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Abstract—Criteria have been developed for the prediction of the transition from the homogeneous to the
heterogeneous regime in two-dimensional bubble columns. The theory of linear stability has been used
for this purpose. Semibatch and continuous modes of operation have been analysed. The effects of sparger
design, column height and the liquid phase physical properties have been investigated. A comparison
between model predictions and experimental observations has been presented.
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1. INTRODUCTION

In bubble columns, the gas phase exists as a dispersed phase in a continuous liquid phase. The gas
phase moves in one of the two characteristic regimes, depending upon the nature of dispersion.
The two regimes are: homogeneous and heterogeneous—and these are schematically shown in
figure 1.

The homogeneous regime is also called the bubbly flow regime or quiescent bubbling regime and
occurs at relatively low superficial gas velocities (< ~ 50 mm/s). This regime is characterized by
almost uniformly sized bubbles. Further, the concentration of bubbles is uniform in the transverse
direction. All the bubbles formed at the sparger rise virtually vertically if the bubble size is
< 1-2 mm and larger bubbles rise with transverse and axial oscillations. For all sizes of bubbles,
there is practically no coalescence or dispersion in the homogeneous regime. Hence the sizes of the
bubbles are entirely dictated by the type and design of the sparger and the physical properties of
the system.

During the bubble rise, some liquid is carried within the wakes of the bubbles. The liquid thus
entrained is released when bubbles collapse at the top and flows downwards in the bubble-free
region. In the case of small bubbles, which rise almost vertically, the liquid downflow is relatively
well-defined. As a result, a liquid circulation pattern is developed. In the case of oscillating bubbles,
well-directed liquid circulation does not exist. Indeed, turbulence is generated in the liquid phase
because of the rapid changes in the path of the downflowing liquid. The liquid phase turbulence
also arises due to the static pressure fluctuations resulting from the oscillating bubble motion. The
feeble liquid circulation and the liquid phase turbulence both have the effect of decreasing the
bubble rise velocity. The extent of the reduction increases with an increase in the bubble population
(or the gas hold-up). This is the well-known hindrance effect. Due to the hindrance effect, the actual
bubble rise velocity (¥) in the homogeneous regime is less than the terminal rise velocity (V).
When all the bubbles rise with the terminal rise velocity, the fractional gas hold-up (gg) is given
by the following equation:

SG =V_ [la]
Bowo

In the homogeneous regime, V3 < V3,, and hence the slope of the ¢g vs ¥ curve is >(Fp,, )"
The slope increases with an increase in the gas hold-up as shown by the line AB in figure 2.
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Figure 1. Schematic representation of the dispersion behaviour in the homogeneous and heterogeneous
regimes.

The heterogeneous regime occurs at relatively high superficial gas velocities and is represented
by the line DE in figure 2. This regime is characterized by the presence of a radial hold-up profile,
as against a flat profile in the homogeneous regime. The maximum gas hold-up can occur at the
column centre, as shown by Freedman & Davidson (1969), or near the column wall as shown in
figures 3A and 3C, respectively.

The existence of the hold-up profile in the heterogeneous regime plays a dominant role. Because
the gas density is negligible, the gas hold-up profile results into a profile of static pressure—as
shown in figures 3A and 3C. This results in liquid circulation. For instance, in the case of the
hold-up profile shown in figure 3A, the static pressure in the central region (such as at point B)
is lower than the pressure in the near-wall region (such as at point A). As a consequence, liquid
flow is generated from point A to point B, which continues in the upward direction in the central
region up to point C. Flow reversal occurs at the top from point C to point D and the liquid flows
in the downward direction near the column wall back to point A. The liquid circulation shown
in figure 3D can be explained in a similar way.

The liquid circulation velocities are of the order of 0.3-3 m/s, depending upon the superficial gas
velocity and the column dimensions. These liquid velocities are 1-2 orders of magnitude higher than

C
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regime regime regime

Fractional gas hold—up (g)

Superficial gas velocity (V)

Figure 2. Schematic representation of the gas hold-up behaviour in the homogeneous transition and
heterogeneous regimes.
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Figure 3C. Transverse profiles of the gas hold-up and static  Figure 3D. Schematic representation of the liquid circula-
pressure in the heterogeneous regime of a two-dimensional tion in the heterogeneous regime of a two-dimensional
bubble column. bubble column.

the common range of superficial liquid velocities. Further, the intensity of turbulence is also much
higher (35 times) than in single-phase pipe flows. Such a highly turbulent liquid circulation results
in substantial enhancements in the values of the eddy diffusivities for mass, heat and momentum,
as compared with the values in a single-phase pipe flow at the same superficial liquid velocity. As
a result, the rates of heat and mass transfer and mixing are high in bubble columns. Therefore,
a complete understanding of the internal circulation of the liquid is highly desirable for reliable
and confident design of bubble columns.

The liquid circulation in the heterogeneous regime has a marked influence on the fractional gas
hold-up. In the upflow region, the concentration of bubbles is higher than in the downflow region.
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In this way, the liquid circulation provides a positive displacement to the gas phase in the upward
direction. As a result, the average bubble rise velocity with respect to the column wall (¥,) is much
higher than the terminal bubble rise velocity. Further, V; increases with an increase in the superficial
gas velocity. Therefore, the fractional gas hold-up, which is given by
& = E )
Vo

varies as V', where n < 1. This dependence is shown by the line DE in figure 2. It is pointed out
again that V; < V3, is the homogeneous regime. Further, # > 1 in the homogeneous regime. In
addition, the bubble size is fairly uniform in the homogeneous regime, whereas a wide bubble size
distribution is observed in the heterogeneous regime. The bubble size continuously increases in the
direction of increasing hold-up. The heterogeneous regime is spread over a much wider range of
Vs when compared with the range of the homogeneous regime. Therefore, the heterogeneous
regime is more commonly encountered in commercial columns.

