CHAPTER 6

LIQUID CIRCULATION

In this chapter, the pseudo-homogeneous fluid concept is clanified and a pseudo-
homogeneous liquid circuiation model is developed. A new two-fluid liquid
circulation model is proposed, and the problems of the previous two-fluid models
are discussed. Based on a known expression for the radial turbulent viscosity
distribution in single-phase pipe flows and an empirical description for the radial
gas ho dup disiibution in bubble columns, analytcal expressions for the liquid
velocity profiles are obtained from the two models proposed by this work. these
are easy and fasi to use, and of course have no convergence problems. The
velocity profiles calculated by these models are shown to agree well with
reported experimentai data both for low viscosity and high viscosity fluids. This
implies that there may exists a strong analogy for turbuient properties such as
the eddy viscosity distribution. between multi-phase and single-phase systemns.

The pseudo-homogeneous fluid model is the simpler, but an optimization of gas

holdup distribution mayv be needed. The two-fluid model gives more exact results
using known or measured gas boldup distrtbutior: parameters.

6.1 Intreduction

Liquid circulation induced by rising bubbles is 2lso one of the important charac-
teristics of bubkle column reactors. Almost all the hydrodynamic, transport and
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mixing properties such as gas holdup, interfacial area, mass and heat transfer
coefficients and dispersion coefficients influence and depend on it. Especially,
liquid circulation is directly a decisive factor for determining the mixing proper-
ties of the reactors which may seriously affect final reaction vicld and product
selectivity. Therefore, the exact prediction of the flow structure is necessary for
effective design and scale-up of bubble columns and in recent years considerable
experimental and theoretical effort has been directed towards research on the
cuculanon behavior.

In bubble columns, the liquid nises in the bubble wakes in the central POIGoR,
having a maximum velocity near the coiumn axis, and flows downwards in the
outer annulus. There is an inversion point. at which the time averaged liquid
velocity is zero, located between the column center and the wall. The locarion
of this inversion point depends on the properties of the gas-liquid system and the
operating corditions. Since the liquid velocity at the wall is zero, there must
_ exist a maximum downward velocity in the outer annulus.

Radial liquid velocity profiles above the entrance region have been measured by
many irvestigators (e.g. Pavlov, 1965; Rietema and Onengraf, 1970; Miyauchi
and Shyu, 1970, Hills, 1974; Ulbrecht and Baykara, 1981; Walter and Blanch,
1983; Franz er al., 1984; Menzel er al., 1990; Yu and Kim, 1991), using various
methods such as tracer bubbles or particles. Pitor mbes and micro-hot-flm
anemometers. These studies have shown that the normalized profiles for the time
averaged axial liquid velocity in ordinary bubble columns operating in the
urbulent region are relatively stable, if the system properties are similar.

Many models have been proposed to analyze and predict the liquid circulation
based on a known radial distribution of void fraction. Rietema and Ouengraf
(1970) gave an analysis for viscous liquid flow which is only applicable to
laminar flow conditions. Viswanathan and Rao (1984) obtained an analyncal
velocity profile only for inviscid fluids.

Miyauchi and Shyu (1970) proposed a basic equaton of motion for the two-
phase flow in bubble columns as follows,
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where u should be the mixture velocity. since this equation was based on the
pseudo-homogereous fluid or "one-fluid” concept in which the two-phase flow
system was considered as a single-pbase (mixture) flow with a radially varying
density (Miyauchi and Shyu. 19790).

On the basis of Equaticn (6.1), Miyauchi and Shyu (1970) developed a liquid
circulation mode} with the eddy or turbuient viscosity, [, as adjustable parame-
ter. The model neglected the molecular viscosity and assumed constant eddy
visccoeity over the entire cross-section, leading to large deviations near the wall.

Equation {6.1) was used by many investgators later. Walter and Blanch (1933),
Yang er al. (1986) and Orell (1952) used Equation (6.1) and the same assump-
tions as Miyauchi and Shyu (1670). Therefore, similar models and results were
obtained. In these models, the inversion point for liguid velocity bad to be given
in advance. For example, the inversion points for the air-water system and high
viscosity sysiems were given ai 7/R = 0.7 and 0.5-0.6 respectively.

Hills (1974} also used Equation (6.1), but assumed that the turbulent viscosity
or "momentum dispersion coefficient” was proportional to the product of local
gas and liquid holdups, £4(1-€), instead of a constant. Numerical sclutons were
obtained from the model. Clark ez al. (1987) obtained numerical solutions for a
force baiance equation alsc based on the pseudo-bomogeneous fiuid concept
together with the turbulent mixing length theory. They used the wall shear stress
as an adjustable parameter and assumed that the eddy mixing length in bubble
columns was the same as that in singe-phase pipe flows where an empirical
radial distribution of the mixing length is available. In addition, they assumed
that the liquid velocity was zero at a finite distance from the wall, instead of at
the wail. This distance had to be determined in advance.

