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Abstract For mammalian cell culture, getting a contin-
uous supply of oxygen and extracting carbon dioxide are
primary challenges even in the most modern biopharma-
ceutical manufacturing plants, due to the low oxygen
solubility and excessive carbon dioxide accumulation. In
addition, various independent flow and mass transfer
characteristics in the culture tanks vessel make scale-up
extremely difficult. One method for overcoming these and
providing rational optimization is solving the fluid and
mass transport equations by numerical simulation. To
develop a simulation program, it is decisively important to
know mass transfer coefficients of gaseous species in the
culture tank. In this study, oxygen mass transfer coeffi-
cients are measured using a beaker with a sparger and
impellers. In order to investigate the formulation of the
mass transfer coefficients, the turbulent flow statistics is
calculated by a CFD code for all cases, and the expressions
of the mass transfer coefficients are established as func-
tions of the statistics. Until now, the expression by Kawase
is known in this field. This expression becomes a function
only of energy dissipation rate ¢. It does not coincide with
the conventional experimental fact that mass transfer
coefficient is proportional power 0.5 of impeller rotation
speed. The new mass transfer coefficient is dependent on
both of energy dissipation rate ¢ and turbulent flow energy
k. It satisfies the relation of power of 0.5 of impeller
rotation speed.
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Introduction

In mammalian cell culture, it is important to uniformly
supply oxygen and rapidly remove metabolite carbon
dioxide. But, it is difficult to make the culture medium in a
large culture tank homogeneous, and carbon dioxide is
easily accumulated. Even if a model experiment with a small
culture tank is done, the phenomena are not similar between
small and large tanks, since the flow is usually two-phase
bubbly flow and it contains metabolic reaction products.

One method which overcomes this difficulty is to solve
the equations of the flow and related transport equations by
numerical simulation. Nowadays, several computational
fluid dynamics (CFD) codes are available which solve the
two-phase turbulent flow. When these codes are utilized to
design culture tanks, the mass transfer coefficient and some
metabolic reactions must be considered in the CFD codes.

There are two common ways to provide oxygen, one is
bubbles from a sparger and the other is diffusion from the
liquid surface. But, the mathematical expressions of the
mass transfer coefficients at the two kinds of interfaces
may be different, because the flow boundary conditions at
the interfaces are apparently different. Therefore, both
mass transfer coefficient expressions should be obtained
separately.

Some investigations [1, 2] have given the mass transfer
coefficient for bubble columns or bioreactors experimen-
tally. The coefficient has commonly been expressed using
bubble diameter, gravity acceleration, liquid density, sur-
face tension, etc., with the diameter of the bubble column
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being especially important. However, these empirical for-
mulae may be dependent on the shape of the column, and
they may not have generality.

It can be conceptually considered that the mass transfer
coefficient is a function of turbulent flow statistics as well
as physical properties of the liquid and gases. Until now,
the expression by [3] is known in this field. Turbulent
energy k and energy dissipation rate ¢ are well defined
turbulent flow statistics in the turbulent flow theory.
Launder et al. [4] developed a model of transport equations
of k and ¢ for numerical simulation. Today, the k—& model
is considered an outstanding turbulence model and is
incorporated into many CFD codes. Strictly speaking, the
numerical values of the k and ¢ may depend on the model
equations and the discretion techniques of the equations,
that is, they may depend on the CFD code itself. However,
as numerical simulation is a powerful design tool, it is
worthwhile finding expressions of the mass transfer coef-
ficient as a function of k and ¢ by the k—¢ model.

In this study, we measure oxygen mass transfer coeffi-
cients at two kinds of interfaces using a beaker with a
sparger and an impeller. The distributions of the turbulent
flow statistics in the beaker are also calculated by a CFD
code; we choose R-FLOW|[5]. R-FLOW can solve a set of
multi-phase flow equations and the k-¢ model. It can also
handle the motion of the impeller by the “sliding mesh” or
“overset mesh” technique.

Using these results, we establish the expressions of the
mass transfer coefficients as functions of turbulent flow
statistics k and .

Materials and methods
K1 a measurement

In the following description, the mass transfer capacity
coefficient is designated as Kj a and the mass transfer
coefficient is designated as K. The K a is the product of
K and the specific surface area a.

