
~v 

Part B: 

HYDRODYNAMIC BEHAVIOR OF MULTIPHASE REACTORS 

Annual Progress Report 
September 1980 to August 1981 

Y.T. Shah 
B.G. Kel kar* 
S. Godbol e* 
M. Honath* 
R. Al bal* 

A. Kulkarni* 
S. Phul qaonkar* 

*Department of Chemical and Petroleum Engineerinq 
University of Pittsburqh 

Pittsburgh, Pennsylvania 15261 

for 

Gulf Research & Development Company 
P.O. Drawer 2038 

Pittsburgh, Pennsylvania 15230 

Prepared for the United States Department of Energy 
Under Contract No. DE-ACO5-79ETIO104 

(Formerly EX-76-C-01-0396) 

J 

Chemicals and Minerals Division 
Report No. 627RM079 

73 



Overall Summary 

This annual report on the hydrodynamic behavior of multiphase 

reactors is divided into four sections. 

Section 1 deals with the measurement of gas holdup and dispersion 

coefficients in a cocurTent continuous bubble column. Three systems, 

namely alcohol solutions, carboxy methyl cellulose (CMC) solutions, and 

electrolytlc solutions have been studied. The range of gas velocity 

covered is 2-30 cm/s while the range of liquid velocity was varied from 

0-15 cm/s. 

Section 2 deals with the measurement of gas holdup and bubble rise 

velocity in a hatch bubble column. The systems studied were glycerine, 

CMC and alcohol solutions with and without solids. The range of gas 

velocity covered is 2-30 cm/s. 

Section 3 covers the aspects of mass transfer in a mechanically 

agitated contactor at high pressure in the presence of solids. The range 

of variables covered were pressure 400-1400 psig, speed of agitation 

400-1000 rpm, solid concentration of 0-30 volume percent and particle 

size in the range 75-500 microns. 

Section 4 deals with the continuous cocurrent downflow column which 

is a recent addition to the multiphase flow processing laboratory at the 

University of Pittsburgh. This unit has been erected and is in the pro- 

cess of debugging for minor practical problems. 
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i. CONTINUOUS COCURRENT BUBBLE COLUMN 

1.1 Introduction 

Bubble columns have many important industrial applications, though 

their scaleup and the design is difficult because of the complexity of the 

flow pattern characteristics. The aim of these epxeriments was to study 

the hydrodFnamic and mixing characteristics in a .152 m diameter by 3.35 m 

tall, cocurrent, continuous bubble column. This was done by measuring the 

phase holdup and the axial heat dispersion coefficient, respectively. The 

holdup was analyzed using the hydrostatic head techniques, and the disper- 

sion coefglclents were analyzed using an axial dispersion model. The 

effect of a wlde range of physical parameters, such as gas velocity, llquld 

velocity, surface tension, viscosity, and electrolytes concentrations were 

studied. The data were compared to the existing data wherever possible, 

and they were analyzed with the help of flow regime characteristics. 

1.2 Experimental Setup and Procedure 

1.2.1 Experimental Setup 

The experiments are carried out in a .152 meter diameter *3.35 

meter tall bubble colunm. The schematic diagram o£ the setup is shown in 

Figure  1 .1 .  The a b b r e v i a t i o n s  o f  the  f i g u r e  a r e  e x p l a i n e d  in  Table  i . I .  

The bubble columnhas four major sections: 

i. Conical bottom section for gas inlet and uniform distribution. 

2. .3 mete r  long calming s e c t i o n  f i l l e d  wi th  copper  Raschlg  r i n g s  

for mixing of gas and slurry. 

3. Main test section. 

4. Heat source  a t  t he  top .  
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DEFINITIONS FOR FIGURE 1.i 

Agitator 

Ball Valves 

Backflushing System 

Condensate 

Conical Bottom Section 

Calming Section 

Cool~ng Water Inlet and. Outlet 

Distributor Plates 

Pressure Gauges 

Shell and Tube Heat Exchanger I" OD SS tubes on the 
tube (slurry side) Heat tr, ansfer ~rea 25 f t  2 
14" OD, 6 f t  long Black iron shell side (cooling 
water) 

2" OD, Schedule BO, PVC pipes 

Manometers 

Galigher Horizontal Centrifugal Pump 

Pressure Taps 

Reservoir (550 l i ter ,  plastic) 

Gas Rotameter 

Steam Inlet 

Sampling Taps 

Main Test Section 

Transducer and Flow Indicator (ultrasonic) 

Thermocouple Holes 
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4 

Two perforated plate distrlbutors are provided. One having holes of  0.5 mm 

diameter, is used between the conical bottom section and the calming sec- 

tion, while the one having 1.0 cm holes is fitted between the calming 

section and the test section. 

Four pressure taps, two at the bottom and two at the top~ each 

pair .61 meter (2.0 ft) apart, are provided. Each pair is attached to 

different mercury manometer to avoid any dynamic lag° To overcome the dif- 

ficulty of plugging these manometer lines a water backflushing system is 

used. In addition to the pressure taps, six sampling tubes, .61 meter 

apart from each other, are inserted to collect solld-llquid samples. 

Each tube has five holes of 5 mm diameter each, alon~ the length to ensure 

radially averaEed phase concentration at each location. The solid ,hase 

concentration will be measured gravimetrlcally. 

For heat tracer experiments, ten iron-constantan thermocouples are 

connected to the test section. First eight are .3 m (I ft) apart and the 

last three are .15 m apart from each other. ~n addition to the above 

mentioned thermocouples, the inlet and outlet temperatures of liquid, 

inlet and outlet temperatures of heat exchanger cooling water are also 

measured with the help of thermocouples. All the thermocouples are con- 

nected to a digital display meter which is capable of readinE the tem- 

peratures up to first digit. A stainless steel coil heated with steam is 

used to provide 74 kilowatts of heat into flowin& fluid. 

The gas phase used is always air. Air inlet pressure is main- 

tained constant with the help of pressure regulator. The gas phase flow 

rate is measured with the help of calibrated rotameter~ while the liquid 

flow rate is measured with the help of an ultrasonic flow measurin~ device. 

Column is insulated with fiberglass insulation material to ~revent the heat 
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losses. All the experiments are carried out near atmospheric pressure, 

in a continuous and steady state manner. 

The surface tension is measured by du-Nouy method. (1"31) In this 

method a platinum-lridium ring of precisely known dimensions is suspended 

from counter-balanced lever-arm. The arm is held horlzontal by torsion 

applied to a taut stainless steel wire, to which it is clamped. Increas- 

ing the torsion in the wire raises the arm and the ring, which carries 

with it the film of liquid in whlch it is immersed. The force necessary 

to pull the test ring free from the surface film is measured directly in 

dynes/cm. This "apparent" reading is converted to "absolute" value by a 

correction chart. The viscosity is measured on Brookfield LVT type vlsco- 

meter. This instrument rotates the spindle in the fluid at a constant 

speed, and measures the torque necessary to overcome the resultant viscous 

drag. For given s~eed and s~indle, i t  produces dial readings proportional 

to the viscosity. (1"32' 1.33) 

1.2.2 Analysis 

The analysis of the raw data has been done separately for the 

holdup and the axial dispersion coefficient as described below. 

1 . 2 . 2 . 1  

To determine the gas holdup, the manometer readings are first 

converted t o  absolute pressure by a simple hydrostatic head technique. 