Menzel ez al. (1990) measured the turbulence intensity and Reynolds shear stress
in bubble columns with the aid of a newly developed expenimental technique and
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proposed a model, using the gas-liquid slip velocity and the so-called Reichardt
constant as adjustable parameters in addition to the empirical profiles of eddy
viscosity and gas holdup.

However, for most of the pseudo-homogeneous models mentioned above, they
mixed with the two-fluid concept when determining the liquid velocity (see
secton 6.2).

Unlike the work mentionsd above, Anderson and Rice (1989) proposed a model
using the two-fluid (or “separated flow") concept where the turbulent stress was
considered to be locaily varying and the classical mrbulence theodes of von
Karmdn and Prandtl were invoked in the central and the outer annulus regions
respectively. This gave three analytical velocity expressions for the three flow
zones in the radial direction: core, buffer and clear laminar wall layer. Several
parameters in their model must be evaluated before the equadons can be used.
In addition, the model assumed the gas holdup profiles to be flat in the core and
tuffer zones respectively, and zero in the laminar layer near the wall, thereby
introducing large errors ciose to the wali. Rice and Geary (1990) modified the
two-fluid model by dividing the cross-section into a main flow zone and a
bubble-free zone (near the wall) and used the Prandii strain model for the two
zones respectively. The division line between the main flow and bubble-free
zone was assumed to coincide with the position of the maximum downward
velocicy. In addition, the Prandt] mixing length was assumed to be proportional
to the product of the mean bubble size and the local void fraction, while the
mean bubble size had to be given before using the model. Later, Geary and Rice
(1992) have modified their own model by using the principle of energy minimiz-
auon.

However, the above two-fluid models used the very questionable assumpton that
the shear stresses in liguid and gas phases are equal. This makes the equation of
motion in the rwo-fluid models the same as that of the pseudo-homogeneous
models and thus the two concepts were mixed also in this case (see the section
about the two-flnid model).

Ir. this chapter, the pseudo-homogeneous fluid and the two-fluid concepts will




CHAPTER 6 LIQUID CIRCULATION 117

be clarified. Models for the axial liquid velocity profiles are developed using the
two concepts respectively. Analytical expressions are obtainable for these
models, based on a known turbulent viscosity distribution in single-phase pipe
fiows and an empirical model for the radial gas holdup distribution in bubble
columns.

6.2 Pseudo-Homogenzous Fluid Model
62.1 Equation of moticn

According to the pseudo-homogeneous fluid concept, the rwo-phase flow system
is considered as one fluid (single-phase) flow, but the density of this fluid varies
in the radial direction and equals p;(1-g5) (Miyauchi and Shyu, 1970). Thus, for
the stzady axial-symmetric single-phase flew in cylindrical coordinates (Bird er
al.. 1960), when the radial and angular velocities are disregarded and the change
of pressure in the radiai direction is negligible, the equation of motion can be
written as

_la(r‘[)_d}’* _ 62
i L ©2

where E; is radially varying local gas holdup and 7T is the shear stess relaied to
the time-averaged axial mixture velocity, u, as defined in Equation (6.1). This
equation is the more general form of Equation (6.1) and has widely been used
in describing the liquid circulation in bubble columns.

Equation {6.2) is simple, convenieni and easy to be used for obtaining the
velocity profile, u. However, the problem is how to consider and determine the
liquid velocity from the soluton of this equaton.

There have been two ways suggested to do this. The first considers the velocity,
u, as the real liquid velocity in a two-phase system (e.g. Miyauchi and Shyu,
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1970; Hills, 1974; Ueyama and Miyauchi. 1979; Yane et al, 1986:; Orell, 1992).
According this idea, the net liquid flow rate is calculated by

P
0, - anr(l ~egdudr (6.3)
]

Obviously, this equatior will be correct only when 4 = w,. However, the consid-
eration, y; = 4, is contradictory to the basic concept from which the equation of
motion, Equation ($.2), hzs been derived.

The second approach is to consider as if only the liquid phase exists in the
system and then x; = 1 (Walter and Blanch, 1983; Clark er al., 1987). Hence, the

" net liquid flow rate is

R
o, - 2}tfrudr (6.4)
0

This consideration agrees, of course, with the pseudo-homogeneous fluid as-
sumption. It may be more reasonable, since a given point in a bubble column
may temporarily be occupied by either gas or liuid, but the probability for this
being liquid is usually higher since normally €; < 0.3. In addition, the viscous
shear stress, which usually governs the equation of motion, has its main contrib-
uted from the liquid, as discussed in the next section. Besides these, Equa-
tior: (6.2) can also be chbuained assuming the two-phase flow as a single-phase
liquid flow systern with a radially varying gravity g(1-g5).

Thus, the pseudo-homogeneous fluid concept may be corrected by imagining it
as 2 pure liquid flow in a radtally varying gravity field, instead of having a fluid
of radially varying density. The basic eguation of moticn is then expressed by
Equagon (6.2) with the constraint condition given by Equaiion (6.4). The
velocity in question is the liquid velocity, u,.

