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Abstract--The technique of gas disengagement is popularly used to assess the bubble size distribution in 
bubble columns. The technique involves the dynamic measurement of dispersion height when the gas 
supply is stopped. In this paper a mathematical model has been proposed for the process of dynamic gas 
disengagement. It has been shown that the initial faster disengagement is due to the presence of internal 
liquid circulation and not due to the presence of very large bubbles. Further, slower disengagement has 
been attributed to the transition from heterogeneous dispersion to homogeneous dispersion. The new 
model also explains the effects of superficial gas velocity, column diameter, column height and liquid phase 
physical properties on the gas disengagement. 
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I N T R O D U C T I O N  

Bubble columns are widely used in the chemical industry as reactors for its simplicity and 
inexpensive means of contacting gas and liquid. In bubble columns, the size (and shape) of  bubbles 
is the most important parameter. It determines the bubble rise velocity, the gas hold-up, the 
interfacial area, the residence time of the gas, and the levels of turbulent liquid circulation. The 
turbulent liquid circulation, in turn, governs the liquid phase mixing and the heat transfer. All these 
parameters are important in deciding the performance of bubble column reactors. Furthermore, 
the bubble size can have a significant influence on the product distribution in the case of  a complex 
reaction. 

In view of the importance of the knowledge of  bubble size distribution, there have been several 
reports related to this aspect. A host of techniques (such as photographic methods, LDA 
measurements and hot probe measurements) are available for actual bubble size measurements in 
sparged reactors and a comprehensive list is given in the review by Joshi et al. (1990). However, 
most of  the techniques involve the use of  expensive electronics and this may impose a limitation 
on their use. 

Sriram & Mann (1977) presented a very simple technique for getting the bubble size distribution, 
called the gas disengagement technique (GDT). This technique involves the sudden closure of the 
gas flow (in the case of batch operation and both liquid and gas in the case of columns operated 
in a continuous manner) and noting the dynamic response of  the dispersion height. The log-normal 
distribution was found to explain the observed rate of  gas disengagement. Under their conditions 
of  operation the bubble size showed a log-normal distribution with a single peak. 

Several workers have used the GDT proposed by Sriram & Mann to predict bubble size 
distribution. Vermeer & Krishna (1981) analyzed the hydrodynamic behaviour of  bubble columns 
operated in the "churn-turbulent" flow regime using the GDT. In addition, the size distribution 
was also analysed by gas residence time distribution (RTD). The disengagement curves were fitted 
by two distinct curves. The first one corresponded to the sharply decreasing portion and had a slope 
equal to the superficial gas velocity V C. This portion was attributed to the disengagement of the 
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large bubbles. The second and less steep part  of  the curve was attributed to the smaller bubbles 
entrained by the local liquid circulation. From a combination of G D T  and RTD studies, they 
concluded that, for bubble columns operating in the churn turbulent flow regime, the gas is 
transported in the form of large and small bubbles. Godbole et  al. (1982), Kelkar et al. (1983) and 
Shah et  al. (1985) have investigated the effect of  coalescing and non-coalescing nature of dispersion 
on the rate of gas disengagement. Recently, Schumpe & Grund (1986) have given a very systematic 
and comprehensive mathematical analysis of  G D T  including a detailed derivation for a more 
realistic sparger design. 

Most of the above investigators used the disengagement technique as a secondary tool for getting 
more information about the more important  design parameters such as mass and heat transfer 
coefficients. Further, all these investigators (with the exception of Sriram & Mann, who actually 
concluded with a unimodal size distribution for V~ = 0.02 m/s) a pr ior i  assumed a bimodal size 
distribution for the bubble size. Although this description of the gas hold-up by a two bubble class 
model is able to explain some of the observed rates of  mass transfer, it cannot explain the following 
commonly observed phenomena in bubble columns. 