To get the values of gas holdup in gas-llquld systems, two equations are 

used. 

cG + CL = 1.0 (1.2.1) 
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_dP.dx (~GOG+£LOL+CsOs) + APtp (1.2.2) 

where Apt p 

gradient. 

and pressure shows linear dependency with length. To ensure this, 

holdup is calculated in two ways. One is already mentioned above. 

the other method, the holdup is calculated in the following manner 

is the frictional pressure drop and dp/dx is the pressure 

It is found that the frictional pressure drop is negligible 

gas 

In 

HH IVc.0- HH 

- (1.2.3) 

~G ~'VG-0 

where HH is the hydrostatic head. The holdup values calculated by both the 

methods match well (within~ 1%) indicating a negligible frictional pres- 

sure drop and negligible linear variation in holdu~ values. 

To determine the solid and liquid holdup in three phase systems, 
i 

solid-liquid samples will be collected at several locations along the length 

of the column. By measuring the weight and the volume of the slurry, 

density will be obtained. After filtering and drying the samples, it is 

possible to calculate the relative volume fraction of liquid and the solid. 

By knowing this quantity, following three equations will be solved slmul- 

taneously to get the values of individual phase holdup. 

EG + EL + £s " 1.0 (1.2.4) 

- dp/dx - ~G~G + mLOL + es0 s (1.2.5) 

£s/EL - known quantity (1.2.6) 
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1.2.2o2 Axial Dispersion Coefficient 

The axial dispersion coefficient is analyzed using the axial dis- 

persion model, using heat as a tracer. The method involves a continuous 

addition of h e a t  as a tracer under steady state conditions. In some 

cases, significant fluctuations are observed in temperature. These fluc- 

tuations are more pronounced in the upper section of the column. To take 

into account the fluctuations, the average of 25 to 30 values noted at 

one point, are taken. 

The overall energy balance on three phase system, based on the 

follow~ng assumptions can be written as: 

I. Beat losses from tube wall are negligible. 

2. At any given point, gas, liquid, and solid phase tempratures 

are the same. 

3. Constant physical properties. 

4. Steady state flow. 

5. The thermal conductivity and the density of the gas phase are 

small compared to tha~ of liquid and solid, and therefore can be neg- 

lected. 

6. The molecular thermal conductivity is negligible compared to 

axial dispersion coefficient of heat. 

7. No chemical reaction is occurring. 

8. The latent heat of vaporization is negligible. 

9. Gas phase backmixing is relatively small. 

10. Solid-liquid mixture behaves as a homogeneous slurry. 

Based on these assumptions, the following equation is obtained: 
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_ _  dT = 

d2Z + (0SLVsLCpsL) ~ 0 
- (DsLOsLCpsLcSL) dx 2 

(1.2.75 

For gas-liquid systems, the equation simplifies to: 

- (DLPLCPLCL 5 --d2T+ (0LVLCI>L5 ~x=odT 
dx 2 

(Z.2.8) 

Solution of this equation is obtained using the boundary conditions, 

15 at xfx c, TfT c 25 at xfx h, T=T h (1.2.9) 

The equation is solved numerically by a pattern grid search method avail- 

able as a package program on University of Pittsburgh computer library. 

1.3 Results and Discussion 

As indicated in the last report, the experiments are beinR carried 

out in a cocurrent, continuous bubble column, having diameter of .152 m. 

The phase holdups and the axial heat dispersion coefficients are measured 

with the help of the hydrostatic head technique, and the axial dispersion 

model respectively. 

The effect of the liquid properties have been studied using dif- 

ferent alcohol solutions, carboxy methyl cellulose (CMC) solutions, and 

electrolyte solutions. The results obtained are summarized in the follow- 

ing sections. 

1.3.1 Effect of Surface Tension 

The effect of surfactants is not clearly understood. Many investi- 

gators have tried different surfactants with entirely opposite conclusions. 

While Botton et al. (1"1) and Miller (1"2) reported no effect of surface 

oo 

tension, Schugerl et a1.,(1"3) Todt et al. (1"4) observed a significant 
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increase in the gas holdup with a decrease in the surface tension. Re- 

cently Oels et el. (1"5) carried out experiments with dilute solutions of 

alcohols and found a significant increase in the values of gas holdup. 

Bach and Pilhofer (1"6) observed no effect of surface tension on gas hold- 

up for pure liquids but they noted a different behavior for liquid mixtures 

and electrolyte solutions. The addition of electrolytes increases the gas 

holdu~ as noted by Akita and Yoshida, (1"7') Hiklta et el., (1"8) Freedman 

and Davidson, (1'9) etc. Freedman and Davldson observed that the addition 

of electrolytes postponed the appearance of large bubbles in the column. 

Electrolytes and/or alcohol additives probably stabilize the bubble size 

by formation of an ionic and/or polar double layer at the interface which 

depresses the coalescence rate. 

In SRC-II reaction, where the surface tension of the liquid phase 

is very low, there is a possibility that the value of the gas holdup and 

the dispersion coefficient may show entirely different behavior in the 

presence of Ion& chain carbon molecules. It is assumed that, the surface 

tension behavior in the SRC-II reactor can be fairly simulated by C 3- C 4 

alcohols. In addition, the bubble columns have been recently used as 

bloreactors for the production of alcoholic beverages, and single cell 

proteges. The substrate in these reactors can be fairly simulated with 

(1.3) 
the help of alcohol solutions. 

The alcohol solution studied and their physical properties are 

tabulated in Table 1.2. All the concentrations of the alcohol solutions 

mentioned hereafter are in vol %. 
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TABLE 1.2 

PHYSICAL PROPERTIES: ALCOHOL SOLUTIONS 

PL aL ~L 

g/cc dynes/cm cP 

.5% Propanol .9949 65.7 0.85 

1% Propanol .9940 56.3 0.85 

3% Propanol .9908 44.7 0.85 

.5% Butanol .9932 60.8 0.84 

2% Butanol .9912 49.0 0.84 

.5% Ethanol .9931 68.2 0.83 

.5% Methanol .9940 69.7 0.83 

The only work reported on these type of culture media, is by Schugerl and 

coworkers. ('1"3"1"4'1"5) But the relative range of gas and liquid veloci- 

ties studied is low (V G < 6.0 cm/s, V L < 3.0 em/s). 

The experiments were carried out at atmospheric pressure, at gas 

velocities ranging from 3.0-30.0 can/s, and the lqluid velocltles ranginK 

from 2.0-15.0 cm/s. Following results are obtained. 

1.3.1.1 Gas Roldup 

Gas holdup shows an increase with an increase in the ~as velocity, 

but shows a decrease with an increase in the liquid velocity, as illus- 

trated in Figure 1.2, but the effect of liquid velocity becomes insignifi- 

cant at higher liquid velocities. The effect of alcohol concentration on the 

gas holdup is observed to be insignificant as shown in Figure 1.3, but the 

effect of the type of alcohol is predominant as shown in Figure 1.4. The 

gas holdup increased in the following order, 

methanol < ethanol < propanol < butanol 

86 



0 . 6 0  

0 . 5 0  

0.40 

0 .30  
CO 4¢ 
CO 

0 . 2 0  

0.I0 

I 

X 

t 
, , i , ,  

I 

f ~÷*" __ .  