The transition from the homogeneous to the heterogeneous regime occurs in the V; range of
B-D as shown in figure 2. In the homogeneous regime, gross liquid circulation is absent because
of the flat hold-up profile. At a certain superficial gas velocity (point B), the onset of liquid
circulation occurs. Once the circulation starts, more bubbles enter the upflow region, as compared
with the downflow, as it is the path of lower resistance. As a result, a hold-up profile starts to build
up, which in turn intensifies the liquid circulation. Thus, the build-up of the hold-up profile and
the liquid circulation are self-propagating and occur simultaneously.

In the region B—C (figure 2), the liquid concentration is of small magnitude, though there is a
noticeable change in the siope of the ¢g—V curve. In this region the effect of liquid circulation on
the hold-up is small. However, in the range C-D, the rate of increase of the liquid circulation with
respect to Vg is very pronounced. In other words, for a given change in V;, the increase in the
liquid circulation drives out bubbles at a faster rate than the rate of bubble generation. Therefore,
the fractional gas hold-up decreases in the region CD. Nevertheless, the rate of decrease in ¢g
reduces with an increase in Vg from C to D. At point D, the transition is complete and the
heterogeneous regime begins. In this regime the liquid circulation velocity varies approximately as
V%3 The rate of bubble generation is proportional to V. Therefore, the hold-up again starts
increasing with Vg at point D, as shown in figure 2.

It is very important to note that the behaviour of bubble columns is markedly different in the
homogeneous and heterogeneous regimes. The dependence of the rates of momentum, mass and
heat transfer on the design and operating parameters [such as the column width (L), column height
(H), superficial gas and liquid velocities (V¢ and V), liquid density (p ), liquid viscosity (u4, ) and
the interfacial tension (¢)] is also substantially different in the homogeneous and heterogeneous
regimes. Therefore, for the rational design it is important to know the range of parameters over
which a particular regime prevails and the conditions under which the transition occurs.

In the past, some criteria have been developed for the transition on the basis of heuristic
arguments. Joshi & Lali (1984) proposed that the transition will occur when the homogeneity of
the dispersion is disturbed by the liquid phase turbulence. At the transition point, the r.m.s.
fluctuating velocity of the liquid phase equals the bubble rise velocity. In the turbulent regime, the
bubble motion is completely random because of liquid phase turbulence. Good agreement was
shown between the model predictions and the experimental observations.

Ranade & Joshi (1987) have developed different criteria for small (<2 mm) and large (>2 mm)
bubbles. The small bubbles rise upwards without any oscillations. The liquid carried upwards in
the bubble wakes is released at the top liquid surface which then flows downwards. The downward
liquid flow hinders the bubble rise. It was proposed that the transition will occur when the bubble
rise velocity equals the downward velocity. Using the liquid phase mass balance and the wake
volume given by Kumar & Kuloor (1972) (11/15 times the bubble volume), the following criterion
was obtained:

(1b]

11
ESGC

0 =1. (2

! "'GGC'—I_S'EGC
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The preceding equation predicts a transition value of 0.42 for small bubbles. The small bubbles
are formed and preserved in a non-coalescing medium. This value is in agreement with the
experimental findings of Oels ef al. (1978), Maruyama et al. (1981) and Koetsier et al. (1976). It
may be noted that the maximum possible hold-up is 0.52 using the cubic lattice structure.

The large bubbles rise with oscillations. The resulting oscillations in the gas hold-up generate
liquid phase turbulence. The scale of turbulence in the homogeneous regime is 0.5d; (Joshi 1983).
Therefore, the possibility of bubble coalescence will increase when the distance between the bubbles
is <0.5dy. Using this value for bubble clearance and the cubic lattice structure, the value of the
critical hold-up works out to be 0.16. This is in fairly good agreement with the experimental values
of 0.15-0.2 reported by Deckwer (1977) and Whalley & Davidson (1974). It is to be noted out that
Taitel et al. (1980) observed enhanced coalescence when &; > 0.18. This value also agrees
favourably with the value of 0.16 proposed by Ranade & Joshi (1987).

Yamashita & Inoue (1975) and Maruyama et al. (1981) have reported experimental results on
the transition gas velocity. These studies are useful for checking the validity of mathematical
models. The aim of the present work is to develop a transition criterion in a two-dimensional bubble
column on the basis of linear stability theory. The derivation of the stability criterion is presented
in the next section, followed by a comparison with the experimental data on transition. The
criterion is also extended for fluidized beds, including gas and liquid fluidized beds.

2. MATHEMATICAL MODEL

In this section a criterion is developed for the case of a two-dimensional bubble column. A
schematic diagram of the column together with the coordinate system is shown in figure 4A.
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Figure 4A. Coordinate system for a two-dimensional Figure 4B. Arrangement of the gas and liquid inlets.
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Initially a model will be developed for the case of semibatch operation, where the gas phase is
continuous and the liquid phase is batch. The following assumptions are made:

(1) The gas and liquid are considered as incompressible fluids, whereas the dispersion
is considered compressible. The compressibility is accounted for by the spatial
variation of the fractional gas hold-up, ¢;.

(2) The gas is massless.

(3) For simplicity, the liquid flow is considered to be laminar.

The continuity equation and the momentum balance for the liquid continuum are as follows:

0 _
E{pL(l — &)} + V-[p(1 —e6)V]1 =0 [3a]

and
p(l = BG)[ + (V- V)V:' =—eVp+p.(1-e5)f +V 7L +/E, [3b]
where f is the interaction term and is given as

=0 —egleg(pL— ps)g;

since for a gas-liquid system p; < p., f can be approximated as

S=(0—¢g)egpL8.

