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ABSTRACT

The gas holdup expressions of the form
g = aU®, often observed to be applicable
in bubble columns and airlift reactors, are
shown, for the first time, to have a basis in
fundamental theory. The mechanistic nature
of parameters a and b is explained.

1. INTRODUCTION

Gas-liquid and gas-liquid-solid reactors
are used in many industrial aerobic fermenta-
tions, catalytic hydrogenations, hydrodesul-
furization and other gas absorption opera-
tions. The volume fraction of gas in the gas-
liquid dispersion, or the gas holdup, has a
strong influence on the performance of these
reactors; the residence time of the gas in the
liquid, the gas-liquid contact area for mass
transfer and the design volume of the reactor
depend on the gas holdup which occurs under
given operating conditions. In pneumatic reac-
tors such as bubble columns the principal
operating influence on gas holdup is the gas
velocity in the vessel. Consequently the effect
of gas velocity on holdup has been much inves-
tigated. Gas holdup dependence on superficial
gas velocity has commonly [1 - 9] been ex-
pressed in the form

€c = aUsg (1)

where b is usually between 0.5 and 1. Another
less frequently reported holdup equation is
[10,11]

.= Use (2)
7 a+pU.

for which we found « and f to be 2.70 and
0.284 m s~ ! respectively, based on extensive
data [1, 5, 12, 13] obtained for air-water in
bubble columns of diameters between 0.15
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and 1.0 m over a superficial gas velocity range
of 0.01 - 0.45 m s~ !. Equation (2) finds some
basis in the drift-flux model [14, 15]. How-
ever, eqn. (1) seems to be more widely appli-
cable and it often provides a better fit to the
experimental data. In addition, the exponent
b (eqn. (1)) shows a sharp change at the point
of transition from bubble to coalesced bubble
flow, thereby providing a good indication of
the reactor flow regime. In this communica-
tion eqn. (1) is shown to have a theoretical
basis which was not previously understood.

2. THEORY

In a bubble column the gas holdup may
theoretically be shown to satisfy the equation

U

B

Ur

€g =

(3)

where Uy is the mean terminal rise velocity of

‘the gas bubbles. Equation (3) arises from the

definition of gas holdup:

Ag
€g = —— 4
6= (4)
where A and A are the actual cross-sectional
area for the gas flow and the total cross-section
of the gas-liquid flow channel respectively;
and from the continuity equation

AgUy = AUy (5)

The actual or terminal rise velocity of the gas
bubbles is found by equating the buoyancy
and drag forces. The buoyancy force F'y on a
bubble is

LA
Fa=(PL"PG]'6dsg (6)

where dy is the Sauter mean bubble diameter.
The drag force Fp, is
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N CpUzr*pLA p

7
5 (7)

D
assuming the bubble to be arigid particle, as
a first approximation. A, and Cp, are the pro-
jected area of the bubble and a dimensionless
drag coefficient respectively. Substitution of

A - ndg? (8)
- 4
into eqn. (7) gives
_ 7Cp Ur?prdy’

(9)

Fp =

8

Equating egns. (6) and (9) followed by re-

arrangement leads to

2 _ 4(pL — pclegds
3pLCp

The general form of the drag coefficient de-

pendence on the particle Reynolds number
has been given [16] as

(10)

T

i
C =
° Re,
where i and j depend on the flow regime, and
the particle Reynolds number Re, is

— Urd
= (pL — Pg)Urdy (12)

My

Substitution of eqn. (12) in eqn. (11) and of
the resulting equation in eqn. (10) yields the
expression

4(pr — pc)* Hgdp! ! | V2N
3priuy’
Because for a given gas—liquid system the

fluid properties are almost always constant,
eqn. (13) may be rewritten as

U’T = Cdgx (14}

(11)

Re

Ur

(13)

where C and x are functions only of the two-
phase flow regime. The bubble size in eqn.
(14) may be predicted from the well-known
Kolmogoroff’s theory of local isotropic tur-
bulence because most pneumatic reactors,
with the possible exception of those using
highly viscous media, are found to satisfy the
isotropic turbulence criteria. Hence, the
bubble diameter may be expressed in the
form [17]

00.6

ds =6 ————o s
2 (PG:"VL)UAPLO"

(15)

where ¢ is a constant and Pg/V/, is the power
input per unit liquid volume in the reactor.

The power input into a pneumatic device is

predominantly due to isothermal gas expan-
sion and it is related analytically to the super-
ficial gas velocity in the following manner:

— =pLEUs (16)

the superficial gas velocity being obtained
from

mRT L
52 1n(1+ 6 g)
ALprg Py,

where Q,, is the molal gas flow. Substitution
of eqns. (15) and (16) into eqn. (14) gives

(17)

SE

¢UD.6 x -
Ur = C(p M) (pLgUs) (18)
L
or
Ur = yU,” (19)

which when substituted in eqn. (3) results in
an equation of the same form as egn. (1),
thereby establishing its basis in fundamental
theory. The coefficient a in eqn. (1) has the
physical meaning

i [ 4g (pr — Pc)o*%
3ppui pL’?

where i and j must be empirically determined.
Dependence of a on fluid properties and on
the flow regime is indicated.