Symbol 

A 

+ 

<> 

/ 

VL[m/s I - 

0 . 0 6 3  

0 . 0 9 5  

0 .132  

0 . 1 5 3  - 

O. O0 [ I I ....... I .... ! t 
0 . 0 0  0 . 0 5 .  0 . 1 0  0 . 1 5  0 . 2 0  0 . 2 5  0 . 3 0  

SUPERF I C I AL GAS VELOC I TY [ METERS/SEC ] 

GAS HOLDUP VS SUPERF I C I AL 6AS VELOC I TY [ O. 5?. PROPANOL ] 

VIG~N~E 1.2 

87 



12 

0,50 

0.40 

== 
3 

t..O 
<:  
¢D 

o 0 30 '-r" • 

0.20 

0.10 
/x 
4= 

0.00 

EF'FECT 

0.00 

OF" 

O.BO 

+ ~< - 

Symbol Propanol Conc.l%! 

• , 0.5 

+ 1.0 

x 3.0 

I I I I ,I 
0,05 0 .10 0,15 0.20 0 .25  0,30 

SUPERFICIAL GAS VELOCITY[METERS/SEC] 

CONCENTRATION ON GAS HOLDUP[ALCOHOL SOLUTIONS] 

"F'Z C U ~  1 . 3  

88 



13 

0 . 6 0  i | 1 i 

9 

co 

GAS 

0 . 5 0  - 

0 . 4 0  - 

0 . 3 0  - 

0 . 2 0  

/ 
0.10 ~~'x 

0.00 
0.00 

HOLDUP 

] I 

0 . 0 5  0 . 1 0  

S U P E R F I C I A L  

VS SUPERFICIAL 

X 

GAS 

GAS 

X X 

x 

/ • 

e 

Symbol Alcohol !0.5%] 
,~  Butanol 
"1" Propanol 

Ethanol 
,¢~ Methanol 

I I I 

0.15 0.20 0.25 0.30 

VELOC1TY[METERS/SEC] 

VELOCITY[ALCOHOL SOLUTIONS] 

F~GURE 1.4 

89 



14 

The experimental data are compared w i t h  the values calculated with 

the help of different existing correlations, and all the tabulated results 

are shown in Appendix 1.1. The values are compared with the values ob- 

tained w£th the correlations by Akita and Yoshida, (1"7) Hikita et al. 
(l.S) 

(1.1o). a ,  

Kumar etal. Miller, (1"2) and Schugerl et It is generally al.(1.3) 

observed that none of the correlation was satisfactory in predicting the 
Io 

values of gas holdup. The equation by Schugerl et al. (1"3) ~redicts reason- 

able values for low gas veloclty range, but is not applicable for high gas 

~elocities. A typical comparison plot is shown in Figure 1.5. To study 

this strange behavior, flow regimes are tested, and some surprising re- 

sults are found. 

I. 3 • 1.2 Flow Regimes 
,,,, 

The gas holdup depends on the physical properties of the liquid 
60 

phase, bubble density, bubble size and the coalescence rate. Schugerl 

etal. (1.3) observed that in the presence of alcohol solutions, the effect 

of distributor plate is also important. Present experiments are carried 

(1.11) 
out with perforated plates having holes of 0.5 mm diameter. Berghmans 

has derived a criterion for the stability of the bubbles for small visco- 

sity liquids. He based his criterion on relative magnitude of buoyancy, 

interfaclal and gravitational forces. For this perforated plate, it is 

observed that the bubbles are below the boundary of stable and unstable 

region indicating that the bubble size is not solely governed by the dy_ 

namic equillbrium. Therefore, the bubble size depends essentially on the 

type of system being used. This observation is also supported by Schugerl 

etal. (1.3) who indicated that for perforated plate distributors having 
$ 

holes of diameter greater than 0.5 ~, will be on the boundary of the 

stable and unstable region. 
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To see the regime i~ which most of the data lle, the flow regime 

diagrams are prepared, where drift flux as a function of gas holdup is 

plotted. As shown in Figure 1.6, the drift flux diagram clearly shows 

the transition, For me'thanol solution, the transition from the bubbly 

flow is much earlier than the propanol solution. The dotted llne indi- 

cates the direction of the probable points, if flooding is avoided and 

the bubbly flow regime can be maintained. It should be noted that both 

the alochols are hardly dlstinEuishable from each other in the bubbly 

flow regime but their behavior is drastically different in the churn tur- 

bulent regime. Also, it is interestin E to note that the surface tension 

for both the solutions is almost equal to each other. When the same drift 

flux graph is plotted for three different solutions of propanol, as shown 

in ~igure 1.7, it can be easily seen that they cannot be distinguished 

from each other, The surface tension for these three solutions varies 

from 44 to 68 dynes/cm. Therefore, it can be concluded that the surface 

tension is not the deciding criterion in these solutions. 

Xn alcohol solutions it is generally believed that the coalescence 

rate is reduced due to a layer of oriented dipole molecules at the surface 

of the bubble. The rise velocity of the same diameter bubble may not be 

the same in the presence of surfactants. The ~nterface o ~. the bubble 

is mobile, and an internal circulation movement exists in a bubble which 

always reduces the drag on the bubble. Therefore, the velocity predicted 

by Stoke's law may not be a correct indication of true value. Oels et 

al. tl.5) have explained the behavior of bubbles in water contalnln~ sur- 

factants. They reported that the surfactants are absorbed at the top of 

the bubble and are being transported to the rear by an interracial flow. 

Therefore, surfactant gets enriched at the rear and a surface tension 
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gradient is formed. They categorized the bubbles in three regions de- 

pending upon their circulation. The surface tension gradient of the 

bubble essentially depends on the type of the alcohol~ and as the chain 

length of the alcohol increasesD the rigidity of bubble wi11 increase, 

causing a reduction in the bubble rise veloclty, and hence an increase 

in the gas holdup. 

From the flow regime charts, it is observed that most of the data 

lle in the churn ~urbulent regime. To analyze these data j a theory by 

Zuber and Findley (1"12) is used which is designed for the churn turbulent 

regime. 

The drift flux of the gas is defined as the volumetric flux of 

gas relative to the surface movlng at an average velocity. 

phase velocity V T, is defined as 

If the total 

v z = v G + v L (1.3.1) 

Drift flux c~n be defined as, 

~CD " VG -- ÷ CGVG 
(1.3.2) 

or 

vCD , V G (l-CG) ~ VL¢ G (i~3.3) 

where + ve sign corresponds to the countercurrent flow and the - ve sign 

corresponds to the cocurrent flow. Zuber and Findley (I'12) modified this 

approach for the churn turbulent flow. For cocurrent flow, equatlcm (I.~.2) 

can be ~itten as, 
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vG 
~ ffi V T + vCD ( 1 . 3 . 4 )  

Or, 

<VG> <VTeG > + <~CDeG > 

<CG> <EG> <EG> 
(1.3.5) 

where < > bracket indicates the average value along the cross section. 