Based on the assumption of two bubble class model, the rise velocities of  the large bubbles were 
found to be of  the order of  0.8 1.2m/s (Schumpe & Grund 1986; Vermeer & Krishna 1981). A 
bubble rising at a velocity of  1 m/s will be roughly 0.05 0.1 m in diameter, which seems unrealistic 
in a column of 0.2 0.3 m i.d. and a superficial gas velocity of  0.1-0.2 m/s. Secondly, actual bubble 
size measurements by various workers using different techniques (Ueyama et al. 1980; Lewis & 
Davidson 1982; Saxena et al. 1990; Wilkinson 1991) show a continuous size distribution for the 
bubble size and not the bimodal distribution assumed by the above-mentioned investigators. Only 
in the case of  highly viscous liquids has the bimodal distribution been observed by actual size 
measurement. 

In the present paper, a model has been proposed for the hold-up structure in bubble columns 
operated under churn-turbulent  regime. The observed G D T  curves will be explained on the basis 
of this model. The first section gives the qualitative description of G D T  followed by a mathematical 
analysis of G D T  curve. Subsequently, the model has been used to explain the experimental 
observations. 

Q U A L I T A T I V E  D E S C R I P T I O N  OF GAS D I S E N G A G E M E N T  

In this section, the G D T  curve is interpreted in the light of  flow transition in bubble columns. 
Two types of  flow regimes are encountered in bubble columns. Figure l(a) and (b) shows 
schematically homogeneous and heterogeneous regimes, respectively. The homogeneous regime is 
observed in bubble columns at relatively low superficial gas velocities (V~i< 0.05m/s) and is 
characterized by ~ uniform distribution of the gas hold-up. No gradients (radial or axial) are 
assumed to exist as shown in figure l(c). The regime is also marked by a weak liquid circulation. 
In the heterogeneous regime, on the other hand, there is a radial gas hold-up profile as shown in 
figure l(d). The liquid is relatively back-mixed and there is an intense recirculation of the liquid 
phase. This occurs at relatively high superficial gas velocities (V~ > 0.05 m/s). The radial gas 
hold-up profile has been described by a number of  workers to be parabolic with a maximum at 
the center. Because of this local maximum in the gas hold-up, the density of  gas-liquid dispersion 
is less at the center and more near the walls, where the gas hold-up is negligible. This density 
difference is the driving force for the liquid circulation. Similarly, the liquid circulation generated 
in the lower part of the column drives the bubbles towards the column center and this sustains 
the radial gas hold-up profile. Therefore, more gas rushes in the central region and progressively 
less gas gets sparged as one goes radially towards the wall. 

During the gas disengagement, the gas flow is stopped suddenly. Once this is stopped, the liquid 
flow rate and the radial hold-up profile will start decaying. A schematic representation of the two 
segments of the G D T  curve is shown in figure 2. In the first part of the G D T  curve (part A B), 
the gradient in radial gas hold-up decays due to the radial dispersion and the profile becomes flat. 
As the profile decays the intensity of  liquid circulation is negligible. Therefore, the first part A-B 
of the G D T  curve corresponds to the transition from heterogeneous to homogeneous regime and 
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Figure l(a). Schematic representation of the homogeneous regime. 
Figure l(b). Schematic representation of the heterogeneous regime. 
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Figure l(c). Schematic representation of the flat radial gas hold-up profile in the homogeneous regime. 
Figure l(d). Schematic representation of the parabolic radial gas hold-up profile in the heterogeneous 

regime. 

perhaps only partly due to the disengagement of large bubbles. We propose that, in the first part, 
the spatial configuration of the bubble concentration changes. The second part B C of the curve 
corresponds to the disengagement of the homogeneous bubble column. However, during the first 
part, when the radial dispersion is nullifying the gas hold-up profile, there is a simultaneous 
disengagement of bubbles. 

A N A L Y S I S  OF G A S  D I S E N G A G E M E N T  C U R V E  

Decay of the radial profile 

As discussed earlier, the initial parabolic gas hold-up profile in a radial direction decays to a flat 
profile. In this section we present a simple analysis for the time required for the radial hold-up to 
become practically flat. A one-dimensional dispersion model gives the equation 
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Figure 2. Figure describing dynamic disengagement using the present model. 

