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GAS HOLDUPS AND FRICTION FACTORS OF GAS-LIQUID
TWO-PHASE FLOW IN AN AIR-LIFT BUBBLE COLUMN

Kiyomi AKITA, Tatsuya OKAZAKI and Hiroshi KOYAMA
Department of Chemical Engineering, The University of Tokushima, Tokushima 770
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Gas holdups and friction factors were measured for gas-liquid parallel two-phase flow in an air-lift bubble
column.

Velocities of gas and liquid, liquid viscosity, and surface tension were varied. The results were correlated with
dimensionless equations.

As to the gas holdups (sG), Akita-Yoshida's equation1) for batchwise processes was modified to the following
form to suit continuous parallel gas-liquid flow operations:

«g(1 - sGr4 = O.2O(0/>2PL/y)1/8 (9D3lxi)1/12(UGJ(gD^2)

As to the friction factors (/), the following correlation was proposed.
f= 0.046S(UJ(gD)ll2y 1 Ae0G5

These equations are useful for estimations of gas holdups, distribution of gas holdup along the column height, and
liquid circulation velocities between a riser and a downcomerin an air-lift bubble column.

Introduction

Air-lift bubble columns are widely used as gas-
liquid or gas-liquid-solid reactors in the chemical
industry, water treatment apparatus in waste water
engineering and in other services. The column consists
of two cylindrical columns, i.e. a riser and a down-
comer. They are connected in a loop with elbow
joints or other devices at the bottom and a gas-liquid
separator at the top. The riser is a column into which
gas is sparged, while the downcomer is a pipe that
returns the liquid from the top of the riser.
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476

In the riser, the gas-liquid mixture flows upward
and the superficial liquid velocity in the riser rises as
high as l m-s"1. This high liquid velocity results in a
high heat transfer rate through the columnwall. If
solid particles are suspended in the column, they are
distributed uniformly throughout the column. Their
uniform distribution is favorable for gas-liquid-solid
three-phase reactions such as fermentation reactions.
The gas-liquid mixture at the top of the riser is

separated into gas and liquid phases there. Only the
liquid phase is brought into the top of the down-
comer, flows downward through it, and is returned
to the bottom of the riser. Thus a loop is completed
for the liquid flow.
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Numerous investigations2'4 7'9'10'13> have been re-

ported of gas-liquid two-phase flow and mass transfer
in such columns, but no successful conclusions have
yet been obtained. Therefore, we started our in-
vestigation in order to derive correlations for gas
holdups and friction factors of gas-liquid flow.

For gas holdups, Akita-Yoshida's equation1] was

modified so as to be applicable to parallel gas-liquid
flow as well as batchwise processes. The friction
factors of gas-liquid two-phase flow in the riser were
calculated with the data of pressure drops and were
correlated with a dimensionless equation.
1. Experimentals

Figure 1 shows the experimental apparatus. The
air-lift column, A, consisted of two columns, each
0.148m in diameter. The length of the riser B was
8.020m and that of the downcomer C was 7.795m.
The total length of the column was 8.600m including
elbow joints at the column bottom and a gas-liquid
separator at the top. The volumes of the column
components were 0.138m3 for the riser, 0.134m3 for
the downcomer, 0.112m3 for the separator and
0.112m3 for the elbowjoints.
At the bottom of the riser, a multiple-orifice nozzle

sparger was installed. It was made of a perforated
polyvinyl chloride plate mounted at one end of a
nominal 15A pipe. The twenty holes were each
1.0 mmin diameter. It had been confirmed previously
that the sparger gave the same gas holdup as was
reported by Yoshida-Akita14) with a single-orifice
sparger.
To measure static pressure within the riser, two

glass-pipe pressure taps were inserted into the riser at
two heights through the column wall and their outside
ends were connected to glass manometers F. The
static pressure was measured at the heights of0.695 m
and 7.830m. If the reading of the manometer con-
nected to the pressure tap at the height z is h, static
pressure P is calculated by the following equation.