If we define 

<eGVT > 

o <CGVT> 
(1.3.6) 

as a dlstributlon parameter, which is a rough indication of nonuniform 

radial distribution, equation (1.3.5) can be written asj 

<VG> <zG~CD TM 
--- C <VT> + 
<CG> o <CG> 

( 1 . 3 . 7 )  

If the value of drift flux velocity is constant, or very small compared 

to the value of <VT> , by plotting the graph of VG/E G versus VT, the value 

of C can be obtained. 
o 

Figure 1.8 shows the graph of bubble rise velocity as a function 

of total velocity for 0.5% butanol. It can be easily seen that most of 

the data can be linearly correlated. At low gas velocity, it shows a 

maximum with respect t o  the bubble rise velocity indicating a transition 

from bubble flow to the churn turbulent flow. FiEure 1.9 shows the same 

graph for all thepropanol solutions. It can be easily seen that Just 

one line can be drawn through all the data. When the data for all the 

four alcohols are fitted with the following equation, 
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VG/C G " C 1 + C O (V G +V L) <1.3.8) 

where C 1 is a constant, the following values as indicated in Table 1.3 

are obtained. From this table it can be clearly seen that the values of 

the distribution parameter increase significantly wlth a decrease in the 

chain length. 

TABLE 1.3 

COEFFICIENTS OF ZUBER-FINDLEY'S EQUATION 

C O C 1 

Butanol 1.23 .095 

Propanol 1.28 .095 

Ethanol 1.66 .086 

Methanol 2.41 .071 

It can, therefore, be concluded that the increase in the nonuniformity of 

the dis1:ributlon causes a decrease in the holdup value. Though it cannot 

be proved at the moment, it is believed that the value of C I is some indi- 

cation of the bubble size. It is interesting to note that the value of C 1 

essentially remains independent of the type of the alcohol. Zuber and 

Pindley (1"12) have reported that if the value of C 1 is much less than 

(V G + VL), gas holdup can be calculated by a simple relationshlp as fol- 

lows, 

V G 
eG = C 

o(VG+VL ) 
(1.3.9) 

It is observed that for this set of experiments, the value of C I is slg- 

nificantly less than (VG+VL). The holdup values calculated, based on the 
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above correlation, reasonably (~ 10%) matched with the experimental data. 

Since the effect of surface tension on the holdup has been found to 

be negligible, the gas holdup is empirically correlated with the suDerflcial 

gas velocity and the carbon number, which is the number of carbon atoms in 

the alcohol. The following equation is obtained. 

eG ~" .75 (VC)'557 (CN)'26 (1.3.10) 

The parity plot f o r  this correlation is shown in Figure I.I0. The data 

fits reasonably well wlth the equation. After application of the statisti- 

cal F test, it is found that 90% of the data fit within the range of + 5%. 

When the data by SchuEerl et al. (1"3) for perforated plates is tested, it 

is found that their data fit wlthin~ 10% range. 

1.3.1.3 Dispersion Coefficient 

The heat dispersion coefficients are obtained using a steady state 

method. The dispersion coefficients showed a very strange behavior. The 

dispersion coefficients for 3.0% propanol solution are shown in Figure 

i.ii. The dispersion coefficients are shown as a function of superficial 

gas velocity. It can be easily seen that the value of dispersion is neg- 

ligible at low gas velocities, and can be approximated as zero, The value 

is very low at very low gas velocities due to the suppression of coales- 

cence. But once the flow enters in the heterogeneous or churn turbulent 

regime, the value of dispersion coefficient suddenly shoots up. ThouEh 

it should be noted that the behavior of dispersion coefficient in bubbly 

flow regime is unpredictable. Especially at low liquid velocities, dis- 

persion coefficient shows a maximum with respect to Eas velocity. The 
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effect of liquid velocity at high gas flow rates, however, is insignifi- 

cant. In the case of homogeneous flow, where very high values of gas 

holdup exist, and the distribution of bubbles is almost uniform (as in 

the case of butanol or propanol as explained in the previous section), 

there is hardly any liquid recirculation due to the lack of nonuniform 

radial distribution. Therefore the value of the dispersion remains low. 

Still, the existence of a maximum at low liquid velocity cannot be ex- 

plained satisfactorily. Recently Konig et al. (I'13) explained the maximum 

based on the fact that at low gas velocities, the bubble density in the 

swarm is low, therefore eddies due to single bubbles can propagate for 

longer distances and may overlap. Hence, the intensity of backmixing is 

higher than that at higher bubble density. Probably, at high liquid 

velocities, the bubbles do not have an opportunity to form eddies and 

propagate, and therefore, they Just rise in uniform fashion. 

The effect of concentration on the backmixing is negligible. 

The data for methanol solution is shown in Figure 1.12. The behavior is 

similar to water, indicating an absence of radial uniformity throughout 

the range of gas velocity under consideration~ The effect of liquid 

velocity is also negligible. The values for the methanol solution are 

lower than the propanol solutions at high gas velocities. It should be 

noted that the dispersion coefficient values are based on the overall 

cross sectional area. When the values of dispersion coefficients are 

calculated based on the available liquid area (DLXCL) , and compared with 

each other, it is found that the effect of the type of alcohol is also 

insignificant, at higher gas velocities. 

The values of the experimental data have been compared with the 

values predicted by the correlations of Baird and Rice, (I'I~) Joshi, (I'15) 
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Dfickwer et al. (1.16) and Field and Davidson. (1"17) The values do not 

match with any of the correlations at low gas velocities, but at high gas 

velocities, the values based on the total cross sectional area match 

reaso~sably well with correlation by Baird and Rice. An empirical cor- 

relation, similar to Baird and Rice is fitted, and the following equation 

is obcained 

0.73 
eGV L 

1.33 (V G - - 9  (1.3.11) 
DLC L = 1.42 d c - (I_~G) 

The parity plot is shown in Figure 1.13. The data fit reasonably well. 

The statistical F test shows that 90% of the data fits within ~ ]4% 

region. 

It is interesting to note that when the data for the gas velocity 

greater than 8.0 cm/s are correlated with a similar type of equation, 

the eTror is reduced to + 9%, indicating a relative uncertainty in the 

bubbly flow regime in alcohol solutions. 

1,3.2 Effect of Viscosity 

An increase in the viscosity for Newtonian liquids, normally de- 

creases the gas holdup. Most of the work has been carried out with gly- 

cerol solutionsor sugar solutions. Many investigators have reported a 

maximum with respect to viscosity near the vicinity of three centiooise 

(Eissa and Schugerl, (I'18) Bach and Pilhofer, (1"6) Buchholz et el.(1-20) 

This is explained on the basis of hindered gas bubble motion in the viscous 

fluids, in which at relatively low viscosities, drag forces are not large 

enough to euase bubble coalescence. These moderate forces contribute to 

more uniform distribution of bubbles and hence higher holdup. Nishikawa 
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et al.. (1.21) and Nakanoh and Yoshida (1"22) have reported the holdup 

values in the non-Newtonian medium. They observed higher values of ~as 

holdup with respect to the values predicted by Akita and Y0shida's (1"7) 

correlation. No explanation is given. 

Cova (1"23) and Aoyama et al. (1"24) reported that the axial dis- 

persion coefficient is independent of the viscosity, while Pilhofer et 

el. (1"25) noted a dependency of dispersion coefficient on the liquid 

viscosity in the two phase systems. Towel1 and Ackerman (1"26) also in- 

dicated that an increase in the liquid viscosity reduces the dispersion. 

The effect of non-Newtonian medium has been recently studied by ITlbrecht 

and Baykara, (1"27) but their analysis is restricted to dilute polymer 

solutions. They concluded that the terminal mixing time is a function 

of the liquid theological properties. 