A beaker (15 cm diameter) containing Phosphate Buffer
Saline is used for the measurement of Ki a . Two liquid
volumes are tested, 2.65 and 5.3 L. The level height of the
2.65 L beaker is 15 cm, and the twice for the 5.3 L beaker.
The beaker arrangement is shown in Fig. 1. Two enzyme
electrode DO sensors are inserted from the top. Two types of
impellers are tested, a flat paddle and a marine screw . Both
wing diameters are 10 cm. The sparger material is porous
sintered compact with average pore size of 100 microns.
The bubble diameter is dependent on the sparger pore size.
Hardly any division and coalescence of the bubbles occur in
the flow. The bubble diameter is measured from photographs
of bubbles in the flow taken using a high speed camera.
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Fig. 1 Configuration of the beaker for K a measurement

Figure 2 reproduces an example photograph of the
bubbles, and Fig. 3 shows the distribution of the bubble
diameter as particle numbers in that photo. In the CFD
code, the bubble diameter is handled as a unique constant
value, and the bubble size distribution can not be consid-
ered. We obtain the bubble diameter as 1.2 mm from
Fig. 3. Measuring the terminal velocity of the bubbles is
difficult, so we decide it according to a mathematical
model.

The mass transfer capacity coefficient K a is measured
by the gassing out method. The liquid is deaerated by
supplying nitrogen from the sparger until the dissolved
oxygen decreases at 1 mg/L or less. After the supply of

Fig. 2 Photograph of bubbles from the sparger
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80 DO(#) = DO(1 — exp(—4r)), (3)
70 L where, 2 = Ky s as and DO = (K sasDOg') /.

% By fitting the measured data to Egs. (2) and (3), K ag
£ 60 [ and Kj ag are determined separately. Example measure-
© ments obtained by the gassing out method are shown in
= 50 - Fig. 4.
% For all measurement cases, the steady turbulent flow
§ 40 - i statistics k and ¢ are calculated by the CFD code. The
s drift flux model is used as the analytical model of two-
g 30 phase flow. The model means that the acceleration of the
g 20 L bubbles is 0. The motion equation of liquid flow is
3 solved, but that of bubbles is not solved by the drift flux
10 model. The bubble velocity Uy is always obtained as a
” |'| summation of the liquid flow velocity Ug and the bubble
olbll 1111 11 S 1 T terminal velocity Up.

0 0.5 1.0 15 2.0 2.5 3.0
Bubble Diameter (mm)

Fig. 3 Distribution of bubble diameter

nitrogen from the sparger is stopped, air is blown in at a
constant flow rate of 120 mL/min by stirring with a con-
stant impeller rotation speed. The liquid surface is open to
the air. The time changes of the dissolved oxygen are
measured at 2-min intervals until the concentration is
almost stabilized at a constant value, and seems to have
reached a saturation state. In addition to the above mea-
surements, the rise in the dissolved oxygen is also
measured considering only diffusion penetration from the
liquid surface without oxygen supply from the sparger for
all cases.

When oxygen is supplied from the sparger, the time
change of the dissolved oxygen is given as

% = Kygap (DOEq — DO) + Kisas (DO‘;q - DO), (1)
where, Kip and Kijg are mass transfer coefficients of
bubbles and liquid surface, ag and ag are the specific sur-
face areas, and DOg!, and DOS? are the dissolved oxygen
concentrations which balance with the partial oxygen
pressure, respectively. The specific surface area ap is
bubble surface area per unit volume, and the specific sur-
face area ag is defined as liquid surface area/liquid volume.

From Eq. (1), the time change of dissolved oxygen is
given as

DO(#) = DO(1 — exp(—4it)), (2)
where,
A =Kipap + Kisas

DO = (KLBaBDOqu + KLSasDOEq)/i.

Without the sparger gas supply, it is

Ug =Ur+Up (4)

The terminal velocity Up is deduced from the balance of
drag force and buoyancy of a bubble. The motion equation
of a bubble is

Y dUB Y
3 %pBT = gDzsCDPHUF — Ug|(Ur — Us)
T3
+ gDB(PF — pB)g
=0 (5)
where,
Cp =24 x (140.15%Re""®) /Re  (Re<1,000)
=044 (Re > 1,000)
and
UrD
Re = F B.
\
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Fig. 4 Measured data obtained by the gassing out method
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From Eq. (5), the terminal velocity is solved as

Up = g%(PF—PB)g_ (6)
D Pr
For a bubble of 1.2 mm diameter, the terminal velocity is
about 11 cm/s.
The k—e model is described in the following equations.
The definitions of the turbulent energy k and its dissi-
pation rate eare defined as
u; : average velocity u! : fluctuation from the average

3 N 2
y Ou auj
i (e ta)

The k—¢ model solves two transport equations as follows

ok V;
—+(@-V)k=V-|—Vk Py — 7
S @ V=Y (Gkv)+ K — &, (7)
where
3 = 2
v Oi;  Ouj k
Px §Z<©x 6x,> =y
ij=1 7
and

Fig. 5 Example numerical flow
simulation results

(c) Turbulent energy (m2/s2)
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(a) Liguid flow velocity (m/s)

Oe &

_ _v. (X ¢p 8
E—I-(u-V)a—V <0£V8>+ClkPK €2y (8)

Ci =144, C, =1.92, C, = 0.09.