N
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The liquid flow 1n a bubble column, as discussed in Chapter 3, 1s usually in the
turbulent regime due to the disturbance of bubbles. However, in the zone close
to the wall, the effect of molecular viscosity may be importan'. Generally the
shear stress for a Newtonian fluid is expressed by

\ dul

T - -pL(v,wL,.a_r_ (6.5)

where y; is the lccal time-averaged axial liquid velecity and v, is the murbulent
viscosity indicating the turbujent mtensity of the flow.

The axial change of liquid velocity above the entrance region of 2 column is
usually negligible. Hence, integrating Equation (6.2) over the whole cross section
area, ore can obtain

dp 2Ty =
_?:' - R ~p,8(1-€5) (6.6)

Substituting this into Equation (6.2), it can be rewrinen as

d(rtiy _ 2%y - (6.7
- +, £-~-E
r 7 P:18(Eg-E4)

1
r

where £, is the average gas hcldup over the whole cross-secaon.

The eddy viscosity in Equation (€.5) is a very tmportant parameter for such
equations of motion as Equation (6.2) or Equation (6.7), and is ustally not
known a priori for bubble columns. For viscous fluids in single-phase flows,
both the eddy viscosity itself and the impact of the molecular viscosity are
known to be radialiv variant. In the central zone, the eddy viscosity may be large
enough so that the molecular viscosity may be disregard, but in the zone close
to the wall, the molecular viscosity has a determining effect on the fiow. Toe
constant eddy viscosity assumption made in some models (e.g. Miyauchi z2nd
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Shyu, 1970; Ueyame and Miyauchi, 1979; Yang er al, 1986, Orell, 1992) is not
generally valid and may become a main source of error in the models.

It is difficult o determine the eddy viscosity distwibution in bubble columns
directly. However, a lot of data and expressions concerning the eddy viscosity
distribution for single-phase pipeline flows are available in the literature {e.2.
Reichardt, 1951; Deissler, 1935; Rannie, 1956; Hinze, 1959; Mizushina and
Qgino, 1970; Davies, 1972; Datta, 1993). If the turbulence in bubble cclumns
and in pipes 1s agalcgous, it is reasonable to assurme that the distribution of eddy
viscosity in a bubble column may follow the same pattern as that in single-phase
pipe flows. This concepi is confirmed by the recent measurements of Menzel er
al. (1990) who found that the eddy viscosity profiles in a bubble column can be
described by an equation proposed by Reichardt {1951) for single phases flows:

M. ke R(1+207)(1-02) (6.8)
A3

where R = Rifv;, is the Reynolds number (or the dimensionless radius of the
column) based on the friction velocity, 4. which is defined as (| Ty | /p L)vz_ The
parameter, kg. is the "Reichardt constant” defined by Menzel er al. (1990). For
high turbulence flow in pipes, kg is nearly a constant of 0.07 (Hinze, 1959).
However, the value of &, for single-phase flows may also depend on the average
fiow Reynolds number (Datta, 1993).

The radial gas holdup profile in a bubbie column is found to be quite complicat-
ed. It depends heavily, not only on the pbysical and chemical properties cf the
system, but alsc on the static liqud height and the type of gas dismbutor
(Ueyama er ai., 1980). Axial variadon cf the profile for gas void fracuon may
be found in bubble columns, especially close to the entrance and ouilet regions
(‘Menzel, 1990). The coalescence properties of the system also strongly influence
the profile as reported by Fan (1989) and Menzel er al. (1990). Up o now, the
local gas holdup, even above the entrance region of a bubble column, can rot
be determined theoretically from operating conditdons and buik chemical proper-
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tes. In general, one has to resort to empirical expressions. Several power law
functions have been used to describe the radially varying gas holdup (Uevama
and Miyauchi, 1979 Clark er al, 1987; Menzel er ol. 1990) and the most
commonly used 1s '

fo— 2 (1-co™) 6.9)
m+2-2¢

where ¢ is the dimensionless radial coordinate, r/R. The parameters m and ¢
have to be determired for each individual case. and the vanation in ¢ gives
possibilities for both zero and nor-zero values of gas void fraction ar the wall.
¢ = 1, including complete liquid wetting of the wall, is the most comrmon since
it seems t0 coincide with physical intuition.

6.2.2 Expression of liguid velocity

Knowing the radial profile of the gas holdup. the first integraton of Equa-
ton (6.7), combining with Equaticn (6.8), gives the velocity gradient:

did;  A¢9-[(BA)/(m+2-2c)](0-6™")

_ - ~ (6.10)
do 2k, R{a-0°3(B+97)

where the condituon of an axial-svmmemec liquid velocity profile has been used
and &, is the dimensionless liquid velocity, & = u/up. The dimensionless param-
eters, . B. A and B, in the above equation are defined as '

a - %[1 /9+8/(kR) }

1
4

6.11)

P
R - !_—1+vf9-8/(kkﬁ)]
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It is worth noting that the term in the above equations taking into account the
effect of shear stiess at the wall, A, should always have a positive value instead
of a negative one, as found in the models of Walter and Blanch {1983) and Yang
er al. (1986). This is because the flow direction near the wall is opposite to the
main flow direction and the wall shear stress Ty, should then be negative.