To study the effect of viscosity , present experiments were car- 

ried out @Ith carboxymethyl cellulose (CMC) solutions in water, ranging 

from 50 ppm to 2300 ppm. The solutions behave as non-Newtonlan liquids, 

and their flow behavior index and the consistency index were calculated 

with the help of Brookfield LVT type viscometer as explained in the ex- 

perlmental section. The values of the consistency index and flow behavior 

index are given in Table 1.4 

The theological properties of the solutions are sensitive to the 

mixing techniques and therefore the same ppm solution can give different 

viscosity values. The type of CMC used was 7H4 (high molecular weight). 

The densities and surface tensions of the solutions are similar to water 

and therefore are not mentioned. The apparent viscosity is calculated with 

the help of the equation derived by Nashikawa et al. (1"21) They reported 
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TABLE 1.4 

EHEOLOGICAL PROPERTIES OF CMC SOLUTIONS 

Solution Consistency Index Flow Behavior 
K (Nt sec/m 2) Index (n) 

50 ppm ,002 1.000 

500 ppm .0045 1.000 

I000 ppm .0076 1.000 

1200 ppm @ 25°C .0116 1.000 

@ 35°C .0147 1.000 

1800 ppm @ 25°C .0324 0.964 

@ 35°C .0262 0.966 

2300 ppm @ 25°C .0598 0.952 

@ 35°C .038 0.946 

t h a t  t h e  a v e r a B e  s h e a r  r a t e  i n  t h e  b u b b l e  column i s  c a l c u l a t e d  b y  

where V G is in cm/s. 

¢ - 50 V G (1.3.12) 

The apparent viscosity is calculated by theequatlon, 

- K(~) n-1 (1.3.13) 

The followinE results are obtained. 

i. 3.2. I Gas Holdup 

The gas holdup shows an increase with an increase in the gas velo- 

city, but remains essentially independent of the liquid velocity as shown 

in FiEure 1.14. For all the solutions, from 50 ppm to 2300 ~pm, the Eas 

holdup shows the same behavior. When Eas holdup is plotted as a function 

apparent viscosity, it is observed that the Eas holdup shows a maximum with 

respect to the viscosity in the vicinity of 3 cP, The value is close to 

the one observed by other investisators (I~8' 1.19, 1.20) for Newtonian 
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liquids. The similar observation is probably a result of Newtonian licuid- 

like behavior of CMC solution at low concentrations. From Figure 1.15, 

it can be seen that the maximum shifts on the right side as the gas velocity 

increases. The gas holdup data are compared with the values obtained with 

the help of different correlations. A typical comparison is shown in 

Figure 1.16. It can be seen that the values observed for 50 ppm solutions 

are higher than predicted by Akita and Yoshida, (1"7) and Hikita et al. (1.8) 

as reported earlier. (1"21' 1.22) The correlation proposed by Schumpe and 

Deckwer (1"28) is strictly applicable for the CMC solutions, but it is 

limited to gas velocity of 15 cm/s. They observed a negligible effect 

of the viscosity on the gas holdup. The values predicted by their equa- 

tion, match reasonably well at low gas velocities, but predict much higher 

values at high gas velocities. The comparison of the holdup values with 

different correlated values is shown in Appendix I.I, in tabulated form. 

1 . 3 . 2 . 2  Flow Regimes 

To a n a l y z e  t h e  d a t a ,  f l o w  r e g i m e  maps a r e  p r e p a r e d  a s  shown i n  

Figure 1.17. In this figure, the drift flux is plotted as a function of 

the gas holdup. It can be easily seen that the transition from homogeneous 

to heterogeneous flow drastically changes the value of drift flux. There 

is a point of inflection where this transition takes place. For the 2300 

ppm solution, the transition is earlier than the 50 ppm solution. It 

should be noted that the data points for both solutions cannot be dis- 

tinguished from each other in the homogeneous flow regime. The transition 

is within the range of 7 to 15% holdup value. 

Since most of the data lle in the churn turbulent regime, it was 

decided to use the theory developed by Zuber and Findley. (1"12) The 
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bubble rise velocity (uO/~G) is plotted as a function of the total phase 

velocity, VT, as shown in Figures 1.18 and 1.19, for 50 ppm solution and 

2300 ppm solution respectively. It can be seen that the data show fairly 

linear relationship, but the fluctuation along the line are much more 

compared to the alcohol solutions for 2300 ppm solution, the fluctuations 

are comparatively less. When the data for all the solutions are fitted 

with a linear relationship, with the help of least squart fit, following 

coefficients are obtained as shown in Table 1.6. It is observed that the 

value of the distribution parameter C O remains essentially independent of 

the concentration of the CMC. This indicates that the radial distribution 

does not change with the change in the CMC concentration. However, the 

value of CI, which is an indication of the bubble size, increases sip;nifi- 

cantlywith an increase in the concentration. The value of C 1 changes 

from .104 for 50 ppm to 0.328 for 2300 ppm. This is in agreement with the 

TABLE 1.5 

ZUBER-FINDLEY'S COEFFICIENTS FOR CMC SOLUTIONS 

Concentration C C I (ppm) o 

50 .I04 2.36 

500 .116 2.93 

1000 .138 2.76 

1200 .260 2.64 

1800 .288 2.75 
2300 .328 2.72 

work reported earlier by Bach and Pilhofer, (I'19) that the bubble size 

shows an increase with an increase in the viscosity of the solution. 
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i. 3.2.3 Dispersion Coefficient 

The dispersion coefficient values for 50 ppm solution are plotted 

as a function of the gas velocity in Figure 1.20. The values show an 

increase with an increase in the gas velocity, but show no effect of the 

liquid velocity. The values of dispersion coefficient are slightly higher 

than the values of air-water. When the values of dispersion coefficient 

are plotted as a function of the apparent viscosity, it is observed that 

a maximum exists with respect to the apparent viscosity in the vicinity 

of 4.5 cP (Figure 1.21). This can be qualitatively explained with the 

help of distribution parameters. The axial backmixing in the bubble 

columns is caused by two phenomena. One, the bubbles carry large amounts 

of dead water in their wakes, and when the bubbles leave the top surface, 

that liquid is recirculated. Second, nonuniform radial distribution of the 

gas holdup causes recirculation eddies in the liquid phase and hence 

causes a backmixing. As the bubble size increases, the amount of water 

carried in the form of wakes decreases, causing a reduction in the value 

of the dispersion coefficient. If Table 1.6 is observed carefully, it can 

be seen that the value of C 1 increases with an increase in the concentra- 

tion, indicating an increase in the bubble size, but the value of C O shows 

a maximum for 500 ppm solution, after which the value essentially remains 

constant. An increase in the value of C o, is a direct indication of the 

nonuniform distribution. Comparative increase in the value of C O is much 

more than the increase in the value of C I, when the concentration is in- 

creased from 50 ppm to 500 ppm, indicating that the increase in the vis- 

cosity (or increase in the bubble diameter) is more than compensated by 

an increase in the nonuniform distribution causing a maximum with resnect 

to the apparent viscosity. Xt can be seen that the peak is much more 
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sharp at the low Eas velocity after which it tends to flatten out. 

The values of the dispersion coefficients are compared with the 

values obtained by different correlations that have been reported earlier. 

The values show slightly higher values than the ones predicted 5y Deckwer 

et al. (1"16) and Baird and Rice. (1"14) The comparisons of the values are 

tabulated along with the sllp velocity and the single bubble rise velocity 

(calculated with the help of the method proposed by Clift et al.) (1"29) 

and shown in the Appendix 1.2. 