P=n+pLg(h-z) (1)

The heights of installations and accessories were all
measured from the column bottom. Liquid circu-
lation velocity between riser and downcomer was

measured with an orifice flowmeter installed midway
in the downcomer at a height of4.625m. The diam-
eter of the orifice was 1 1.0cm. The liquid circulation
velocity was regulated by the gate valve G, set at the
height of0.995m in the downcomer. The average gas
holdup sG in the riser was calculated by

sG=(VF- VL)/VR (2)

where VL is the volume of clear liquid in the column,
VRthe volume of the riser and VF the fictitious volume
of gas-liquid mixture in the column. The gas-liquid
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Fig. 1. Experimental apparatus

Table 1. Properties of liquids

Liquids Temp. Density Viscosity[K] [kg-m-3] [g-m"1--1Surf,tensions-Al [g-s"2]

Water5kg-m-3 CMC
8kg-m~3 CMC
0.05% «-hepthanol
0.15kmol-m~3 Na2SO4283

283
283
293
283

999.7
998.4

1003
998.9
1019

1.308
27.58
56.47

1.024
1.377

74.20
71.22

71.08
49.42

73.06

surface in the separator rippled violently and showed
a complicated shape. Just above the riser top, the
surface swelled steeply, to heights of up to 1 to 20cm
higher than the average horizontal surface of the
remaining parts of the separator. The height of the
latter surface was regarded as the height of the gas-
liquid surface in the separator with which VF was
calculated. Preliminary experiments without liquid

circulation showed that gas holdups measured by the
method described above agreed well with those mea-
sured by manometer differences. This fact proved
that the method above was adequate for the measure-
ment of gas holdups in the riser because, without
liquid circulation, gas holdups measured by the two
methods must be equal to each other.
Operation of the column was carried out batchwise

with respect to the liquid phase and continuously with
respect to the gas phase.
Properties of liquids are listed in Table 1. Density

was measured with an Ostwald pycnometer. Liquid
viscosity, measured with a Canon-Fenske viscometer,
varied from 1.02 to 56.5g-m~1 -s"1. Surface tension,
measured with a stalagmometer, varied from 49.4 to
74.2g-s~2.

2. Results and Discussion

2.1 Results of gas holdup measurement
The effect of liquid circulation velocities on gas
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Fig. 2. Gas holdup for air-water system

holdups was investigated at various opening ratios of
the gate valve.
Figure 2 shows results of gas holdup measurement
for the air-water system. Parameters in the figure are
four opening ratios of the gate valve: zero, 0.075, 0.1
and 1. The opening ratio of the valve was defined as
the ratio of the cross-sectional area of the flow
channel at the gate to the cross-sectional area of the
riser. The figure shows that gas holdup decreases with
increasing opening ratio. This phenomenoncould be
explained as the result of the reduction of relative gas
velocity to liquid by the increase in opening ratio.
2.2 Modification of Akita-Yoshida's equation of gas
holdup
Almost all the measurements of gas holdups were
made at liquid velocities less than 0.1 m-s"1, so that
the effect of liquid velocities on gas holdups was
neglected in the correlation. However, in the air-lift
bubble column the effect is considerable, since liquid
circulation velocity reaches as high as l m-s"1.
To apply Akita-Yoshida's equation1} of gas hold-
up, which was originally derived from batchwise
operation, we will here explain how to modify the
equation with the drift-flux model.
Drift-flux jGL was defined as11}

Jgl= Ug-8g(Ug+ Ul) (3)

Eq. (3) was rearranged to give
JGL=V -eG)UGL (4)

where UGLis a superficial gas velocity relative to

liquid phase and was defined as
UGh= UG- ULsG/(\ -eG) (5)

For the drift-flux yGL, Wallis proposed the empirical
equation12) given as

Jgl= voosg(1 -sgT (6)
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Fig. 3. General correlation of gas holdup

Combination of Eqs. (4) and (6) gives
eoO -ea)""1 = tfGi>» (7)

If the operation is carried out without liquid flow,
UGLin Eq. (7) is replaced by UG. The resultant
equation was compared with Akita-Yoshida's equa-
tion1} to give

n=-3 (8)

vao = 5(gD)ll2(gl>ipJy) - 1's(gD'/v2l) - 1112 (9)

Substitution of Eqs. (8) and (9) into (7) gives
£G(l -sGr4=0.2(gD2pJy)V8

x (gD'lviy>12(UGJ(gD)112) (10)

This is a modified form ofAkita-Yoshida's equation1]

of gas holdup.
2.3 Gas holdup correlation by Eq. 10
In Fig. 3, the gas holdup of the air-water system is
plotted against the product (gD2pL/y)1/8. (gD3/vl)1112
x (UGL/(gD)112). The data in the figure are the same

as those in Fig. 2.
In Fig. 2, the gas holdup at a fully opened valve was

60% less than that at a completely closed valve, if

compared at the same UG. However, Fig..3 shows that
the gas holdup is independent of the opening ratio of
the valve if plotted against the dimensionless product
appearing in the abscissa. The dotted line in the figure
shows Eq. (10).