Similarly for the gas continuum, the continuity equation is as follows:

d
=2+ V(e Vo) =, [3¢]
where V and V; are the velocity vectors for the liquid and gas phases, respectively, and p, is the
liquid density.

Gas bubbles are considered to be moving up in the vertical direction with a velocity V(eg)
relative to the liquid phase, thus:
g

Vo=V-V; (eG) 4

For the two-dimensional column with the coordinate system shown in figure 4A, we have

V =vé, + we, [5a]
and
Further, we assume that L > d and H > d. Substitution of [4] and [5] into [3a—] gives:
Jeg Ogg 6aG ov 6w
i} - . 6
G TV T Uty )=l (el

X-component,

v v v 7] ov 0 v
pL(l—eG)(E+ = b—) L {2(1-s0)5}+u5{(1—80)5;}

0 1% é 0o 0
+u5{(1 ec)('z’ a:)}—§lf‘5;{é;(l”SG)U‘*“&EU"BG)W} 7]

and
z-component,

ow ow ow\ ap i _ Qy
pL(l— 30)(‘7 + L + Ua) =—(1- 86)55 —p(l —&g)g +f+u 7z {2(1 £g) P

0 0 ov 0 o (0 d
+ug, {(1 )a:}”é;{( sc,)<’z’ a:)}*%ﬂgg{é;(l—ﬁc)v‘*'a*z(l_GG)W}- 8]
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Equation [3c] becomes

Oeg 680 Oeg ov ow
—+—}=0, 9
T Vax FO+VsheV) gl tao( 5o+ Bl
where v and w are the components of the liquid velocity in the x- and z-directions, respectively,
and Vi=dV/deg.
Now let us introduce the dimensionless variables defined below:

v w = Vs(eg) z
= W=-—-— = Z==,
V VBOO s VBOO s VS (SG) VBw L
X H tVpo LVgopL
—_ = — = R = ———
X I h I’ T 7 e PR
y P gL
L o Vi Vi. 1o}
where Vy, = Vs(eg=0) and u = py + yr (uy and p; are the molecular and eddy viscosities,
respectively).
Substitution of [10] in [6]-[9] results in the following dimensionless equations:
Otg 6sc Oeg oV oW
—-— — +(1 - 11
p= +V x X W + ( sG) + 57 =0, [11]
0 V oV oV oP 1 ov
— il = —(1—g)— 1—
a "’G)( Wzt Vax) (1=2) 7% * Re { <( )ax>

0 av d av 10 [0 0
+ﬁ<(l——80)b—Y‘>+a—Z—((l—GG)a—Z~>+§51—Y(aX( 8G)V+6 (1—80)W>}, [12]

0 w oP 1 ow
(l—ag)(W WZW+VZX) —-(1- )6Z+G(1 sG)2+—R—{——<(1 &) =5 >

0Z
ow G, ov é [0 0
((1 )6Y) 5{((1—30)52>+§&<5((1—sG)V+a—Z—(1—sG)W)} [13]
and
Oeg Oeg , asG oV ow
_6_+ VH+[W+ Vs + &g Vi(eg)] 6Z (5X+ 6Z> 0. [14]

2.1. Hydrodynamic Stability Analysis for a Semibatch Bubble Column

Consider a rectangular column of width L and breadth d (L > d) having a perforated plate type
of sparger (N orifices of diameter d, each, the thickness of plate being /). Let the ratio of the column
cross-sectional area to the gas sparging area be R. The pressure drop across the gas sparger is
represented as the sum of the effect of both viscous and turbulent resistance to flow and is expressed

as
—p(X,0)=kyVs+k Vs, [15]

where pg is the pressure below the sparger and p(x, 0) is the pressure at the column bottom and
above the sparger plate; ky and k; are the proportionality constants, Vg is the superficial gas
velocity and is given by the following equation in the homogeneous regime:

Vo= Vsleg)es.

Let us introduce dimensionless variables as follows:

4 VG kv kT
Veg=—, K, = , K, =2,
™ Voo Y pVee Tt
Dc p(XsO)
Ps= , P(X,0)= . 16
¢ pLV%!eo ( ) pLV%loo [ ]
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Therefore, [15] in dimensionless form becomes

As the terms accounting for viscous dissipation are negligible in comparison with the inertial
terms, this is a potential flow problem and zero relative velocity conditions at the wall are redundant
and only the conditions of zero normal velocity at the walls are used. The boundary conditions
are:

X=0, V=0 (18.1]
X=1, V=0 [18.2]
Z=0, W=0 [18.3]
and
Z=h W=0 [18.4a]
Further, at Z =0:
Ps—P(X,0)=K, V5 + K; V%, [18.4b]

According to the theory of hydrodynamic stability analysis, infinitesimally small perturbations are
superimposed on the variables in the initial steady state and their transient behaviour is studied.
The variables in the perturbed state are as follows:

BG=800+686, [19.1]

V= Vy4 5V, [19.2]

W= W,+ oW’ [19.3]
and

P=P,+ 6P, [19.4]

where ¢ is the smallness parameter.
The initial steady-state flow is the homogeneous flow regime (i.e. uniform bubbly flow regime)
and is represented by the following equations:

Vo= Wy=0, [20.1]
£6(X, Y) = ego = const 20.2]
and
P(X,Z) = f;;“‘ + G — Z)(1 — ego)

= Py(X, Z). [20.3]