1.3.3 Effect of Electrolyt 9 Solutions 

The effect of the electrolyte solutions on the gas holdup has been 

studied by many investigators. Aklta and Yoshida (1"7) have reported over- 

all 25% increase in the holdup values after the addition of an electrolyte, 

for otherwise identi£al physical properties. Hikita et el. (1"8) have 

correlated their holdup data with the ionic strength of the electrolyte 

solution. Freedman and Davidson (1"9) reported that an addition of electro- 

lyte postponed the appearance of large bubbles in the column and is re- 

flected by the increased voidage at the values of V G between 5 and i0 cm/s. 

This is supported by Braulick et al. (1"30) who observed swarms of minute 

or 'ionic' bubbles in the presence of electrolytes, whose extent of the 
I 

formation is function of both concentration and gas velocity. It is 

generally believed that the addition of the electrolyte into a solution 

induces a non-coalescing behavior, by virtue of an ionic double polar 

"" (1.3) 
layer between the Eas phase and the liquid phase. SchuEerl et el. 

measured the values of dispersion coefficients in the presence of Na2SO 4 

solutions, but the results are inconclusive. 
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Present experiments are carried out to see the effect of elec- 

trolyte solutions as a non-coalesclng medium on the gas holdup and axial 

dispezslon coefficient. The study is done with the help of four different 

solutions of sodium chloride. The concentration ranges from .05 molar 

to 1.0 molar solutlon. The physlcal properties of the solutlons are given 

in T~)le 1.6. 

TABLE 1.6 

PHYSICAL PROPERTIES OF NaCI SOLUTIONS 

Concentration DL aL ~L 
(g/cc) (dynes/cm) (cP) 

0.05 M 0.998 70.50 1.00 

0.2 M 1.018 72.15 1.22 

0.5 M 1.045 71.25 1.23 

1.0 M 1.065 73.50 1.29 

The following results are obtained. 

1.3.3.1 Gas Holdu~ 

Gas holaup shows an increase with an increase in the gas velocity, but 

shows an ~ndependence with respect to the liquid velocity. The ~alues of the 

gas holdup for .05 M solution are shown in Figure 1.22. The ~as holdup ~alues 

also remain independent of the concentration. The experimental values are 

compared with different corralations in Figure 1.23. The values reasonably 

match with the correlations by Akit~ and Yoshida (1"6) and Hikita et al. (1"7) 

1.3.3.2 Flow Regimes 

The flow regime maps are prepared with the help of •drift flux 

thoery. The drift flux plotted as a functlonof the gas holdup is shown 

in Figure 1.24. The transition from the bubbly flow regime to the churn 
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turbulent regime can be clearly seen. There is some effect of concentra- 

tion on the transition, where for .05 M solution, the transition is earlier 

than .5 M solution. Up to the transition region, both the solutions show 

similar behavior. The value of the gas holdup at which the transition 

takes place, ranges from 15~ to 20~, as opposed to 6~ to 10~ for CMC 

solution. This is a clear indication of the non-coalesclng behavior of 

the solution, where even at hlghvalues of gas holdup bubble size essen- 

tially remains dependent on the gas distributor size rather than the 

dynamic equilibrlum. 

Since all the data lle in the churn turbulent regime, Zuber- 

Findley's (1"12) approach is employed again. Figure 1.25 shows the ~lot 

of the bubble rlseveloclty as a function of the total phase veloclty for 

.05M NaC1 solutlon. A linear straight llne can be easily fitted through 

all the points irrespective of the liquid veloclty. When the same graph 

is prepared for .05 M and 0.5 M solutlons together, it is observed that 

the effect of concentration on the bubble rise velocity is negligible (FIE- 

ure 1.26). A straight llne can be easily fitted through all the points. 

The Zuber-Findley coefficients are calculated by using a least square fit 

and following values as indicated in Table 1.7 are obtained. 

It can be seen from the table that the values of C o and C 1 do not 

change significantly with change in the concentration. Therefore an 

overall straight llne is fitted, and the coefficients are calculated. 

From the values of the coefficients, it is observed that the values of 

C 1 are relatlvely smaller than the ones obtained in the case of alcohol 

solutlonB. This is a probable indication of smaller bubble size than 
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TABLE i. 7 

ZUBER-FINDLEY COEFFICIENTS FOR NaCl SOLUTIONS 

Concentration C ° C I 

0.05 M 2.76 .028 

0.2 M 3.07 .026 

0.5 M 2.67 .019 

1.0 M 2.28 .017 

Overall 2.76 .020 

the alcohol solutlons. The values of C O are however, much larger than 

propanol or butanol solutions, indicating a nonuniform radial distribution 

of the bubbles. The values of C 1 show a steady increase in the value with 

decrease in the concentration, but apparently this does not reflect in the 

holdup values. 

1.3.3.3 Dispersion Coefficient 

The values of dispersion coefficient for .05 M are plotted as a 

function of the gas velocity in Figure 1.27. The dispersion coefficients 

show an increase with increasing gas velocity but remain independent of 

the liquid velocity. The dispersion coefficient values for 1.0 M NaCI 

solution are compared with the air-water data in Figure 1.28. It can be 

seen that the values of NaCI are slightly higher than the air-water data. 

As indicated earlier in the Section 1.3.1, these values are based on t~e 

overall cross sectional area of the column. If the values are calculated 

based on the cross sectional area available to the liquid phase (DLEL) , 

both the systems show comparable values. 
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It is interesting to note that though both electrolyte and alcohol 

solutions produce small bubbles due to non-coalescing tendencies, the dis- 

persion coefficints show an entirelydifferent trend. Higher alcohol 

(Propanol and butanol) solutions show almost zero values of the dispersion 

coefficients at low gas velocities, while the electrolyte solutions behave 

similar to the air-water system. This can be explained on the basis of 

the distribution parameter. If the values of the C o for propanol and 

butanol solutions and the electrolyte solutions are compared with each 

other, it can be clearly seen that along wlth producing small bubbles, the 

alcohol solutions also maintain a uniform radial distribution, which is a 

significant contributing factor for thedispersion, while NaCl solutions 

have highly nonuniform radial distribution causing a significant increase 

in the value of the dispersion coefficient. It should be clarified that 

though it is mentioned earlier that the small bubbles can carry more water 

in the form of wakes, and hence create a higher backmixing, a special 

situation is created when relatively large values of holdups are obtained 

at low gas velocities. Due to high density of small bubbles, the micro- 

scopic eddies created by these bubbles do not propagate. In addition, if 

the bubbles have uniform radial distribution, the two phase flow behaves 

as a single phase flow causing a negligible backmixing. 
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CO~P~qI60~ OF THE HOLDUP DATA WITH ~XISTIfl~ COI~RELATIONS 

50 P~ CiqC SOLUTION 

P6{H/G) VL(R/S) ~XPTL A{ITA/~6HI~ HIkITA 11~6~A~k KLP~qR KILL~ EC{W~ 

0,0279~ 0,000O0 
0,04.545 0,00000 
O.OBgB5 0,00000 
0,0S354 0,00000 
0,11~36 0,00000 
0,14630 0,00000 
0,17441 0.00000 
0,269@4 0.03374 
0,24532 0.03374 
O,ZOI3~ 0,03374 
0,15777 0,03374 
0.1194S 0.03374 
0.06505 0,03374 
0,053~£ 0.03374 
0,02769 0,03374 
0,02746 0.05451 
0,05232 0,0~5! 
0,0~374 O,Or~5! 
0,11798 0,05451 
0,15537 0.05451 
0,19573 0,0~51 
0,23622 0,~451 
0,2615"7 0,05451 
0.02716 0,07~-.3 
0.05222 0,07943 
0.06294 0.07943 
O.Jlb~O 0.07943 
0.15311 0.07943 
0.19275 0,07943 
0,23515 0,07943 
0,2~46 0,0794~ 
0.02726 0.12896 
0,05127 0.I28~ 
0.0~072 0.I2e9~ 
0.11212 0.12996 
0.14716 0.128°,6 
0.16'579 0.12896 
0.22260 0.12896 
0,24316 0.121~ 