&G 1 0 ( & G \  
St - r  Or ~rD,c ~r ), [la] 

where EG denotes the local fractional gas hold-up, r denotes the radial coordinate, t denotes time 
and Dr~ denotes the radial dispersion coefficient. The initial and boundary conditions for the above 
equations are as follows: 

Initially the hold-up profile is parabolic, i.e. 

at t = 0 ,  e c = 2 (  C 1 -  , [ lb]  

where ~c is the average fractional gas hold-up and R is the column radius. Also 

for t > 0 ,  a t r = 0 ,  eG is not infinite. [lc] 

Moreover, there is no dispersive flux across the column wall, i.e. 

0E G 
for t > 0 ,  a t r  = R ,  Or - 0 "  [ld] 

I f  we assume that the dispersion coefficient of  the gas phase remains unchanged, [la] can be 
written in the following dimensionless form: 

0ko l 0 ( 
0r -qO~/  r / o r / J  [2] 

where 

tDr~ r 
z -  R2 and ~/ R '  [3] 

where r is dimensionless time and q is dimensionless radius. Now, at z = ~ ,  EG will attain a steady 
state value (c,  for all values of  r. Therefore, we seek the solution of the form 

~G(r/, r )  = ~c - EG,(rI, r). [4] 

Thus we split the solution into a steady state limiting part, ?G and a transient function Ec,. Using 
[4], [2] becomes 
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We seek a solution of  [5] of the form 

& ~,7 ,7~,7), [5] 

%, = Z (r/) T(r),  [61 

where Z is a function of r/alone and T is a function of z alone. Substituting [6] in [5] and solving 
the resulting two differential equations with the initial and boundary conditions [lb]-[ld], we get 

CC(rt, ~) = g~ - 8gG ~ J0(~.q) . .=, ~ expt--=]~), [7] 

where, ~ , =  3.832, 7.016, 10 .173 , . . . ,  for n = 1,2, 3 . . . . .  ~ ,  are the roots of J l ( a ) = 0 ,  and J0 
and J~ are Bessel's functions of zero-th and first order, respectively. Equation [7] describes the 
decay of the initial parabolic hold-up profile to the final flat profile at z = ~ ,  with intermediate 
profiles between z = 0 and z = ~ .  Now, consider the location r = 0. At this position, initially the 
hold-up will be 2(c and finally at (t = ~ )  it will become (G. The time required for the hold-up 
at r = 0 to reach its final steady state value (G, within 99.95%, denoted by t~, can be obtained 
from [7] as 

0.6R 2 
Z1=0 .6  or t l -  [8] 

Dm 

The value tl in [8] can be taken to indicate the time required for the initial parabolic hold-up profile 
to become practically flat (the centreline value of hold-up reaching a value within 99.95% of  the 
final steady state value). 

MASS BALANCE D U R I N G  D I S E N G A G E M E N T  

In this section a simple mass balance is presented during the disengagement of  the gas. Let the 
superficial gas velocity before disengagement be VG and the average fractional gas hold-up be CG. 
Let the dispersion height during the steady state operation be h 2 and let h0 be the clear liquid height. 
During disengagement, let the instantaneous superficial gas velocity and gas hold-up be V* and 
EG,-* respectively. Let h be the instantaneous dispersion height. Taking gas phase material balance, 

Gas leaving the column = * VGApG, 

d 
Rate of  accumulation of gas = -~-] ((*hApG). 