Knowing v, =0 at ¢ = | from physical intuition or Equation (6.8). the parame-
ter, A, can further be obtzined from Equation (6.10) as '

di,

2 (6.13)
do | o=1

A -

Equation (6.13) shows that the parameter, A4, is orly the velocity gradient at the
colurnn wall. From this equation and the definition of the dimensionless radius,
R, it can be expressed by

R - JARey /2 (6.14)

Thea, the liguid velocity profile cac be obtained by integrating Equation (6.10),
noting that /(1) = 0, as follows
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Equation (6.15) is derived on the basis of the basic equation of motion siemming
from the pseudo-homogeneous liquid flow concept, together with the known
turbulent viscosity and gas holdup distributions. It analytically expresses the
mean axial velocity profile in bubble columns and is easy to use, since it avoids

solving any differential or integral equations.

The npet liquid flow rate as expressed by Eguation (6.4), can, from Equa-

non {6.13), be rewntien as
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where 4, is the dimensionless superficial liquid velocity, u; /i,

If the maximum liquid velocity, iy, is known, parameiers A and B can be
determined by the boundary condiuon, Z£0) = 1, and Equation (6.18). Then the
average gas holdup contained in parameter B is determined. Similarly, if the
average gas holdup is kmown, the maximurm liquid velocity car be determined.

6.3 Two-Fluid Model

6.3.1 Eguation of metion

Obviously, the pseudo-homogeneous concept is simple, but not satisfactory as
a physicai concept. In additon, as will be seen from the discussion later, the
parameter, m, in the liquid circulaiion model using the pseude-homogeneous
fluid concept, may need to be tuned to experimental data.

An improvement, both in the physical concept sense and from a practcal point
of view, can be obtained by using the two-fluid concept for two-phase flow
systems (Rieterna, 1982: Svendsen and Torvik, 1990; Jzkobsen, 1993). The
general equations of motion for the two-fiuid model can be expressed by

Dy, ,
S;P.'E - -5, +W,-F, (6.19)

where S; ané W, are the suess and body forces acting on phase i (i = L or {
referring to liquid, or i = G or g referring to gas) per unit dispersion volume. F i
is the interaction force with which phase j acts on phase i (Fj; = -F ) per unit
dispersion volume.
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According 10 Rietema (1982), S; = V£T, where T, represents the stress tensor
actng on phase : per unit volume of phase f and T, = T, + P (7, is the shear
stress tensor and & is the unit tensor). For the flow 1n the gravity field, Equa-
tion (6.19) can be rewritten for the two phases respectively as

Du, ,
€ 0; > - —V'ELTI—VlLSLP)-f-ELpLg-‘-FS
6.20)
Doy
E6PG Drg - —V-EGtS—V{eGP)~aGpGg-FS

where €; = 1-€4. u4; and u, are the lirear hiquid and gas velocity vectors, T, and
T, are the shear stress tensors of the liquid and gas phases respectively, ¥ is the
generalized interfacial drag force and P is the local pressure in the ceninuous
phase (here the local pressure in the dispersed phase has been assumed to equal
that in contunuous phase). It should be noted that the velocity, Ug. is in reality the
bubble velocity, instead of the gas veiocity wside bubbies.

The shear swress tensor of the liquid phase. T, it can be determined witkout
problem. When changes only in the radial direction are considered, it can be
expressed by Equation (6.5). However. there has been a lot of discussion as to
the determination of the zas phase shear stress tensor, 1,. For the shear stress of
dispersed phase (here the bubble phase}, T, 1s not the shear stress tensor inside
individual bubbles, but can be conceived as the result of such interactions as
collisions, mechanical fricior and coalescence, between the dispersed bubbles.
Of course, it is not obvious how to incorporate ccalescence in the momentum
equacons of a dispersed two-phase flow system. However, the shear stress of the
dispersed phase can be considersd to be negligible for low coalescing systems
(Rieterna. 1982). At low gas holdup. Lahey (1990) cisregarded T,.

Non-zero values of 1, have been assumed in rurbulenr gas-liquid flows (Torvik,
1990: Jakobsen, 1993), but it was found that T, <« T, according to an analysis of
flow continuity. This is reasonabie. since T, is the consequence of interactions
between bubbles while T, results from the interaction of eddies. In the celumn
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cenual zone where the effect of liquid eddy motion 1s significant, there usually
1s a large number of bubbles, and the interactions such as collisions and mechan-
ical fricuor between bubbles are strengthened by the turbulent motion of liquid
eddies. However, these bubbie-bubble interactions may still be much weaker than
the interacuons berween eddies, not oniy due to the interaction iniensity (liqud
has higher momentum than gas at the same velocity), but also due to the interac-
tion probability. In the zone very close 10 the wall, the wurbulent shear stress of
the liguid phase is weak and the liguid molecular shear stress tecomes dominant.
However, here the bubble number density is very smail or nearly bubble-free
(Anderson and Rice, 1989; Rice and Geary).