Substituting [19.1]-[19.4] into [11]-{14] and retaining only those terms which are linear in J, we
get the following set of equations:

del; v oW
veg AL 21
29+ (1 - eoo)< + az) 0, 21]
o
a: ) +Go< > [22]
av’ oP" (1 —sa) [0V 62V’ PV 18 [(av oV ’
(I~tc) - =-(~t) o+~ |G T o Y oz T3ax\ox * ox (23)
and
ow’ P (1 —ego)

(1—300)7”-—(1_800)'6—2—"‘ Re

oW W W 18 (W W
10 PN +2601 —e0)es. 124
[6X2+6Y2+622+36 (ax+ax>]+ GU ~ewes. [24)
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Since V and W have profiles in the y-direction, some averaging procedure will be employed for
that direction.
As L » d and H » d, the profiles of v and w in the y-direction can be represented as

V(x, Y, 2, t) = anx(x, 2, t)(l - gdZ)" [253]

and
Wi(x,y,z,t) = W (x, z, t)(l - %) s [25b]

where V. and W, are the velocities in the central plane, y = 0. When the flow is turbulent n
has the value of 1/7. The value of n can be selected to represent any other velocity profile, including
viscous flow. It is emphasized, however, that the value of » is not important as far as the transition
criterion is concerned. This aspect will be explained later.

The average values of these components can be obtained as

dj2
J V dy

i —df2?

V(ix,z,t)= e [26a]
[oo

—dj2
and
dr2
wdY
WX, Z,1)="2_ [26b]

F)
j dy
—dn2

Using [25a,b] and [26a,b] in [21]{24], the momentum equations can be simplified to a great
extent. Details of this simplification are given in Appendix A. The simplified equations are as

follows:
aaG v 14 6 W’
a ’ aW/
—§E+(Vs+eao AL ( ) 0, (28]
ov P" .
5T Re! 129]
and _
ow oF n o,
50 = 6Z+ZG°—T{—eW' [30]
The solutions to [27}-{30] are represented in the following forms:
V'(X,Z,t)=V(X, Z)e*, [31.1]
W(X,Z,1)= W(X, Z)e", [31.2]
PX,Z,7)= P(X, Z)e" [31.3]
and
g'(X, Z,t)=25(X, Z)e™. [31.4]

Substituting [31.1}{31.4] in [27]-{30] and putting 1 =0 gives the equations determining the
parameters at which the transition from the homogeneous to the heterogeneous regime occurs,
these equations are called neutral motion equations and are as follows:

v ow
ax Tz =0 (321
0L o oW

(Vs+scor”s)57 (ax a) 0, (33]

UMF 18/5—F




714 A. 1. SHNIP et al.

aP r’ i7>
x TR’ 70 (34
and _
aP, - '7 Y7
57 ~ 208+ - W =0. [35]

The linearized boundary conditions for [32}-{35] are obtained using [18.1}-{18.4] in combination
with [19.1}-[19.4] and retaining only those terms that are linear in §. The boundary conditions are
as follows:

X=0, V' =0, {36.1]
Z=h, W =0, [36.3]
Z=0, W =0; [36.4a]
and
_ = __Ps
Z=0, Eg= -5 [36.4b]
where
o= Vg+ eg V5
and
B= 1
T Ky + 260Ky Vs
Let us introduce the stream function ¥, defined as follows:
_ oY L 4
V—*ﬁ, W"é‘)}' {371
Combining [32], [33] and [37] we get
Oeg
—_ 20 8
o 57 0; [38]
and combining [34], [35] and [37] we get
n (0" 0 0
'ﬁé(ﬁg'l‘a*zj —20-67—0 {391
As o #0, from [38] we have
Oe's 0
PV AN
ie.
e6(X, Z) = 85(X, 0) (40]
or

086(X, Z) 085(X,0)
X X

Substitution of [36.4b] in [41] gives
Oec(X,Z) B oP'(X,0)

== . [42]
ox o 0X
Equation [34] at the boundary (X, 0) takes the following form:
oP'(X,0) N -
e e - L (X0
). ¢ Re V(X0
or _
oP(X, 0)=_11_6'I’(X, 0)' [43]
0xX Re 0z
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From [42] and [43], we get
0e6(X,Z) _ B n 0¥(X,0)

5Z  aRe 0Z i
Substitution of [44] in [38] gives
n (0% 0°Y GB n 0¥ (X,0)
ﬂ(é‘ff*:—a?) “Re oz
or ) )

Two points may be emphasized at this stage. First, is that the parameter # does not remain in
[45]). It can be easily shown that the same result can be obtained even if [25a] were a parabolic

profile, such as
2Y\?
VXY, Z, )=Vl 1= ) |

Secondly, the value of Re is also not important. Therefore, the values of the molecular (uy,) and
eddy viscosities (ur) are not important.

Equation [45], along with its boundary conditions, presents an eigenvalue problem for the
parameter A4 =(Gf)/a. The lowest eigenvalue is the value at which the transition from the
homogeneous to the heterogeneous regime occurs. Using the method of separation of variables,
the final criterion is given as follows (details of the method are given in Appendix B):

G_ﬂ _ wsinh(rh)
« cosh(nh)—1"
The homogeneous regime would prevail as long as the left-hand side (LHS) of the above equation

is less than the right-hand side (RHS) and the transition to the heterogeneous regime would occur
as the LHS becomes greater than the RHS.