Equating [9] and [10] we get 

[9] 

[lO] 

The instantaneous gas hold-up e* is given by 

Combining [11] and [12] we get 

c *  - h - ho [12] 
h 

dh 
dt = V*. [13] 

The instantaneous gas superficial gas velocity V* in the heterogeneous regime can be written 
using the modified drift flux model of Joshi et al. (1990), 

d 
dt ((~h) = V*. [l 1] 
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- c o  v,~ + c , ,  [I 4] 
-G 

where Co and Cr are the constants given by 

C,, - ) [15] 

C,  - [16]  
O ( ; )  

where the quantities enclosed in ( )  represent the averages. The contribution of liquid circulation 
velocity 1/~ is not considered in the standard drift flux model. However. the modified drift flux 
model incorporates the effect of  liquid circulation velocity 1/, x on the constant Co in [15]. A 
combination of [13] and [14] gives the instantaneous dispersion height as a function of time and 
describes the G D T  curves in the heterogeneous regime: 

, , t / t l2  h o \  
C, t = n , , ,n~  h _ h , , )  +(1  - C o ) ( h e -  h ), [17] 

where h~ is the dispersion height at steady state condition before disengagement, h0 is the clear liquid 
height and h is the instantaneous dispersion height at time t. Equation [17] is valid only for t <<. t~, 

i.e. up to the time when the radial profile flattens out. 

R E S U L T S  AND D I S C U S S I O N S  

In this section, we present results of  our mathematical model described in the earlier section. The 
time at which the G D T  graph changes slope is taken as the experimental value of t~ (figure 2). The 
value of t~ is predicted using [8]. The gas phase dispersion coefficient in [8] is evaluated as 

D,(~ = lu ' .  [18] 

where l is the length scale of  turbulence and u '  is the RMS velocity. Joshi (1980) has proposed 
the following relation for the length scale in the heterogeneous regime: 

! = 0.08 D, [19] 

where D is the column diameter. The RMS velocity can be written in terms of power dissipation 
per unit mass E and the length scale as 

u" = (1E) I ~ [20] 

Joshi (1980) also proposed following relation on the basis of  energy balance to predict the RMS 
velocity: 

E -- g (  V~; - ~o V~ ), [21] 

where Vs is the slip velocity. Combining [18], [19], [20] and [21], D~(; can be written as 

D,.(; = [g(V(~ ~(~ Vs)(0.08D)4] ' ~. [22] 

In [22], Vs was obtained in each case using the drift-flux model. The same model has been shown 
to explain the pressure drop and heat transfer coefficients in the bubble columns. 

The comparison of model prediction of t~ (using [8]) with the experimental data of  Schumpe & 
Grund (1986), Kelkar et al. (1983), Godbole et al. (1982) and Vermeer & Krishna (1981) is given 
in table I(A) (D), respectively. 

The comparison in table I(A) is fairly good. In table I(B), for the second data point, which is 
at a lower VG than the first data point, the experimental value of t~ is lower. This is not consistent 
with the experimental trend observed by other workers. However, for all the remaining datapoints, 
the comparison with the experimental data is reasonable. In the case of  table I(C) and (D), the 
comparison with the experimental data, though not so good quantitatively (average error = 27%, 
maximum error = 40%), shows qualitatively correct trends, i.e. the time t, increases with a decrease 
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Table I(A). Experimental data on gas disengagement 
(data of Schumpe & Grund 1986), air water system, ring 

distributor type sparger, h 0 = 3.1 m, D = 0.3 m 

Superficial gas Gas t I t I 
velocity hold-up experimental predicted 

(m/s) ( ) (s) (s) 

O. 1695 0.255 2.4 2.26 
0.0873 0.182 3.5 3.36 

Table I(B). Experimental data on gas disengagement 
(data of Kelkar et al. 1983), airq?.5% methanol system, 

D =0.3m 

Superficial gas Gas t~ t t 
velocity hold-up experimental predicted 

(m/s) ( ) (s) (s) 

0.147 0.35 2.4 2.49 
0.096 0.28 2.2 3.13 
0.02 0.07 4.0 5.01 

Table I(D). Experimental data on gas disengagement 
(data of Vermeer & Krishna 1981), N 2 turpentine-5, 

D -0.19m 

Superficial gas Gas tt t~ 
velocity hold-up experimental predicted 

(m/s) (--) (s) (s) 

