
X1
2
4-9 0.35s
Tg 4-14 0.02 0.07s

5 17

X2

Xy

0.15 ' — Calc.'(Prese'nt)
: ------- Calc.(RM)
= - Calc.(Sh=2)
& 0.10 k o  Exp.(f=5.8%)
_TL : x  Exp.(f=2.2%)
3 _
% 0.05 | -
\T/ _—
000 bt
20 30 40 50 60 70
RI)C:lSOmm [‘u,m]
4-16
R (=(AR)/ R)) 4-16
(Sh=2)
Ranz-Marshall ( (1-1))
( @7
(4-4) < o
£=2.3 6.2(%) r=0.1 (AR)
(1-1) 4-7) 4-15
Ranz-Marshall >
R (AR)
R
Ranz-Marshall
(@]
(3-2) (
(4-7))



Sh Pe;
Sh
Sc Re;

Sh Sc'Re,!?

PIV-LIF ILI

1) Herzog, H.J., Adams, E.E., Auerbach, D. and

Caulfield, J.:
disposal of CO,, Energy Convers. Mgmt., Vol. 37,

Environmental impacts of ocean

(1996), pp-999-1005.

2) Saito, T., Kajishima, T., Tsuchiya, K. and Kosugi,
S.: Mass transfer and structure of bubbly flows in
a system of CO, disposal into the ocean by
gas-lift column, Chem. Eng. Sci., Vol. 54, (1999),
pp- 4945-4951.

3) Sato, T. and Sato, K.: Numerical prediction of the
dilution process and its biological impacts in CO,
ocean sequestration, J. Mar. Sci. Technol., Vol. 6,
(2002), pp. 169-180.

4) (2000) 2000-
392677.

5)

Vol. 16, (2002), pp. 130-137.

6) Fujiwara, A., Takagi, S., Watanabe, K. and
Matsumoto, Y.: Experimental study on the new
micro-bubble generator and its application to
water purification system, Proc. of ASME
FEDSM'03, (2003), FEDSM2003-45162
(CD-ROM).

7) Roth, N., Anders, K. and Frohn, A.:
Refractive-index measurement for correction of
particle sizing methods, Applied Optics, Vol. 30,
(1991) pp. 4960-4965.

8) Glover, A.R., Skippon, S.M. and Doyle, R.D.:
Interferometric laser imaging for droplet sizing: A
method for droplet-size measurement in sparse
spray systems, Applied Optics, Vol. 34, (1995), pp.
8409-8421.

9) Maeda, M., Kawaguchi, T. and Hishida, K.: Novel
interferometric measurement of size and velocity
distributions of spherical particles in fluid flows,
Meas. Sci. Technol., Vol. 11, (2000), L13-L18.

10) Kawaguchi, T., Akasaka, Y. and Maeda, M.: Size
measurements of droplets and bubbles by
advanced interferometric laser imaging technique,
Meas. Sci. Technol., Vol. 13, (2002), pp. 308-316.

11) Kawaguchi, T., Hishida, K. and Maeda, M.:
Measurement technique of micro-bubbles by
interferometric imaging and its system, Proc. of
7th Int. Cong. on Optical
Characterization, (2004).

12) Tokuhiro, A., Fujiwara, A., Hishida, K. and
Maeda, M.: Measurement in the wake region of

Particle

two bubbles in close proximity by combine
shadow image and PIV techniques, Trans. ASME
J. Fluids Eng., Vol. 121, (1999), pp. 191-197.

13) Ranz, W.E. and Marshall, W.R.: Evaporation from
Drops, I & II, Chem. Eng. Prog, Vol. 48, (1952),



pp. 141-146 & pp. 173-180.

14) Raithby, G.D. and Eckert, E.R.G.: The effect of
turbulence parameters and support position on the
heat transfer from sphere, Int. J. Heat and Mass

Transfer, Vol. 11, (1968), pp. 1233-1252.

15) Yearling, P.R. and Gould, R.D.: Convective heat and
mass transfer from a single evaporating water,

methanol and ethanol droplet, Proc. of Heat Transfer

and Fluids Engineering
ASME-HTD321/FED233, (1995), pp. 33-38.

16) Clift, R., Grace, J.R. and Weber, M.E.:, 'Bubbles,
Drops and Particles', Academic Press, (1978), Chap.

10.
17)
(2005), pp. 37-46.

18) Levich, V.G.:: ' Physicochemical Hydrodynamics',

Prentice-Hall, Inc., (1962), Sec. 92.

19) Bird, R.B., Stewart, W.E. and Lightfoot, E.N.:
'Transport Phenomena', 2nd edition, John Wiley &

Sons, Inc., (2002).
20) :
111 (1956) 1 5 .

21) Lochiel, A.C. and Calderbank, P.H.: Mass transfer
in continuous phase around axisymmetric bodies of
revolution, Chem. Eng. Sci., Vol. 19, (1964), pp.

471-484.

22) Acrivos, A. and Goddard, J.D.: Asymptotic
expansions for laminar forced-convection heat and
mass transfer Part 1. Low speed flows, J. Fluid

Mech., Vol. 23, (1965), pp. 273-291.
23)

Vol. B67, No. 657, (2001), pp.

1128-1137.
24)

( 2

) Vol. B68, No. 671,

(2002), pp. 1981-1989.
25)

s

, Vol. B70, No. 697, (2004), pp. 2294-2302.

26) Peyret, R. and Taylor, T.D: 'Computational Methods
for Fluid Flow', Springer-Verlag, New York, (1983),

Chap. 2.

27) Ferziger, J.H. and Peric, M.: 'Computational

Divisions, Vol.

Methods for Fluid Dynamics', Springer, Hamburg,
(1996), Chap. 3.

28) Canuto, C., Hussaini, M.Y., Quarteroni, A. and
Zang, T.A.: 'Spectral Methods in Fluid Dynamics',
Springer-Verlag, New York, (1988), Chap. 4.

29) Harlow, F.H. and Welch, J.E.: Numerical
calculation of time-dependent viscous
incompressible flow of fluid with free surface,
Phys. Fluids, Vol. 8, (1965), pp. 2182-2189.

30) Ryskin, G.: The extensional viscosity of a dilute
suspension of spherical particles at intermediate
microscale Reynolds numbers, J. Fluid Mech., Vol.
99, (1980), pp. 513-529.

31) Batchelor, GK.: 'An Introduction to Fluid
Dynamics', Cambridge University Press, (1967),
Chap. 4.

32) Press, W.H., Teukolsky, S.A., Vetterling, W.T. and
Flannery, B.P.: 'Numerical Recipes in Fortran77',
2nd edition, Cambridge University Press, (1992),
Chap. 13.

33) Wpygnanski, I. and Fiedler, H.: Some
measurements in the self-preserving jet, J. Fluid
Mech., Vol. 38, (1969), pp. 577-612.

34) Pope, S.B.: 'Turbulent Flows', Cambridge
University Press, (2000), Chap.5.

35) Panchapakesan, N.R. and Lumley, J.L.:
Turbulence measurements in axisymmetric jets of
air and helium. Part 1. Air jet, J. Fluid Mech., Vol.
246, (1993), pp. 197-223.

36) Danckwerts, P.V.: Significance of liquid-film

coefficients inn gas absorption, Ind. Eng. Chem.,

Vol. 43, (1951), pp. 1460-1467.

37) :

Vol. 33, (1969), pp. 181-186.

38) Lamount, J.C. and Scott, D.S.: An eddy cell
model of mass transfer into the surface of a
turbulent liquid, AIChE J., Vol. 16, (1970), pp.
513-519.

39) : (1983).