[46]

2.2. Stability Analysis for Continuous Operation

" In this case, both the gas and the liquid are introduced and removed continuously. The flow of
the two phases may occur in a cocurrent or countercurrent manner. Here the initial steady-state
conditions are as follows:

&G = £go = cONSt, [47.1)
v=0, [47.2)
w = wy = const [47.3]
and
P=P2Z)=-"L2_ 1 G(h - Z)(1 — ), [47.4]
[IRE

where w, is the true velocity of the liquid phase. The boundary condition at the bottom depends
upon the way in which the liquid is introduced/taken away. Consider the bottom design given in
figure 4B.

The liquid phase pressure drop consists of three parts: that due to the viscous and turbulent
modes of friction across the sparger and that due to the acceleration of the liquid as it flows past
the sparger region.

The liquid phase pressure drop can be written as follows:

w? £
P p 0=k itk V(B - 27E), ()

where kv, and ky; are proportionality constants, p = p; (1 — &) is the dispersion density and V;
is the superficial velocity of the liquid in the column, where

Vi=w(l —¢gg).
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Let us define the following dimensionless variables:

ko, —EL
k ™2
VL , Ko= , W=_‘Y_, P = P

Ky = = .
v oL Vs PL Vo PL V%oo

[49]

Substitution of [49] into [48] gives
PL—P(x,0)= Kyy W(1 —&6) + W Kr (1 —eg) + %(1 — &) (50]

In the perturbed state, the system variables are:

&G = &gy + 085, [51.1]

V=46V, [51.2]

W=W,+6W’ [51.3]
and

P=P;+ 6P [51.4]

Substituting {51.1]-{51.4] in [11}-{14] and retaining only those terms which are linear in 8, we get
the following linearized equations for perturbations. Further, averaging in the y-direction and
following a procedure similar to the semibatch analysis we get the simplified linear equations as
follows:

T+ W52 - (e G+ 5 ) =0 52
a;—f+Wo%%+(Vs+sooVs)gs—; +8G°((33_Z +%§>=o, (53]
[661? G h W%g} =" [54)

and .
[g“?%% —0%} 57+ 2ce o W [55]

Substituting of [51.1]-{51.4] into [50] and linearization gives
P = {Ky (1 — ego) + [Ke (1 — £6o ) + K1 — &)} W' — [Wo{ Ky + Wo[2Kri (1 — 860) + 31115 [56]

The boundary condition for the gas sparger is the same as in the case of a semibatch bubble
column; the linearized form of this is as follows:

— P =Ky + 2K (W, + V5)egol (W Vs + £60 V5)EG + ol Ky + K (W, + V)W'. (571
Let us define the following parameters:
B ={Ky.(1 ~ &o) + 2Wo[Kr . (1 — £60)* + 3(1 — &o)l} ', (58.1]
C =Wy {KyL + Wo2Kr (1 — £60) + 31}, [58.2]
E = {[Ky + 2K:(Wy + Vseo)l (W + Vs + 60 V5)} [58.3]
and ~
F= [KV + 2660KT(W0 + Vs)]ac,o. [58.4]
Substitution of [58.11-{58.4] into [56] and [57] gives
W = —B(P - Cég [59.1]
and

i, = —E(P + FW). [59.2]
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From [57.1] and [57.2] we have

W =—SP
and
8-G = —QP/’
where
g BU+EC) 0= E(1 — BF)
" (1+BECF)’ %~ (1+ BECF)’

71n7

(60]

[61]

(62]

By using the normal mode of representation for all perturbation variables, as in [31.1}{31.4],

and putting 4 =0, we get the neutral motion equations as follows:

ow o W
0X T 0Z  (1—¢qp) 0Z

(W, + Vs+ang)%+sm(ﬂ+ﬁ>=0,

=0,

ox oz
(n+1y7 o oV oF ¢

Cn+1) %9z~ ~3% "Re’
and
(n+1? - oW  oF N
i oz = oz TR W

The corresponding boundary conditions are as follows:

X=0, V=0
X=1, V=0
Z=h P =0

and
Z=0, W=-SP, "=0, i;=—-QP.

Equations [63] and [64] together give

0ég
aoﬁ = 0,
where
w,
ayg=————+ PVs+ &6, Vs.
0= (1 _ ) s Go”S-
0ig
If & # 0 then 2z - 0 and [63] becomes
oV v oW ow 0
x ez

Introducing the stream function ¥, we get
o [8%% oY R N 4 oY n 0¥
"3z (a_z'2+ 6X2) *Re (022 + axz) + 2GQ( 227 T Re az),_o

_(n+1y
T @2n+1)

where

[63]

(64)

[65]

[66]

[67.1]
[67.2)
[67.3]

[67.4]

[68]

(691

(70]



718 A. 1. SHNIP er al.

The boundary conditions for ¥ are:

oY
oY
X= — =
1, 77 0; [71.2]
L N1 4
Z=h oot =0; 3
0522+ Re 37 0 [71.3]
and
62_‘?_ Q<062Y’+ n 6?’)
2= A7 Y Ra A7
Z=0, g)!; 0Z®* RedZ [71.4]
5z =0
Let us define
oY g
¢_057+§€W' {72]

Equation [72] suggests the following form for ¥:

—expl TN 7L exp 2
Y= exp( Re 0) I:L - exp( Re a>¢ dZ + c]. [73]

Equation [73] along with the boundary conditions [71.1}-{71.4] provides an eigenvalue problem.
Proceeding in a manner similar to section 2.1 we obtain the criterion for transition for different
modes. The earliest transition occurs for the lowest value of #, i.e. n =1, and thus we have the
stability criterion:

260 — "qu S = n coth(zth). [74)

As in the case of semibatch operation, the regime would be homogeneous as long as the LHS
of the above equation is less than the RHS and a transition to the heterogeneous regime would
occur when the LHS becomes greater than the RHS. Two special cases can be considered here.