Thus, 1t may be concluded that 7, < T, in bubble celumns. For a steady axial-
syrametric {low system where the radial and anguvlar velocities are ignored,
adding the two equations inciuded in Eguation (6.20}. noting that p; < p; and
considering that the pressure change 1o the radial direction is usually small, the
following eguation can be cbtained.

) %l'(l‘%}’J - 22 (1-eg)p.e (6.21)

Sy

where 1, has been written as ¢ 10 be accordance with Equation (6.5).

Sioce this is .2 two-fluid model, the net liquid flow rate should be expressed by
Equadon (6.3).

It is necessary to point out that Anderson and Rice (1989) and Rice and Geary
(199C; preposed two models for the liguié circulation by using the two-fluid
concept and the assumption, T, = T; or the shear stress of the dispersec gas phase
equaling that of the conunuous liquid phase. From the above discussion, it is
seen that this assumption may be very questionable. Under this assumption, the
same equation of motion as for the pseudo-homogeneonis model, Equadon {6.2),
was finallv obtained, but the two-fluid concept was sull retained for detenmining
the net liquid flow rate. Heace, their models were not of real two-fluid and also
mixed the two concepts.

Ilr! |
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Using the same manipuiatons as in the pseudo-homogeneous fluid mcdel. Equa-
tion (6.21) becomes

~

a 1 £Tw =
E; r(l—SG)TJ - - 7 +(EG—EG)pLg (6.22)

~ |-

6.32 Expression ef iiquid velocity

Using Equarion (6.9) with ¢ = } and combining Equation (6.5}, the first integra-
tion of Equarion (6.22) yields an expression for the liquid velocity gradient,

ai,  (A-3 -B, o™ )0

i (6.23)
46 {Croma-0 ) B-o7) -
where
A 1-¢
A -_2 | B-_EB__ Go (6.24)
SGO - EG{m"‘z)I’m (6.25)

and if!) = 0 has been used.

When / is an even number (axial-svmmetric distribution of gas holdup) and €54
< 0.5. an analvtical expression for the liquid velocity can be obtained as

[A,-B,(1+CY(J,+J5)+BJ;
2(a+P)

(6.26)

1‘1 -
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where
Jp = da : In a-1
Crmn’+C a__¢2
By = Jgr— L _1g| PO (6.27)
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I -3 ‘.¢ F| &7 2
1| 1C C mj|
s 71:
Flz,2) = =53 (-1 21 (6.29)
k=1 k"':z
and
a; - [&(1-Ca ™))"
(6.35)

by = ~{(-BY[1+C(-py™1}!

If £; is given, the velocity, &, and the dimensionless wail velocity gradient, A,
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can be calculated from the constraint conditon, Equation (6.3), and the boundary
condition, &,(0) = 1.

6.4 Resulis and Discussion

6.4.1 Pseudo-homogeneous model
6.4.1.1 Effect of kg

According to the results of single-phase pipe fiow, the vaiue of the Reichardt
constant, kg, in Equation (6.8) is a constant of about €.07 for fully developed
turbuleace, but may depend on ihe average flow Revnolds number (Hinze, 1959,
Datta, 1993). 1o the model of Menzel er al. (1990), the Reichardt constant, #g,
was -considered 10 be an adjustable parameter, and a value kp = 0.188 was
suggested for low viscosity liquids and kg = 0.30 for high viscosity liquds.

In the present work, the dimensicnless 1iquid velocity profiles corresponding to
different values of k.. in the wide range of 0.07-1.89, have been calculated at
given values of the Reynolds number. At small values of the Reynolds number,
the differences between the prcfiles for varying values of k; are apparent, as
shown in Figure 6.1. From Figure 6.2, it is seen that the variations decrease with
an increase in tne Reynolds number and become insignificant in the middie
section of the column. It is also seen that ihe larger the Reichardt constant, the
sharper the pezk of the reverse liquid flow. This is reasonable, because the larger
the Reichardt constani, the larger the rato of the turbulent viscosity and the
reolecular viscosity under a given wrbulent intensity, as seen in Equation (6.8).
This means the effect of the turbulent viscesity will dominate a wider region
from the center to the wali. When the Reynolds number, Rey, is larger than 1000
(in practical columns, Re, is usually larger than this value), the dimensioniess
liquid velocity profiles will nearly coincide. An exception 1s the region very
close to the wall since the velocity gradients at the wall depend sirengly on the
vaiues of kp. In addition, when the shape of the gas holdup profile. becomes
sharper (m < 8), the differences become ever less.
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The above results leads to the conclusion that the shape »f the dimensionless
liquid velocity profile in systems operating in a practical Reynolds number
region, is not sensitive to the value of the Reichardt constant. Hence, in what
follows, a value of 0.G7 is used for calculating the liquid velocity profiles.
However, it should be kept 10 mund that the Reichardt constant can infiuence the
value of the maximum iiquid velocity, u,,. and thereby the values of the parame-
ters A and B. A brief discussion of these parameters will be given later.