It appears that at high gas velocity, Eq. (10)
predicts gas holdup 20% smaller than the observed
value. The deviation could be ascribed to errors in
measurement.
Otake et al9) measured gas holdup in parallel and
countercurrent gas-liquid flow and correlated their
results with an exponential function within ±30%.
Wachi et al.10) also measured gas holdup in an air-lift
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column and compared their results with a semi-
theoretical equation. With use of Eq. (10), we could
correlate their data within ± 30%.

In conclusion, Eq. (10) could be applied to counter-
current and parallel flow operations as well as batch-
wise ones.

2.4 Relation between static pressure gradient AhjAz
and gas holdup

Static pressures were measured at the heights of
zx-0.695m and z2=7.830m in the riser and the

average static pressure gradient Ah/Az was calculated
from

Ah/Az=(h2-h1)/(z2-z1)=(h2-h1)/lA35 (1 1)

Here, the static pressure is expressed in terms of
manometer heights hy and h2.

Mori et al.8) measured local pressure gradient dh/dz
along a riser of an air-lift column and found that the
local gradient remains invariable throughout the riser.
Therefore, the average gradient Ah/Az can also be
regarded as the local value dh/dz.

Since the gradient Ah/Az is considered to be the

sum of gravity force exerted on the unit volume of
gas-liquid mixture and frictional force of the two-
phase flow, it must be a function of gas holdup and
two-phase flow velocity.

Figure 4 shows the relation between the gradient

Ah/Az and gas holdup sG. From the figure, linearity
can be assumed between these quantities, i.e.

Ah/Az=lsG (12)

where X is a proportionality coefficient varying with
the opening ratio of the gate valve.

The figure shows that the smaller the opening ratio,
the larger becomes the constant X, and for the com-
pletely closed valve A is unity.
2.5 Calculation of the friction factors/for gas-liquid
two-phase flow

Consider an infinitesimally short cylinder of gas-
liquid mixture in the riser whose height is dz and

diameter is that of the riser D.
In Fig. 5, all forces exerted on the cylinder in the
riser are described schematically: two pressure forces
acting on the lower and the upper surfaces P(n/4)D2
and -(P+dP)(n/4)D2; gravitational force -gpL x
(\ -£G)(n/4)D2dz\ and frictional force acting on the
cylinder wall -z^nDdz.

Since the principle offorce balance requires that the
sum of these forces must be zero, the calculation gives

dPldz+gpL(\ -8G)+(4/D)Tw=0. (13)

By substituting P in Eq. (1) into Eq. (13) and

rearranging, finally we obtain
Tw = (pLgD/4)(sG - Ah/Az) (14)

Here, we define the friction factor/as
VOL 21 NO. 5 1988

Fig. 4. Pressure gradient vs. gas holdup

Fig. 5. Forces acting on a cylinder of gas-liquid mixture

tw = (1/2)/G2m/Pm (1 5)

where GMis mass flow rate of the gas-liquid two-phase
mixture and pMis its density.
These quantities are defined and approximated as

GM=pGUG+pLUL=pLUL (16)

pMEE£GpG+(l -£G)pL=(l -£G)pL (17)

The contributions of gas phase to GM and pM are

sufficiently small to be neglected.
Combining Eqs. (14) with (15) and substituting

Eqs. (16) and (17) into the resultant equation, we get
f= (\/2)(UL/(gDy/2y2(zG-Ah/Az)(l -sG). (18)

This equation was used to calculate the friction factor
/
2.6 Comparison of the friction factors of two-phase
fluid flow with those of single-phase fluid flow
For a single-phase fluid flow, it is customary to plot
the friction factor/against the Reynolds number Re.
The Reynolds number Re for the gas-liquid mixture
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Fig. 6. Friction factor vs. Reynolds number

was defined as
Re = DGJiiu (19)

where nM is viscosity of the gas-liquid mixture and is
defined and approximated as
Vm=Mg^g+fiL(1 -eG)=fiL(1 -eG) , (20)

since fiGsG is sufficiently small compared with

In Fig. 6, the friction factor/of the gas-liquid two-
phase flow is plotted against the Reynolds number
Re. The figure shows that/decreases as either Re or
the opening ratio of the valve increases.