Case 1

The pressure drop across the liquid sparger is very much less than that caused by its acceleration
over the gas sparger region. This case corresponds to the situation when the column is connected
at its bottom to a huge reservoir of liquid. Mathematically this can be written as

W P VL)

2 2 73]

ko Vi +kn Vi< <
Under limiting conditions this means that, kv, — 0 and ky; — 0 and the parameters B and C are

defined as follows: |

- Woego(1 — &go) ’

The parameters E and F are defined as in [58.3] and [58.4]. The stability criterion is given by
[74].

C' Wileao — ). [76]

Case 2

The pressure drop across the liquid sparger is sufficiently large to ensure uniform liquid flow into
the column, irrespective of the pressure perturbations in the column. Mathematically this means
that

1%
kw VL + ki V1 > (’? - ____PL2 L) . [77]
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Under these limiting conditions, we have
kyy—=o0 and kg — 0. [78a]
Also,
W'(x,0)=0, hence S =0 [78b]
Using the above conditions in [58.1], [58.2] and {62], we get
B-0, C- o0, therefore Q =E.
Under these conditions, the stability criterion becomes as follows:

G{[Ky + 2K1eco(Wy + V(W + Vs + e ')} ™! = = coth(nh). [79]

2.3. Estimation of the Model Parameters

In order to use the stability criterion developed in the previous section, we need to know the
values of the pressure drop across the sparger and the bubble relative velocity.

2.3.1. Estimation of the relative velocity
The relative velocity is defined by the following equation:

vo=Ye N 1801

The value of the relative velocity is less than the terminal velocity. Richardson & Zaki (1954)
have reported the following relationship between Vg and V5 :

Vs(eg) = Vi (1 — &)™ [81]

The terminal rise velocity, Vg, was estimated using the correlations given by Clift et al. (1978).
The bubble size (formed at the orifice, 4y ) was estimated using the correlation developed by Kumar
& Kuloor (1972).

2.3.2. Estimation of the pressure drop across the gas sparger
The pressure drop across the gas sparger is expressed as follows:

AP =ky Vg + k. V3. [82]

The two terms on the RHS represent the contributions due to the viscous and turbulent flow
resistances.

In order to estimate the values of ky and ky in [82], the pressure drop was measured in a
155 x 10 x 1000 mm two-dimensional column. A perforated plate was used as a sparger with a
single row of holes. The superficial gas velocity was varied in the range 10—100 mm/s. The hole
diameter and the number of holes were varied in the range 0.5-2 mm and 5-15, respectively, so
as to obtain the area ratio (column cross-sectional area to hole area) in the range 100-2000. The
clear liquid height in the column was 500 mm. The pressure drop across the sparger was measured
by subtracting the hydrostatic liquid head from the observed total pressure drop. The thickness
of the sparger plate was found to have no influence on the pressure drop. The following correlation
were obtained with a standard deviation of 5%:

ky=0.98R"S [83]

and
kr=0.30R2 [84]

3. RESULTS AND DISCUSSION

3.1. Discussion on the Mathematical Model

The superficial gas velocity (Vgc) at which the transition from the homogeneous to the
heterogeneous flow regime occurs depends mainly on the design of the gas sparger and the physical
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properties of the system. In order to understand the effect of the above parameters on V., plots
were constructed on the basis of the stability criterion, [46). The effects of the number of orifices,
the orifice diameter, the bubble rise velocity and the gas hold-up index on V. were studied. In
the case of continuous operation, the effect of the superficial liquid velocity on g and Ve was
studied. While studying the effect of the orifice diameter and the contribution of the viscous flow
resistance on egc and Vi, the gas hold-up index was taken as 1.4.

3.1.1. Semibatch operation
The stability criterion is given by the following equation:

GB = sinh(nh)
S cosh(nh) — 1’ (85]

where I
g
G ="
Vi 1%
x= 175 + EGo 175 [87]
and
1
= 88
B Ky + 2660 Ki Vs [88)

As discussed in section 2.1, a homogeneous flow regime can be maintained as long as the LHS
of [85] is less than the RHS. For the aspect ratio (h = H/L) > 1, the RHS is a constant quantity.
The LHS depends upon the design of the gas sparger and the physical properties of the liquid. The
role of these parameters will not be discussed systematically.

Effect of sparger resistance. The sparger resistance is represented by [83] and [84]. The sparger
resistance increases with an increase in the area ratio (R). The effect of the area ratio on ggc is
shown in figure 5. It can be seen that & increases with an increase in R up to about 600 and then
e levels off. The limiting value of ¢;c can be obtained as R — 0. Under these conditions &y and
kr— oo and hence  — 0. In order to keep the RHS of [85] finite, « should tend to zero. With this

condition, we get |
boc = T [89]

For a typical value of m = 1.4 (Richardson & Zaki 1954), the value of e;c works out to be 0.42.
In the published literature, the maximum value of the hold-up (¥, = 0) has been reported by Oels
et al. (1978) and is in the range 0.42-0.48. The experimental value agrees favourably with the
limiting value predicted by [89].

The effect of the area ratio on the transition gas velocity V¢ is shown in figure 6. It can be seen
that the value of Vg increases with an increase in the area ratio.

The effect of the hole sized d, on ggc and Vg is shown in figures 5 and 6, respectively. It can
be seen that the values of &g and Vi decrease with an increase in d,.