Example flow simulation results for a beaker are shown in
Fig. 5. They include the distributions of the flow velocity,
the turbulent energy, the energy dissipation rate, and the
gas holdup. From the gas holdup «, the specific surface area

can be estimated as ag = g—z.

Results

Measured K; a and turbulent flow statistics obtained by
numerical simulations are shown in Tables 1 and 2. The
marine screw cases are operated with a higher rotation
speed than those of the flat paddle, because power con-
sumption of the marine screw is smaller than that of the flat
paddle and intensity of turbulence is also smaller. Table 1
lists the measured mass transfer capacity coefficient K g ag
and mean values of the turbulent flow statistic in the bea-
ker. Tables 2 lists the measured mass transfer coefficient
Ki s and mean values of the turbulent flow statistics at the
horizontal surface 5 mm deep from the top level. Intensity
of turbulence weakens at the surface, because the surface is
far from the impeller for both beakers. The weakening is
more significant for the 5.3 L beaker.

(b) Gas holdup (-)
1.2mm Dia. 11.2cm Terminal velocity

(d) Energy dissipation rate(m2/s3)
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Table 1 Calculated turbulent

flow statistics and measured K, k ¢ (VS)MS (kz/v S)Gas o Kipas (S_l)
a of bubbles Flat paddle
2.65 L 80 rpm 0.00495 0.01050 0.00941 2,711 0.00179 0.00458
120 rpm 0.01230 0.03930 0.01310 4,394 0.00161 0.00557
160 rpm 0.02200 0.09360 0.01620 5,894 0.00139 0.00681
530L 80 rpm 0.00199 0.00429 0.00630 1,425 0.00168 0.00381
120 rpm 0.00492 0.01590 0.00880 2,343 0.00146 0.00450
160 rpm 0.00878 0.03770 0.01090 3,137 0.00134 0.00541
Marine screw
2.65L 120 rpm 0.00180 0.00970 0.00789 751 0.00137 0.00412
160 rpm 0.00375 0.02430 0.01020 1,205 0.00139 0.00541
200 rpm 0.00616 0.04830 0.01210 1,565 0.00142 0.00612
530L 120 rpm 0.00046 0.00319 0.00459 332 0.00113 0.00338
160 rpm 0.00067 0.00713 0.00518 263 0.00126 0.00369
200 rpm 0.00115 0.01410 0.00622 406 0.00134 0.00458

Table 2 Calculated turbulent flow statistics and measured Kj at
surface

ks &s (ve)s>  (Klve)s Kys (ms)

Flat paddle

2.65L 80rpm 0.00346 0.00439 0.00941 2,882  0.0000479
120 rpm 0.00937 0.02010 0.01310 4,723  0.0000767
160 rpm 0.01680 0.04840 0.01620 6,315  0.0000950

530L 80rpm 0.00028 0.00010 0.00630 828  0.0000233
120 rpm  0.00056 0.00028 0.00880 1,219  0.0000316
160 rpm 0.00098 0.00068 0.01090 1,549  0.0000358

Marine screw

2.65L 120 rpm 0.00077 0.00082 0.00789 745  0.0000425
160 rpm 0.00189 0.00313 0.01020 1,205  0.0000608
200 rpm 0.00310 0.00681 0.01210 1,501  0.0000633

5.30L 120 rpm 0.00016 0.00017 0.00282 372  0.0000216
160 rpm 0.00026 0.00049 0.00345 434  0.0000292
200 rpm  0.00052 0.00082 0.00443 671  0.0000350

K; has the dimension of velocity (m/s). By using
moving viscosity v, turbulent energy k, and energy dissi-
pation rate, (gv)o'25 and K% can be constructed as
quantities with dimension of velocity. Here, Ky is expres-
sed using (¢v)**° and a dimensionless quantity k*/ev and

dimensionless number (D/v), where D is diffusion
coefficient.
So, K;, can be assumed in a general form as,
Ki = F(D/v,k*/ve) (ve)"?. 9)
Kawase et al. [3] proposed an expression for Kj
D\ 3
Ky = 0.301 <v) (ve)*®. (10)

D/v is the ratio of diffusion flux and momentum flux.