As already stated in 2.1, the larger the opening
ratio, the smaller becomes the gas holdup. Therefore,
the friction factor/decreases as either Re increases or
the gas holdup eG decreases.

In the figure, the friction factor of single-phase fluid
flow is also shown. The friction factor for the two-
phase fluids is seen to be larger than that for the
single-phase fluids.

The fact that gas holdup increases friction factor
can partly be ascribed to the fact that at a given UL,
shear stress tw increases with increasing gas holdup sG
because of the increase in the linear liquid velocity
UJ(l -eG).

2.7 Correlation of the friction factor/
Variables which affect the friction factor / are
superficial liquid velocity UL, liquid density pL, liquid
viscosity jaL, surface tension y and gas holdup eG.
Dimensional analysis gives the following final re-
lationship:

/= k(uj(gD)ll2Y(g&pJy)q(g&lv2J(*GY (21)

where UJ(gD)112 is the Froude number, gD2pJy the
480

Fig. 7. Plot of/against UJ(gD)1/2

Fig. 8. Plot off(UJ(gD)ll2)1A against ,

Bond number and qD5\m\ the Galilei number. The

proportional constant k and the indices p, q, r and s
must be determined experimentally.

In Fig. 7, the friction factors for the water-air

system are plotted against UJ(gD)112. The numeral
attached to each datum point shows gas holdup
multiplied by 1000. The lines in the figure which were
drawn through the data are those of constant gas
holdup. The slope of the lines or the exponent/? in Eq.
(21) is found to be -1.1. Bysubstitution of -1.1 for
p in Eq. (21) and rearrangement, the productf(UJ
(gD)112)1 1 becomes a function of sG and liquid prop-
erties. In Fig. 8, the product f(UJ(gD)ll2)1A are
plotted against sG for several gas-liquid systems and
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Table 2. Values of/(UJigD)112)1-lle
-0.5

G

Liquids f( UJ(gD)ll2)1 AEG

Water
5kg-m~3 CMC

8kg-m~3 CMC

0.05% w-heptanolO.i5kmol-m"3 Na2SO4

0.0457
0.0408
0.0545
0.0438
0.0491

AV. 0.0468

were found to be proportional to the square root of
eG. Therefore, the index s in Eq. (21) was determined
as 0.5. Thus the product/(UJigD)112)1-^^0'5 for each
liquid is listed in Table 2.

As seen from the table, the product varies from
0.0408 to 0.0545. The 30% scattering of the product
can be ascribed to errors in measurement of eG and
Ah/Az. We can conclude that the value remains
independent of the liquid properties. This means that
both the indices q and r in Eq. (21) are zero.
By substitution of the values of the indices p, q, r

and s into Eq. (21), the product/(UJigD)112)1 ^^0 5
became the proportional constant k. The most prob-
able value of h was obtained by averaging the figures
listed in Table 2 as

k=0.0468

Thus, we obtained the following final expression.
/= 0.0468(t/L/(^)1/2) -1 18°G5 (23)

The range of variables in Eq. (23) is considered as
8G >0 (24)

0< UJ(gD)1/2 < \ (25)

It is evident from Eq. (23) that/equals zero if sG is
zero. This conclusion contradicts the behavior of the
friction factor of single-phase fluid flow, where/has a
finite value corresponding to a given Re. It also
follows from Eq. (23) that /diverges when UL be-
comeszero. This meansthat the equation cannot be
defined at t/L=0.
Using Eq. (23), we can verify the statement men-

tioned in section 2.4 that dh/dz remains constant
throughout the riser. The equation shows that the
shear stress tw or fU\}2 remains invariable through-
out the riser insofar as gas holdup and superficial
liquid velocity remain unchanged. Therefore, the con-
stancy of dh/dz throughout the riser height is verified
from Eq. (14).
The solid line drawn in Fig. 8 is an expression of

Eq. (23). The figure shows that the scattering of our
data from the line comes to ±20%.

Substitution of Eq. (23) into Eq. (18) gives
Ah/Az=eG-0.0936(UL/(gD)1/2)°'9(e0G5/(\ -sG)) (26)
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With Eq. (26), gas holdup 8G was calculated from
the data of UJ(gD)1/2 and Ah/Az by trial-and-error
procedures. The calculated gas holdups differed from
the measured ones by only ± 10%.