0.4 —~ 0.050 [~
Q
S ~ (‘é?, __0.045
> n
c?x 03 SE 0.042
I L2 0.038 |-
©
S €3
£ 021 2> 0.034 [
@ a2z
o H~ s .g 0.030 +
8 o1l 2% 0.025 -
= = >
£ 5 u
o - 0.022
0.0 l 0.018 | L l | 1 | | }
0.0 200 400 600 800 1000 1200 1400 1600 0.0 200 400 600 800 1000 1200 1400 1600
(Thousand) area ratio (R) Area ratio (R)

Figure 5. Effect of the sparger design on the critical gas  Figure 6. Effect of the sparger design on the critical
hold-up for transition. superficial gas velocity for transition.
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Figure 7. Effect of the bubble rise velocity on the critical superficial gas velocity for transition.

Effect of the bubble rise velocity. Liquid viscosity, surface tension and the liquid density govern
the bubble rise velocity. It was thought desirable to study the effects of physical properties through
the value of V. The relationship between physical properties and bubble size has been given by
Kumar & Kuloor (1972) and the relationship between physical properties and the bubble rise
velocity (for a given size) has been given by Clift et al. (1978).

The effect of the bubble rise velocity on V¢ is shown in figure 7. It can be seen that the value
of V¢ increases with an increase in Vy,,.

Effect of the hold-up parameter. It was discussed in the introduction that the actual bubble rise
velocity is lower than the terminal value and this hindrance effect increases with an increase in the
gas hold-up. With the hindrance effect, the relationship between the superficial gas velocity and
the fractional gas hold-up is
oo =tall =) [90]

The hold-up parameter m depends upon the bubble Reynolds number. The effect of m on Vg
is shown in figures 8(A) and (B) for hole diameters of 0.5 and 1.5 mm, respectively. It can be seen
that at a constant R the value of V¢ increases with a decrease in m.

3.1.2. Continuous operation

The liquid flow is either cocurrent or countercurrent to the gas flow. Liquid is introduced with
the help of a distributor. Two limiting cases of the distributor resistance (ky;) are considered:
kv = o0 and ky; = 0. For the first case, the stability criterion is given by [79]. Substitution for 4,,
gives

2G {[KV + 2K (W, + Vs)eco](Wo + Vs + &5o 17;)}—' = 7.74 cosh(7.74h). [91]

=  0.06 2 006
3 (A) , 8 (8)
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Figure 8. Effect of the hold-up parameter on the critical superficial gas velocity for transition.
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Figure 9. Effect of cocurrent and countercurrent liquid velocity on the critical superficial gas velocity for
transition: (A) infinite resistance of the liquid phase sparger; (B) zero resistance of the liquid phase sparger.

The results are shown in figure 9(A) for cocurrent (¥ = + 10 and + 25 mm/s) and countercurrent
(—10 and —25 mmy/s) flows. It can be seen that the value of ¥ increases with an increase in the
cocurrent liquid velocity, whereas, it decreases with an increase in the countercurrent liquid
velocity. These predictions agree with the experimental observations of Oels ez al. (1978).

The effect of liquid velocity can be qualitatively explained as follows. In the heterogeneous
regime, liquid circulation is developed which is upward in the central region and downward in the
annular region. With cocurrent liquid upflow the downward annular flow is restricted, resulting
in a reduction in the liquid circulation. Therefore, the cocurrent liquid flow delays the transition.
This countercurrent liquid flow has the opposite effect.

When the liquid distributor resistance is zero (k. = 0), the results are shown in figure 9(B). In
this case also, the transition is delayed with an increase in the cocurrent ¥, . However, the increase
in Ve is less for the case of ky, =0 as compared to the case of ky; = co. When ky; =0, the
disturbances at the bottom grow because of the absence of the possible dampening effect of the
liquid distributor. For this case, the homogeneous regime is not possible when the liquid flow is
countercurrent.

3.2. Comparison with Experimental Data

Yamashita & Inoue (1975), Maruyama er al. (1981) and Chisti (1989) have measured the values
of the critical superficial gas velocity for transition. The details pertaining to the experiments are
given in table 1. The comparison between the model predictions and experimental observations is
shown in table 2. It can be seen that the agreement is favourable over a wide range of column width,
hole diameter and number of holes.

It has been pointed out earlier that the maximum possible hold-up in the homogeneous regime
is 42%. This prediction compares favourably with the experimental observations of Maruyama et
al. (1981) and Koetsier et al. (1976).

In the case of fluidized beds, the particles of commercial importance and systems which have
been studied employ particles which are <0.1 mm. In these cases, the sparger resistance can be

Table 1. Details of the reported experimental data (system: air-water)

Column
Column dimensions

Orifice N or  Sparger

L d H dia (area  thickness
Investigator(s) (m) (m) (m) (mm) ratio) (mm)
Chisti (1989) 0.46 0.155 1.5 1 50 (1915) 2
Maruyama et al. (1981) 0.3 0.01 02t006 0.2 29 (3921) 20
Yamashita & Inoue (1975) 0.3 0.01 1.07 0.3 29 (1463) 0.7

0.3 0.01 1.07 0.5 29(527) 0.7
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Table 2. Comparison between the model predictions and experimental obser-
vations (system: air-water)

Vo (mm/s)
Nor Reported Predicted
Investigator(s) (area ratio) value value
Chisti (1989) 50(1815) 63.4 52.2
Maruyama et al. (1981) 29(3921) 39.1 46.6
Yamashita & Inoue (1975) 29(1463) 50 46.6
29(527) 4 44

assumed to be infinite, and the limiting case defined by [89] can be assumed to hold good for these
systems. In the case of fluidized beds, the limiting case is given as

B=—, [92]
where ¢, is the particle phase hold-up and m is the Richardson—Zaki index. Tables 3A and 3B show
the comparison for liquid and gas fluidized beds, respectively.