6.4.1.2 Effect of Re,

Calculated dimensioniess liquid velocity profiles for various values of the
Reynolds number, Re,, 2t given values of the Reichardt constant, kg, and shape
factor of gas void distribubon, m, are shown in Figure 6.3 and Figure 6.4. The
dimens:onless liquid velocity profiles change significartly with the Reynolds
number when the Reynolds number 1s small, but are more stabie for large values
of the Reynoids number (Re, > 1000). Ar excepton again is the region close to
the wall. This is causec by the increased significance of the mclecular viscosity
at the smalier Reynolds numbess. especially in the outer annuius. It is interesting
1o note that the inversion point for the liguid velocity predicted by this model is
about 0.68-0.71 for the turbuiem flow region in low viscosity liquids and moves
closer 1o the center with decreasing Reynolds number or increasing influence of
molecular viscosity. This agrees very well with the empirical model of Yang er
al. (1986).

For high viscosity liquids. the value of m is small. For example, m = 1, as sug-
gested by Walter and Blanch (1983). The liquid velocity profiles for m = 1 are
shown in Figure 6.4. When the Reynolds number is smali, as is usnally the case
in high viscosity liquids, the profiles predicied by our model are in very good
agreement with the data for the high viscosity fluid systems reported by Walter
and Blanch (1983) and by Yang er al. (1386). Both the shape of the curve and
the radial position of the rmaximum downward velocity of liquid (¢ = 0.8). This
implies that the presemt mode! may be exirapolated also to cases with high
viscosity liquids.




LIQUID CIRCULATION

kg=007, m=8

Diinensionless liguid velocity

Dimensionless radial posiden
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6.4.1.3 Effect of holdup distribution

As mentioned previously, prediction of the radial distribution of gas void fraction
in bubble columns is very complicated and the values of the coefficient, c, and
the shape factor, m, in Equation (56.9) depend on the individual case. This may
he the reason why theze is some controversy rsgarding these values even for
high turbulence cases. Walter and Blanch (1983) and Yang er al. (1986) suggest-
ed that the profile of gas holdup should be parabolic (¢ = 1 and m = 1.8-2.3) in
their models. Clark er al. (1987) considered that it may differ significantly from
the parabolic shape at low gas superficial velociry. Kawase and Moo-Young
(1987) suggested that ¢ = 1 and m = 15 for a large bubble column cf 5.5 m
diameter, based on the experimental results of Koide et al. (1979). Menzel et al.
{1990) from their experimental daia suggested that ¢ = 0.5 and m = 4 for the
homogeneous flow regime and m = 2 for the heterogeneous flow regime.

On the other hand, the measurements of Miyauchi and Shyu (1970) over a very
wide range of gas superficial velocites (ug = 4.5-37.0 cm/s) showed that the
values of m and ¢ do noi seem 1o be related to flow regimes, universally ¢ = 1
and m = 8.

As seen above, taking ¢ = 1 is very common. This is because ihis value indicates
that the void Sraction at the wail is zero, which also ceincides with physical intu-
iton.

As can be seen from Figure 6.5 and Figure 6.6, the profiles of liquid velocity
corresponding to different values of the shape factor, m. are very different even
at hieh Reynolds numbers (Rey = 10°). The smaller the value cf m. the closer to
the cenzer the inversion point of liquid velocity and the smoother the profile near
the wall. This coincides with general experimerital observations: A sharp distri-
bution of gas void fraction wili be accompanied by a sharp profile in liquid
velocity in the central portion of the columr.
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Figure 6.6 Effect of m on liquid velocity protiles for Rey = 1G°.

The coefficient, ¢, in Equation (6.9) has nc effect on the dimensionless velocity
profiles but makes the vaiue of 5 defined by Equation (6.12) change. This can
be seen from Equation (6.10) and Equatorn (6.15): The profile of the liquid

m
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velocity depends on the global value of Bci(m+2-2¢), which is influenced by the
different values of ¢. Since the value of Be/{m+2-2¢) is given for a given system,
this relationship presents a2 new way either to determune the value of ¢ from the
known average gas holdup and the shape factor, m, or to predict the average gas
holdup from the correct value of ¢ and the shape factor, m, iike in the work of
Kawase and Moo-Young (1987).

6.4.1.4 Comparison with reported experimental results

Figure 6.7 to Figure 6.10 show comparisons between the liquid velocity profiles
calculated by the present mode! and experimental data for the fully developed
turbulence cases (Reg > 10000), available in the literature. The measured maxi-
mum liquid velocites for the individuzl cases were used for the calculations,
since the measured average gas holdups were not given.