Equation (10) does not include the turbulent energy k. In
this study, we assume the following expression and then,
optimum value of the power multiplier Y is searched for.

2 ) o

Using the 12 data in Table 1, we define the proportion

factor A, (Y) as
D 0.5 k2 Y 025605'

(¥) = (Kupa), / (3) (%) er=5 a2
where, D =34 x 107° (m%s), v=1 x 10-%m%s),
Dy = 0.0012 (m) are adopted.

The average

(11)

1 &2
A(Y) = EZAi(Y) (13)
i=1
and the standard deviation
_\2
12 (40 —am)
JA(Y) = E I — (14)
i1 A(Y)

are calculated by changing the power multiplier Y.

Figure 6 graphs the standard deviation of Eq. (14). The
value —0.25 of the power multiplier minimizes the standard
deviation, and the average proportionality constant is 5.0.

So the expression for Kj g is presented as

D\OS 732\ 25 5
KLst.o( ) (—) (ve)*? = 5.0 %

v Ve

(15)

A comparison between experimental and calculated K g ag
values is shown in Fig. 7. The standard deviation o, is
12%.
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Fig. 7 Comparison between Experiments and Calculations of K; 5 ap

In the same manner, using the 12 data of Table 2 we find
the expression of Kj g at the liquid surface. Here, the pro-
portionality constant is defined as

B =), [ |(7) N (k—)m (16)

v Ve

and the average B(Y) and the standard deviation op are
calculated.

BY) = 33 > BiY) 1)
i=1
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2 (B,(r) - B))
op(Y) = 1 lT (18)
24 By

Figure 8 shows standard deviation o. According to Fig. 8,
K1 s weakly depends on (k*/ev). Here the dependence on
(k*/ev) is disregarded, and the following expression is
presented.

D\™ o2
Kis =0.135( ) (ve) (19)

Equation (19) is similar to Eq. (10) of Kawase et al. except
for the constant.
Figure 9 compares experimental and calculated K .

%10
10

K, ¢ (Calculation)

Standard Deviation=9.6%

0 L L L | | | L | L |
0 2 4 6 8 10
K, ¢ (Experiment) x10

Fig. 9 Comparison between experiments and calculations of Kj g
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Discussion

Using standard disk turbine blades, Richards [6] experi-
mentally showed that mass transfer coefficient Ki is
proportional power 0.5 of the impeller rotation speed.
Turbulent flow energy k is proportional to the square of the
impeller rotation speed, and the energy dissipation rate ¢ is
proportional to the cube. The equation by Kawase Eq. (10)
gives the mass transfer coefficient as a function only of
energy dissipation rate. Therefore, the equation by Kawase
is proportional power 0.75 of the impeller rotation speed.
The new mass transfer coefficient Eq. (15) becomes a
function of the turbulent flow energy and the energy dis-
sipation rate, and it is proportional power 0.5 of the
impeller rotation speed.

The term of (8v/k2)l/4 in Eq. (15) give the ratio of
Kolmogorov scale and Taylor’s micro scale. The Taylor’s
micro scale 4 is given as

u? k
Pa . 20
G ) +

The Taylor’s micro scale gives the representative
correlation distance of the flow velocity fluctuation. The
Kolmogorov scale # is given as

- (2). -

The Kolmogorov scale gives the smallest scale of the flow
velocity fluctuation. Both ratios become

1= (/)" (22)

Magnussen [7] asserted that the burning rate m of the
turbulent diffusion flame was given as

e ()2 3)

The chemical reaction rate of the combustion is so rapid
that the burning rate of the diffusion flame is dominated by
the hydrodynamic mixing time.

Magnussen asserted that the regions which generate
combustion reaction in the turbulent flow field are limited
to fine structures, of witch the sizes are as Kolmogorov
scale, where micro scale mixing and strong energy dissi-
pation occur. The volume fraction of the fine structures is
estimated as (ev/k?) "4 by Magnussen. It may establish the
analogy of the similar turbulent mass transport between
mass transfer coefficient K; and burning rate m.

The discussion of the above can not be applied to the
equation of the free liquid level Eq. (19). In the level, the
perpendicular flow velocity fluctuation is limited. The flow
velocity fluctuation begins to contribute to the mass
transport at the region which left the Kolmogorov scale
(v /8)0'25 from the level. After all, the mass transfer is
dependent on the reciprocal of the thickness of Kolmogo-
rov scale. The mass transfer coefficient of the level may be
proportional power 0.25 of ¢ as Eq. (19).
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