Conclusions
Gas holdups and friction factors for the gas-liquid

flow in an air-lift bubble column were investigated.
These quantities were correlated by dimensionless
equations.
The gas holdup equation of Akita-Yoshida1* was

modified to suit the parallel gas-liquid flow in a riser.
The modified equation Eq. (10) can estimate the gas
holdup within 20% deviation.

Friction factors of the gas-liquid two-phase flow
was correlated by Eq. (23). The equation is valid over
the range prescribed by Eqs. (24) and (25). If this

equation is used for estimation of gas holdups, it can
estimate the gas holdups within ± 10% deviation.

These equations can be used to estimate the gas
holdups, its distribution along a riser and the circulat-
ing velocities in an air-lift column.
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Nomenclature

D = column diameter [m]
/ = friction factor defined by Eq. (15) [-]
GM = mass flow rate of gas-liquid mixture

M

7gl

k

n

P

p,q
Re

vr

[kg-m^-s-1]

=gravitational constant, 9.800 [m- s~2]
=manometer heights [m]

= drift-flux defined by Eq. (3) [m-s"1]
= proportional constant in Eq. (21) [-]

exponent in Eq. (6)
static pressure
exponents in Eq. (21)
Reynolds number defined by Eq. (19)
exponents in Eq. (21)

superficial gas velocity
superficial liquid velocity

superficial gas velocity relative
to liquid

fictitious volume of gas-liquid mixture
in a column

volume of liquid in a column
volume of a riser
proportional constant in Eq. (6)

heights

y = surface tension
8G = gas holdup

X = proportionality coefficient in Eq. (12)

[-]
[Pa]
H
[-]
H

å s-1]

å s"1]

[m-s

[m3]
[m3]
[m3]

H
[ml

[kg-s"2]

[-]
[-]

= viscosities of gas and liquid
respectively [kg-m'1 -s"1]

= viscosity of gas-liquid mixture defined
by Eq. (20) [kg-nT1-s"1]

= kinematic viscosity of liquid [m^ s"1]
= atmospheric pressure [Pa]



pG,pL = densities of gas and liquid
respectively

tw = shear stress exerted by
a columnwall

[kg- nr3]

[kg-m
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A RULE-BASED SIMULATION SYSTEM FOR DISCRETE
EVENT SYSTEMS
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The increasing variety of variants in products and/or raw materials in a multiproduct batch process causes
frequent alterations of the system configuration and the operational policies. Therefore, the simulation system for
batch processes must be flexible enough to deal easily with the alterations. This paper presents a rule-based
simulation system for discrete event systems, e.g. batch processes, which has the capability to examining the
validity of a simulation model. The model we employ is composed of system state and events. The basic unit for
representing the system state is the frame and the behavioral description of the event is provided by the if-then rule.
To prevent the model from being incomplete, the simulation system clarifies the causal relationship between rules
and frames and detects the rules which are never executed or which have possibilities of conflict. The relationship is
also utilized for executing efficient simulation. The model employed deals easily with rapid alterations of the
simulated system because it takes advantage of the modularity of a rule.

Introduction

The increasing variety of variants in products and/
or raw materials in a multiproduct batch process
causes frequent alterations of the system configu-

ration and operational policies. Therefore, the simu-
lation model describing the behavior of the batch
process must be flexible enough to easily accom-
modate itself to the alterations.

State transitions of batch processes are generally
regarded as instantaneous changes at specific points
in time. These systems are often modeled as discrete
event systems. Many special-purpose languages such

Received September 30, 1987. Correspondence concerning this article should be
addressed to K. Onogi.
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as GPSS, SIMSCRIPT and SIMULA have been

designed to build simulation models of discrete event
systems.2'4J) Although these languages are powerful
modeling tools for certain classes of systems, they
suffer from a number of drawbacks, such as lack of
flexibility. For example, GPSS obliges the user to
build the simulation model as a flowchart composed
of some predetermined blocks to which he/she is
restricted. In SIMSCRIPT and SIMULA, any
changes to the model require extensive program
modifications because the structure of the model
is embedded in the program. Therefore, these lan-
guages are unsuitable for investigation of operational
policies.

This paper consists essentially of two parts. The
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