0,12137 
0,2O913 
0,2~301 
0,26714 
0,32127 
0,360~6 
0,39926 
0.2~93.~ 
0,28267 
0,2~50 
0,20547 
0,212.79 
0,19572 
O. !69~3 
O. 10796 
0.0~724 
0.17317 
O. 193.~9 
0,Z1340 
0.22132 
0.29506 
0,2~044 
o.29o~e 
0.07831 
c.I7~1 
O, 19O95 
Oo 16231 
0,22437 
0,23939 
0,27617 
0,27190 
0.06286 
0,15466 
0,17439 
0.20182 
0,20974 
0.2"~00 
0.~179 
0.2~337 

0,06495 0.07477 0,06770 0,11260 0,06495 0,06163 
0,09326 O,O6BSH 0,097;0 0,1693~ 0,09326 0,06172 
0,12345 0.12505 0,12823 0,23063 0,12345 0,12899 
0,14665 0.14563 0.15454 0.27965 0.14895 0.16576 
0,17107 0.17061 0,17738 0,31311 0,17107 0,20243 
0, I9060 0.19155 0,29~3 0,33435 0,19060 0,23929 
0,20615 0,21137 0.21566 0,34347 0,20615 0,27626 
0,25339 0.27430 0.26001 0.31712 0,2193S 0.39371 
0,243S7 0,26000 0,25036 0,327~ O,ZO~"7 0,3~45 
0,2.2269 0,23113 0,226@3 0,34254 0,J62@9 0,31060 
0,19607 0,20206 0,20400 0,33951 0.15607 0,25447 
0.17117 0.17204 0.17679 0.31324 0.12867 0.20261 
0,1407H O,140SB 0,146Z3 0,26396 0,10076 0,15339 
0.10454 0.10776 O.IOBJ4 0,19236 0.06954 0,]0463 
0,06477 0,07467 0,06747 0,11225 0.04040 0,06145 
0.0639~ 0,07470 0,06612 0.11073 0,03461 0,06066 
0.|0266 0,I0639 0.10566 0,18657 0,06036 0olOZ93 
0.]3942 0,14196 0,]4326 0,26]45 0,06942 0,15137 
0.16996 0.17333 0.17400 0.31163 @,11486 0.20051 
0,19654 0,20356 0,20063 0 ,3386 !  0,14154 0,25126 
0,21966 0,23314 0,22~E 0,34337 0,16496 0.3~366 
0,24066 0,2623~ 0,24465 0,33060 0,19069 0,3~796 
0,Z~52 0,27673 0,243420 0,32047 0,20052 0,3651S 
0,06344 0.07459 0,06526 0,10967 0,03000 0,06013 
0,10275 0,10076 0,10539 0,16670 0,03400 0,10Z76 
0,1366; 0,14236 0,2415"7 0,2~963 0,07996 0,15016 
0,16880 0.17395 0.17167 0,31001 O,IG3BO 0,19~4 
0.19509 0.20436 0.19776 0.33787 0.12759 0.24829 
0,21636 0,23412 0,22064 0,34369 0,15O96 0,29987 
0,23927 0.26229 0,2414!  0 ,33226 0,]7417 0,352~ 
0,24663 0,27772 0,250@8 0,32.240 0,183~3 0,36024 
0,06361 0,07471 0,06547 0,10995 0,02466 0,06030 
0,10146 0,10~U7 0,10309 0,1060~ 0,04456 0,10~24 
0,13634 0,14246 0,1377'3 0 , ~ 6  0,06634 0,14~9 
0,1S5Z~ 0 ,1736!  0,1~99 0,504~ 0,08775 O,19Z30 
0,19117 0,20362 0,19161 0,33~! 0,10~7 0,24034 
0,21456 0,Z3363 0,21464 0,34406 0 ,1~9  0,29096 
0,23346 0,2~IG2 0,23277 0,33690 0,14~49 0,33771 
0,24273 0,275"72 0,24176 0,32891 0,I~/73 0,36280 

88sf88zg~Isi1s~8~Z22~lz~888Bt~zz~ZZl8~2s~ltm~tzs~t~z~8z~s8ls18~z~=~zZzIZBEz~Zz~z8~gZzzZzz~zZzg~Zz~ 
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COMPARISON OF THE HOLDUP ~qTA MITH EXISTING CDRR£LATIDNS 

500 PP~ CRC SOLLITZON 

~(~/9! PL[BI8) EXFTL AK]'TA/YOSHII)A HZKITA II~SI',ANN il.ll~q IIILJ..ER ~ECKi~R 

0.12150 0.05"706 0.07096 0.05857 0.11144 0.05706 0.08126 0.02779 0.00000 
0.04518 0.00000 0.16740 0.06299 0.09358 0.08662 0 .1679!  0.08298 0.09127 
0.08862 0.00000 0.19514 0.11122 0.11876 0.i1580 0.22932 0.11122 0.12857 
0.08309 0.00000 0.19371 0.13'32.3 0.14132 0.14068 0.27724 0.13~23 0.16511 
0.11E66 0.00000 0.255"51 0.15623 0 . I6223  0.16234 0.31179 0.15623 0.20~45 
0.14539 0.00000 0.29345 0.I7487 0.18197 0.19169 0.33348 0.17497 0.23786 
0~]7267 0.00000 0.30447 0.18199 0.20089 0.18880 0.34315 0.18169 0.27427 
0.16733 0.00000 0.32833 0.19966 0.21005 0.20705 0.34405 0.18986 0.28286 
0.02777 0.02312 0.11171 0.05703 0.07083 0.05956 0.11139 0.03516 0.08133 
0.0~225 0.02312 0.14252 0.09218 0.10204 0.08588 0.18814 0.06093 0.10282 
0,08286 0.02312 0.20044 0.12886 0.13325 0.13038 0.25832 0.06711 0.15025 
0.11725 0.02312 0.22795 ' 0.1~16 0.J6258 0.16032 0.31027 0.11266 0.19545 
0.15453 0.02312 0.25123 0.19097 0.19091 0.18658 0.33911 0.13'397 0.2505"7 
0.19562 0.02312 0.29192 0.20400 0.21835 0.2098~ 0.34349 0.15800 0.30354 