0.281 0.41 2.2 1.42 
0.189 0.32 2.5 1.67 
0.103 0.26 3.0 2.53 

Table I(C). Experimental data on gas disengagement 
(data of Godbole et al. 1982), air 20% glycerine solution, 

D = 0.305 m 

Superficial gas Gas t~ t I 
velocity hold-up experimental predicted 

(m/s) ( ) (s) (s) 

0.2398 0.27 2.6 1.76 
0.1982 0.25 2.7 1.92 
0.0798 0.16 3.0 2.96 
0.0368 0.12 3.2 5.30 

in the superficial  gas velocity.  I t  should  be no ted  that  the same prescr ip t ion  for the d ispers ion 
coefficient was used in all the cases (using [22]) for the predic t ion  o f  t~. 

The  t rend observed  in table  1 can be expla ined qual i ta t ively  as follows. In the he terogeneous  
regime, as the gas veloci ty increases,  the radia l  profile develops  and becomes more  steep. As agains t  
this, the d ispers ion  coefficient also increases and  tries to nullify the radia l  ho ld -up  profile.  This 
increase in the d ispers ion  coefficient is, however ,  not  very s t rong c o m p a r e d  with the increase in the 
ho ld -up  profile.  This leads to an increase in the t ime required for the radia l  profile to decay once 
the d i sengagement  begins.  

Table  I (D)  shows values o f  t~ for an N2- turpent ine  system. The viscosity o f  tu rpent ine  is very 
much less than  that  o f  water  and  therefore  the d a m p e n i n g  force for evening out  the radia l  profile 
is less, c o m p a r e d  with that  o f  a water  system. This is clearly evident  from table  I(D),  where t~ is 
subs tan t ia l ly  higher  than  t~ for an a i r - w a t e r  system. 

Liqu id  circulation ~elocity 

Some o f  the previous  workers  (Schumpe & G r u n d  1986; Vermeer  & Kr i shna  198 l)  have ob ta ined  
the values o f  rise velocit ies o f  large bubbles  on the basis of  two bubble  class models  appl ied  to 
the G D T  data .  The  values o f  rise velocities for  the large bubbles  are greater  than 1 m/s,  even for 
air  water  systems. These values a p p e a r  to be unreal is t ical ly  large. It appea r s  that  the large values 
o f  rise velocit ies are due to the high values o f  l iquid c i rcula t ion velocities. To check the val idi ty  
o f  this hypothesis ,  it was though desi rable  to c ompa re  the exper imenta l  and  predic ted  values of  
l iquid c i rcula t ion  velocities. Exper imenta l  values o f  the l iquid c i rcula t ion velocity have been 
compi led  by Joshi (1980). The  predic ted  velocity was ob ta ined  by the fol lowing procedure .  

The r i s e r ~ t o w n c o m e r  mode l  p r o p o s e d  by R a n a d e  & Joshi  (1987) divides the bubble  co lumn 
(excluding the sparger  d o m i n a t e d  region and the top  coalescing region o f  the column)  into two 
regions.  The l iquid flows in the upward  di rec t ion  th rough  the central  region (riser) and comes down 
th rough  the region near  the wall (figure 3). The result  o f  this analysis  is that  

VG KG 
(G -- vS + D l.'~' [23] 

Equa t ion  [23] predic ts  CG to be independen t  o f  the co lumn diameter .  The value of  the cons tan t  K 
is zero in the h o m o g e n e o u s  regime, which co r re sponds  to the feeble l iquid c i rculat ion,  and  will 
g radua l ly  increase in the he te rogeneous  regime. A t  higher  gas velocities,  K will a sympto t i ca l ly  
a p p r o a c h  a cons tan t  value. C o m p a r i s o n  o f  [14] and  [23] gives the fol lowing re la t ionship  between 
the r i s e r ~ t o w n c o m e r  model  and  the drif t-f lux model :  
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K ~  
Co - V~D I/3' [24] 

The liquid circulation velocity was predicted using [24], with the value of Co obtained using the 
drift-flux plot (figure 4) and the value of K reported by Ranade & Joshi (1987). 