It is seen that the model gives very good predictioas both for coalescing and
non-coalescing turbulent systems, and for the inner and the outer annuius. A
value of m = 8§ can be used for the cases where the superficial gas velocity is not
100 high (< 10 cny/s). This indicates that the expression for the radial gas heldup
profiles proposed by Miyauch: and Shyu (m = 8) sezms to be the most suitable
for low viscosity fluids. For non-cozlescing systems as shown in Figure 6.9, m
= 4 or 2 may give beiter velocity predictions in the cuter annulus, but m = 8 is
st} best jor the core.

Figurs 6.11 gives the predicted resuits and the reported data of Rietema and
Otiengraf (1970) for a high viscosity system. It can be seen that the predicted
results are quite geod. This is reasonable, because (i) the flow may have the tur-
bulemt characteristics of a bubble column even with a high viscosity liquid due
to the influence of bubbles, as mentioned previously, and (ii) it is the additive
effect of the turbulent and the molecular viscosities which is considered by the
model through Equation (6.8). For a nighly viscous system the velocity gradient
at the wall 1s low and the Revynolds number or dimens:onless radius, R, is
therefore small. This means that the effect of the molecular viscosity waill
become significan:.
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Figure 6.11 Comparison with the data of Rietema er al. (1970) in a
kigh viscosity liguid system.

6.42 Two-fluid model
6.4.2.1 Effect of the Reichardt constant

As in the pseudo-homogeneous model, the dimensionless liquid velocity profiles
calculated by the rwo-fluid modei are also insensitive to the Reichardr constant,
kg. but the maximum liquid velocity, uy is considerably affected by the constant,
as shown in Figure 6.12. The smaller the Reichardt constant, kg, the larger the
maximum liquid velocity, i, For the air-water system, the position of the
inversicn point is independent of the Reichardt constant. This is alsc similar to
the results for the pseudo-homegeneous mode} (when ibe Reynolds number, Re,
is large, the inversion point is nearly independent of kp).
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Figure 6.12 Effect of &z on u,.

For the twe-fluid model, it is found that k; = 0.2 is suitable for low viscosity
systems. This value agress with that (0.188) obuined by Menzel er al. (1990).

6.4.2.2 Effects of m and D

Figure 6.13 shows the effect of the gas hoidup shape factor, m. on the liquid
velocity profiles. It can be secn that the smaller the shape factor, the larger the
maximum liquid velocity and the closer to the column axis the inversion point.
As discussed beforc this is reasonable since increased non-uniformity of gas
holdup distribution wi!l strengthen the liquid circulauon.

The effect of column diameter can aiso be seen in Figure 6.13. The hquid
circeladon intensiry will increase with the coiumn diameter. This is definitely
reasonable, because the larger the column diameter the smaller the wall effect.
This trend also agrecs with the empirical and serni-theoreticai correlations of
Koide er al. (1979). Kraume and Zehner (1989) and Riquarts (1981), as shown
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in Table 6.1, where the maximum liguid velocity at the coiumn axis is expressed
as a function of superficial zas velocity, column diameter and so on.
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Figure 6.13 Effect of m on ;.

Table 6.1 Correlations of the maximum liquid velocity.

Correlanon Reference

g = 0.21(gD)%uggn)'® | Riguarts (1981)
Ug = 0.'737(ApgDuG/pL)1'3 i Kraume and Zehner (1989)
kp = 6.8uc” DY | Koide er al (1979)
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6.4.2.3 Effect of liguid viscosiry

In the hterature, very little work has been found regarding the effect of liquid
viscosity on the liquid circulation in bubble colurans. However, Riquarts (1981)
has obtained wu, ~ uL‘o‘ 125 as shown in Table 6.1. In the present work, the effect
of Liguid viscosity oa the liquid circulaton has been calculated, as shown in
Figure 6.14. A lower liquid viscosity causes 2 stronger liquid circuiation when
all other conditions are iGentical. Comparing the predicted results in Figure 6.14
with the correlation of Riquarts (1981) in Table 6.1, it can be found they have
similar trend of change and are roughly in agreement. For exampie, the predicted
g decreases from 85.5 cm/s to about 69 cmy/s as U, increases from 0.001 Pas
to 0.01 Pas. This indicates 1 ~ n; %%, When p, increases from 0.01 to 9.1
Pas. uy, decreases 10 about 50 cm/s, and this gives u,, ~ p,_'o'“.
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|
|
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l
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= o]
=
. . kL =0010Pas
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______ M =1000Pas
50 & - ’ .
a 02 G4 0.8

Dimnensionless radial position

Figure $.14 Effect of u; on u,.

The position of the velocity inversion point changes with liquid viscosity. The
higher the liquid viscosity, the closer to the center axis the inversion point. This
is also found from experimental results (Rietema and Ouengraf, 1970; Walter
and Blanch, 1983).