(20)

l+jl 1A j—2)

3. RESULTS AND DISCUSSION

In Fig. 1 we have plotted the gas holdup
data from several sources, including our data,
for air-water in bubble columns according
to eqn. (1). A very good fit of the data is
shown in Fig. 1, the a and b values being 2.47
and 0.97, and 0.49 and 0.46, respectively, for
the bubble (Uy < 0.05 m s™!) and coalesced-
bubble flow (U, > 0.05 m s~ ') regimes.

The break in the data (Fig. 1) at a super-
ficial gas velocity of 0.05 m s™! marked the
transition from bubble to coalesced bubble
flow. In the bubble flow regime the gas
bubbles were spheroidal and bubble-bubble
interaction was small. The turbulence-deter-
mined bubble size fell between 0.001 and
0.01 m and the terminal bubble-rise velocity
was nearly constant owing to the alternate
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Fig. 1. Gas holdup vs. superficial air velocity in bubble columns (air-water); the data shown cover column diam-
eter and height ranges, respectively, of 0.10 - 1.067 m and 1.37 - 5.87 m; superscripts: 1, rectangular bubble
column: liquid height, 1.37 m; cross-section, 0.46 X 0.155 m; 2, circular bubble column; liquid height, 5.87 m;
diameter, 0.243 m; 3, liquid height, 1.50 m; diameter, 0.243 m.

vortex shedding behind spheroidal bubbles.
Gas holdup was then almost directly propor-
tional to superficial gas velocity as confirmed
experimentally.

For superficial gas velocities in excess of
0.05 m s™! gas holdup became sufficiently
high that bubble—bubble interactions led to
coalescence and spherical cap bubbles were
formed. Under those conditions eqn. (15) was
not entirely satisfactory because it did not
consider bubble-bubble interactions. Spher-
ical cap bubbles rose faster than spheroidal
bubbles and hence the gas holdup dependence
on superficial gas velocity declined sharply.

Clearly, because i and j are dependent on
the shape of the body past which a fluid flows,
these parameters changed with bubble shape.

For the bubble flow regime, i and j were
calculated to be 1.8 X107° and —1.243 res-
pectively, in air-water. Hence the drag coeffi-
cient for a gas bubble in this regime was

Cp =18 X 1075 Re 129 (21)

Equation (21) produced quite reasonable
values for the drag coefficient of bubbles
(approximately 4 - 8 mm in diameter) when
compared with solid spheres. Additionally, the
dimensional consistency constraint on eqn.
(1) meant that a had the units (m s™')™°.
These when equated to the expression for a
given in eqgn. (20) led to j = —1.0, which was
quite close to the value of —1.243 calculated
on the basis of experimental observations

shown in Fig. 1. A theoretical value for b of
1.0 was predicted and this was in good agree-
ment with the experimental value of 0.97.

4. CONCLUSIONS

Gas holdup dependence on superficial gas
velocity is satisfactorily described by equa-
tions of the form

Eg = ﬂUsgb

~ which have a definite hydrodynamic basis.

The parameters @ and b depend on the two-
phase flow regime in the reactor.
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APPENDIX A: NOMENCLATURE

A cross-sectional area of reactor (m?)

Ag cross-sectional area occupied by gas
(m?)

Ay projected area of bubble (m?)

a coefficient in eqn. (1) (m s™')™®

b exponent in eqn. (1)

C constant in eqn. (14) (m!™* s71)

Cp drag coefficient

Sauter mean bubble diameter (m)
buoyancy force (kg m s™%)

drag force (kg m s~ ?)

gravitational acceleration (m s™?)
parameter in eqn. (11)

parameter in egn. (11)

unaerated liquid height (m)

power input due to gassing (W)
reactor headspace pressure (N m™?)
molar gas flow (kmols™!)

gas constant (kJ K~! kmol ™)
bubble Reynolds number defined by
eqn. (12)

absolute temperature (K)
superficial gas velocity defined by
eqn. (17) (ms™)

true gas velocity or terminal rise velo-
city (ms ™)

unaerated liquid volume (m?)
exponent in eqn. (14)

exponent in eqn. (19)

Greek symbols

parameter in eqn. (2) (m s™!)
parameter in eqn. (2)

fractional gas holdup

viscosity of liquid (Pa s)

pi

density of gas (kg m™)

density of liquid (kg m™3)
interfacial tension (N m™!)
parameter in eqn. (15)

parameter in eqn. (19) (m s™!)! ™