Table 2 gives the experimental and predicted liquid circulation velocities for various values of 
the superficial gas velocities from the data of Schumpe & Grund (1986). It can be seen from table 
2 that the contribution of the liquid circulation velocities to the rise velocities of large bubbles is 
substantial. If the contribution of the liquid circulation velocity is removed from the bubble rise 
velocities, we may get realistic values of the bubble rise velocities. 

Prediction o f  D G D  curve 

Equation [17], which was based on simple mass balance, was used to predict the height as a 
function of  time for the steep portion of the GDT curve (for t < tt ). The data of Schumpe & Grund 
(1986) were used for this purpose. The constants Co and C~ in the drift-flux model in [14] were 
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Figure 4. Drift-flux model  for Schumpe & Grund data. 
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Table 2. Comparison of  liquid circulation velocities (data 
of  Schumpe & Grund 1986) 

Liquid circulation velocity 
Superficial gas Total gas 

velocity hold-up Experimental Predicted 
(m/s) ( - - )  (m/s) (m/s) 

0.075 0.196 0.45 0.46 
0.100 0.184 0.59 0.51 
0.125 0.208 0.67 0.58 
0.150 0.227 0.73 0.65 
0.175 0.250 0.78 0.74 
0.200 0.265 0.83 0.80 
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Figure 5. Disengagement curve predicted by the present model. 
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Figure 6. Typical differential pressure profile obtained after sudden shutdown in gas supply, adapted from 
Shetty et  al. (1992). 
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obtained from the drift-flux plot form. Figure 5 shows the disengagement curve constructed from 
[17] for one superficial gas velocity of  Schumpe & Grund data. The figure shows a favourable 
agreement with the G D T  curve obtained experimentally. 

Some additional evidence for the validity of  the present model can be obtained from a recent 
publication (Shetty et al. 1992). The authors have made intelligent use of  pressure probe to record 
the pressure fluctuations during the dynamic gas disengagement. A typical record of pressure 
fluctuations during the dynamic gas disengagement is shown in figure 6. From the measurements 
it can be seen that the flow is highly turbulent during the first part  (line AB in figure 2) and relatively 
much less turbulent in the second part  (line BC in figure 2) of  the dynamic gas disengagement. These 
are known to be the characteristic features of heterogeneous and homogeneous regimes, respect- 
ively. The technique of gas disengagement is a very powerful tool for the elucidation of flow 
patterns in multiphase reactors such as gas liquid bubble columns, fluidized beds, three-phase 
slurry reactors, liquid-gas and liquid-liquid spray columns. The G D T  measurements can be used 
to measure the relative velocities of  the dispersed bubbles or drops or particles, depending upon 
the multiphase system. The real relative velocities are known to be markedly different from the 
terminal velocities and these are lower (hindered) in the homogeneous regime and can be higher 
in the heterogeneous regime. 

The G D T  technique can measure the size distribution of the dispersed phase. It may be 
emphasized that the size and velocity distribution of the dispersed phase (bubbles, drops and 
particles) forms very basic information for the design of multiphase reactors and can be obtained 
from simple disengagement experiment. 

C O N C L U S I O N S  

(1) The observed gas disengagement technique (GDT) curve has been satisfactorily explained 
by a single bubble class model. The predicted values of  t~ show good qualitative agreement with 
the experimental data. All the observed peculiarities associated with the G D T  curve have been 
accounted for. 

(2) Unrealistically high values of  the bubble rise velocities obtained from G D T  data have been 
reinterpreted in view of the contribution from the liquid circulation velocities. 

(3) There is always a possibility of  some bubble size distribution. However, the actual 
distribution is unlikely to be as wide as given by the two bubble class models. 

(4) A simple model based on material balance was used to predict the shape of the G D T  curve 
in the steep region. The comparison was reasonable. 
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