3.3. General Remarks

1. From figures 59 it can be seen that the value of V. increases with an increase in the area ratio.
The area ratio increases either by decreasing the hole diameter or decreasing the number of
holes. In figures 5-9, increasing R generally means a reduction in the hole diameter. A reduction
in the number of holes may result in uneven sparging. Under these conditions, the gas jets issuing
from the holes may create a local circulation pattern which can grow to result in the
heterogeneous regime. Under the limiting condition of a single hole, it is known that the
homogeneous regime cannot be observed—even at very low superficial gas velocities.

2. The transition also depends upon the coalescing behaviour of the liquid phase. Any coalescence
will result in a higher local hold-up and generate local liquid circulation. Such a disturbance
can grow to give the heterogeneous regime. The coalescence also results in higher bubble rise
velocities and the value of g5 will be lower, even though the value of Ve remains the same.
This particular situation was observed in many studies reported in the literature.

Table 3A. Comparison of experimental data with the model predic-
tions (bounded bed analysis); liquid fluidized systems (Gibilaro et al.

1986)
€mb
dp 2 oL % 1072
(um)  (kg/m®) (kg/m?) (Pa-s) Expt Predict.
165 8710 1000 1.2§ 0.74 0.726
165 8710 1000 0.75 0.66 0.676
82.5 8710 1000 1.25 0.75 0.742
82.5 8710 1000 0.75 0.72 0.734

*Voidage at which the transition occurs.

Table 3B. Comparison of experimental data with the model predic-
tions (bounded bed analysis); gas fluidized systems

a
€mb

d, P, P Hgx107°
(mm) (kg/m®) (kg/m’) (Pa-s) Expt Predict.

@) Jacob & Wiemer (1987)

44 850 14.20 1.66 0.765 0.752

4 850 42.61 1.66 0.767 0.761

44 850 71.01 1.66 0.798 0.782
@ii) Mutsers & Rietama (1977)

39.7 920 1.167 1.8 0.776 0.782

78 920 1.167 1.8 0.742 0.765

103 920 1.167 1.8 0.701 0.732

*Voidage at which the transition occurs.
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4. CONCLUSIONS

(1) The transition from the homogeneous to the heterogeneous regime occurs when the conditions
given by the following expressions are satisfied:

semibatch operation,
gL
IZ8 n sinh(nh)
(Ky + 2660 K1 V) (1 — e60)" ~'[1 — (m + 1)egy] < cosh(nh) — 1’

continuous operation,
gL
Vie
[Ky + 2660 Kr(Wy + Vo)) (W + Vs + £60 Vs)

< 7 coth(znh).

(2) Good agreement was observed between the predicted and experimental values of the critical
gas velocity over a wide range of hole diameter and the number of holes. Further, the maximum
value of the predicted critical gas hold-up was 0.42, which agrees favourably with the
experimental observation.

(3) Cocurrent liquid flow delays the transition, whereas countercurrent flow promotes an early
transition. These predictions are known to agree with the experimental observations. However,
experimental data are needed for two-dimensional columns.

(4) The transition criterion was found to be independent of the viscosity.
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APPENDIX A
Substitution of [26a, b] in [25a, b] gives
V(X,Y,2Z, 1:)=——V(X z, r)( 2;) [A.1a]
and -
( 7 ) . [A.1b]

This averaging in the y-direction also holds for the perturbation variables. Now, substituting
[A.1a, b] in [21]-{24] and integrating each term w.r.t. ¥ from —d/2 to d/2 (assuming that the value
of &g does not depend on y) and dividing throughout by d, we get the following equations:

%o ra- GO)(W "’W'>_o, A2)

ox
6sG

ot oxX  0Z

(l*em)[an’ 0 10 (617’ 67’)]

oV ow
+ (Vs + égo Vg) (—- +——-—) =0, [A.3]

(1= ccn) B = (1 =) o +

7). ¢ Re [A4]

"zt iaml\ax tox

+16 ow  ow
0z* 30z

Fid + X >]+2G(l —&)er, [A.S]

where n is given by

_nln+DL* A

Since L »d and H » d and for a typical value of n = 1/7 and || > 1, we have

| i7,|>62V’ 5217’+ 6V’+6W’
"> ext T 9z2 T30z \ox T oz
62W’ 62W’ oV + ow
ax? " oz7 3 az X " oz )
As a result of this simplification [A.4] and [A.5] take the following form:

ov__F_nyp [A7]

and
W\ > ——

9t 93X Re

ow oP , N
% =Tz +ZGGG—-—R—C— w. [A.8]

and
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APPENDIX B
Let us assume the following form for ¥:
Y(X,Z)=X(X)Z(Z). [B.1]
Using [B.1] in [45], we get
X - X [B.2]
and
&2 _nz=-», B3]
where A, is a constant of separation and D is given by
p -2 0BEZO).
The boundary conditions for [B.2] and [B.3] are:
X=0, X=0; (B.4.1]
X=1, X=0 [B.4.2]
Z=h Z=0 [B.4.3]
and
Z=0, Z=0. (B.4.4]
The general solution of [B.1] is
X = C, sin(4, X) + C, cos(4,; X).
To satisfy boundary condition [B.4.1],
C,=0.
Further, to satisfy boundary condition [B.4.2]
M=A,=nn(n=0,1,2,3,...)
The general solution of [B.3] is
Z(Z) = A sinh(nnZ) + B cosh(nnZ) + —D—— . B.5]

(nm)?
Using boundary conditions [B.4.3] and [B.4.4] we get

nn sinh(nnh)

= B.6

A cosh(nmnh) — 1 [B-6]

The transition occurs at the lowest value of 4, (i.e. n = 1), and we have the criterion for transition
as

GB = sinh(nh)

@ cosh(mh)—1° [B.7]