' 1 g -
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6.4.2.4 Effect of overall gas holdup

Figure 6.15 shows the effect of the overall gas holdup, £, on the liquid velocity
profiles in the air-water system. It can be seen that the liquid circuladon increas-
es with the overall gas holdup when all other conditions are kept constant. This
implies that the liquid circulation in a nor-coalescing system will be stronger
than that in a coalescing system, since the overall gas holdup of a non-coalescing
system is usually larger than that of a coalescing system (under the same condi-
tions, more large bubbles exist in a coalescing system. The larger the bubbles.
usually the less the residence time in liquid). This phenomenon is supported by
the experimenial results of Menzel er al. (1990), as shown in Figure 6.9 and
Figure 6.10. The physical properties were nearly equal in both the non-coalesc-
ing system (0.22 wt.% propanol-water) and the coalescing system {(water), but
the former had higher gas holdup.
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Fizure 6.15 Effect of &5 on u..
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It can also be concluded that a higher superficial gas velocity normally causes
a stronger liquid cireulation, since the overall gas holdup usually increases with
the superficial gas velocity. Table 6.1 lists three empirical or semi-theoretical
correlauons for the maximum liquid velocity dependent on the superficial gas
velocity. The 1able shows that the maximum liquid velocity changes with

different powers of the superficial gas veiocity. The difference may be the result A
of uncertainties in the relanonship berween the superficial gas velocity and the - _“T’ ’
overall gas holdup. For instance, for a coalescing system, there may exist a “f:; 'j"
wansiton flow regime. Passing this regime. when increasing superficial gas Ll

velecity. may lead o a decrease in overall gas holdup or may make it remain
COnsiani.

6.4.2.5 Comparison with reported experimental results

Data generated by the two-fluid liquid circulaton mode! has been compared to
the reported expermmental results also used in the comparisons for the pseudo-
nomogeneous medel. The two-fluid model is also in good agreement with the
expenmental data. However, for this model, the tuning of m is usually aveided
and the m taken directly from the experimental data can be used. Only an
example is giver in Figure 6.15 for the data of Menzel er al (1990). This
because other authors (e.g. Franz ez al., 1984) did not give the data of & and m.
(In the comparisons with their data, u,, was used and m was mned to the veloci-
ty profile data, but m < 8§ was usually obtainad)
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Figure 6.16 Comparison with the data of Menzel er al. (1990) in a
non-coalescing system, for the two-fluid model.

6.5 Conclusion

The pseudo-homogeneous fluid concept and the two-fluid concept bave beer
clarified for modeling the liquid circulation in bubble columns. Two models have
been developed using the two different concepts. Both are based on a turbulent
viscosity distribution in singie-phase pipe flows and an empirical correlation for
describing the radial gas heldup distributicn in bubbie columns. Analyrical
expressions are obtained that are easy and effective tc use for th: prediction of
liquid velocity profiles for low viscosity fluids, which avoids solving boundary
value differential equation systems. The pseudo-homogenecus model is the
simpler, but the gas holdup distribution parameter, m. needs to be optimized. The
two-fluid model can ase the value of m determined from experimental data Both
models can give good predictions for liquid velocity profiles, compared to the
experimental data available in the literature.
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Since the two models both include the relative influence of the eddy and the
molecular viscosines over the whoie cross-section of a column, they are expected
to be useful also for high viscosity fluids. This has expennmentzliy been con-
firmed. It has been shown that the effect of the molecular viscosity on the flow
1n bubble colurrus :s not neghgble even for low viscosity fluids. The successful
use of the wrbulent viscosity dismibuuon for single-phase flows to bubble
columns also implies that there exists a strong analogy between the wanspornt
properties in mult-phase svstems and single-phase systems.

However. like for all other liquid circulation modeis, an empirical gas holdup
distribution. €,5(1-¢¢™), is sull needed and the gas holdup distribution parameter,
m (the other parameter. ¢, can be set 10 unity). has 10 b determined or wned.
In fact, this distribution function may show deviations from the real gas holdup
profiles. In addiuon. the values of the paramster, =, are known to depend on
both the flow regime and the system. Hence, this function should preferabiy be
avoided cr the parameter, m, determined bv modeling.

This may be realized according to the principle of erergy minimization in a
system. That is. it can be dope by minimizing the rate of energy dissipation per
unit reactor volume. as expressed by Geary and Rice (1952):

2p, v uy Y )
g - L2 10 f(l-ec)’__'d i
R- 3 v J

dg, [Mo (6.31)

On the other hand. this may also be done using the analogy between the turbu-
lent propertics of single- and multi-phase flows. For example, it can be suggested
ihat the dumensionless maximum liquid velocity in bubble columns, uu/i, is
related to the wall shear saess in the same way as in single-phase pipe flows.
This would give

0 < 2505In(R")+5.06 (6.32}

This work may be done in the furure.
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