• 0.23949 0.02312 0.29345 0.22472 0.24546 0.23061 0.33093 0.18222 0.35630 
0.26258 0.02312 0.29529 0.23437 0.25891 0.24082 0.32054 0.19437 0.38642 
0.02953 0.03033 0.11539 0.06162 0,07196 0.06627 0.11906 ~.03662 0,06439 
0.05608 0.03033 0.13660 0.09932 0.10385 0.10615 0.19821 0.06307 0.1099G 
0,09805 0.03033 0.18977 0.13449 0.135"72 0.14284 0.27118 0.05198 0.1562! 
0.12541 0.03033 0.21860 0.16446 0.18580 0.17336 0.31916 0.11698 0.21090 
0.16691 0.03033 0.22981 0.1915"5 0.19450 0.20139 0.34212 0.14405 0.26610 
0.2088~ 0.03033 0.26102 0.21432 0.22250 0.22414 0.34091 0.16662 0.32043 
0.25"~26 0.03033 0.26511 0.23512 0.2~14 0.24.504 0.32336 0.19012 0.37754 
0.27FJ0 0.03033 0.2.9712 0.2445!  0,28379 0.25430 0.31222 0.19951 0.40598 
0.02794 0.05"5"85 0.10620 0 .0573!  0.07075 0.06016 0.11197 0.02794 0.06154 
0.05350 0.05~95 0.19453 0.09374 0.10277 0.08788 0.18156 0.04998 0.10484 
0.06395 0.05"555 0.20779 0.12679 0.I3433 0.13123 0.26115 0.07179 0.15169 
0.11831 0.05"59~ 0.23960 0.15597 0.16417 0.16069 0.31142 0.09597 0.20097 
0.15567 0.05"5~5 0.25612 0.18149 0,18255 0.19823 0.3~45 0.11649 0.25198 
0.19736 0.05585 0.24838 0.20498 0.22127 0.20889 0.34329 0.13738 0.30~7~ 
0.24109 0.05~85 0.27203 0.2.2542 0.24989 0.23026 0.33026 0.16042 0.36027 
0.26327 0.05"3~ 0.29468 0.23465 0.26271 0.23524 0.32022 0.16595 0.3~724 
0.02655 0.08305 0.08846 0.05898 0.07170 0.06366 0.11464 0.02624 ©.06264 
0.05473 0.08305 0.13664 0.09766 0.10451 0.10280 0.1~63 0.04766 0.10961 
0.08696 0.0830~ 0.19394 0.13243 0.13864 0.13636 0.26728 0.06983 0.1558~ 
0.12221 0.08305 0.18371 0.16211 0.18719 0.16838 0.31S09 0.08211 0.20638 
0.160~ 0.08305 0.21145 0.18812 0.19642 0.19456 0.340'39 0.11312 0.2~56 
0.20170 @.0~i305 0.23532 0.21065 0.22475 0.21693 0.34245 0.13568 0.31124 
0.24641 0.0(130~ 0 .Z~I23 0,23141 0.Z~278 0.7.3763 0.32740 0.1564/ 0.36679 
0.25S26 0.~3~ 0.2:6224 0.23677 0.26618 0.24036 0.32146 0.19177 0.387.39 

~mzsm~8z~8zZ18z~lz~8sBsI8BB8t881mzs~slZ~¢z~¢IZsE8gZ~g¢8z~¢~s~Z~E~zzz~j8¢gZ8~z~818zZ88iZ~zZmsBl~1EI~I 
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COMPARISON OF T~ HOLDUP ~TA WITH EXISTIN6 CORRELATION9 

I000 I'PB I~ll: SOLUTION 

~(~lS) IA.(BI5) F.XPTL ~ITA/YO~tlI~, HIKITA I'ERB..wANN K~'IAR EILL~ DECKW.r."R 

0,02917 0.0~67 0.10001 0.04097 0,06153 0.04450 0.11673 0.01712 0.0~374 
0.0550] 0.02~67 0,16266 0.06656 0,06662 0.07414 0 . I9~26  0.03043 0.10"/25 
0.08703 0.02597 0.1G813 0.09617 0.115"73 0.10311 0.26749 0.04555 0.BG23 
0.12373 0,02567 0.19672 0.12184 0.%4126 0.13024 0.31750 0.0~059 0.20645 
0.16227 0,02567 O.ZZ~7 0.I4416 0.1~72 0.1~306 0.34097 0.07~1 0.26040 
0.20775 0.02~7 0.~207 0,16626 0.1B979 0.17657 0 .34 !23  0.09126 0.31993 
0.25499 0,02567 0.27923 0.19563 0.21339 0.19652 0.32361 0.10563 0.3~06 
0.27953 0.02567 O.L~70S 0.19469 0.22509 0.20577 0.31201 0.11216 0.40~74 
0.02941 0.04662 0.06602 0.03996 0.06145 0.04296 0.11~7 0.01465 0.06236 
0.05414 0.04692 0.13346 0.0~772 0.06902 0.07241 0.19393 0.02647 0.1059~ 
0.0~591 0.04692 0.19144 0.09530 0.11546 0.10112 0.26547 0.04030 0.15459 
0.12152 0.04692 0.18091 0.12043 0.14226 0.12719 0,31532 0.0~3~6 0.20542 
0.15995 0.04~92 0.2143~ 0.]4276 0.16709 0.14969 0,34016 0.06651 0.25695 
0.2066 0.0~62 0.23362 0.16346 0.19132 0.17099 0.34250 0.07671 0.31109 
0.24611 0.04662 0.25"572 0,16224 0.21516 0.16992 0.32761 0.0934~ 0.3664~ 
0.26900 0.04692 0.27640 0 .190~)  0.22692 0 .1965I  0 .31696 0.09965 0.394~3 
0.02~06 0.07654 0.09271 0.03954 0.09136 0.04226 0.1%264 0.01266 0.06Z75 
0.0539~ 0.07654 0.12677 0.06729 0.09~36 0.07142 0.19271 0.02353 0.]051~ 
0.09536 0.0?654 0.14745 0.0649~ 0.21704 0.10002 0.26449 0.03551 0.15390 
0.12001 0.0?654 0.i796~ 0.11947 0.14296 0.12511 0.31376 0.047~9 0.20333 
0,I5773 0.076~1 0.20949 0.14173 0.16753 0.14764 0.33950 0.0G046 0.25441 
0.]9999 0.0?654 0.207@7 0.162Z8 0.1923~ 0.16642 0.342S3 0.0"/22.B 0.30761 
0.24267 0.076~4 0.23~65 0. IB097 0.21632 0.16720 0.32903 0.09472 0.3624~ 
0.26549 0.07@54 0.26667 0.18961 0.22910 0.19577 0.31~2 0.09961 0.39991 
0.02924 0,09612 0,05500 0.0397~ 0.0~140 0.04263 0.11346 0.01194 0.0G207 
0.053.54 0.0~B12 0.10305 0.06714 0.08946 0.07110 0.19230 0.02193 0.10495 
0.0B492 0.096~2 0.14684 0.0~45 0.11713 0.09922 0.2634? 0.03320 0.15269 
0.11971 0,09612 0.16327 0,11~2 0.14297 0.12367 0.31241 0,04497 0.20152 
0.1~19 0o~912  0.18577 0.14034 0.16772 0.14543 0.33~53 0.05~34 0.2~103 
0.1.~23 0.09812 0.20645 0.16193 0.19219 0.16767 0.34304 0.06919 0.30695 
0.23603 0.09812 0.21923 0.17823 0.21504 0.1~327 0.3"3192 0.07623 0.~409 
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2. BATCH BUBBLE COLUMN 

2.1 Introduction 

The effect of the physical properties of the liquid phase on the 

hydrodynamics of bubble columns is not clearly understood. While Akita 

and Yoshida, (2"I) Hiklta et al., (2.21 Bach and Pilhofer, (2"3) Ueyama and 

Miyauchl, (2"4) Schugerl et al., (2"5) and Oels et al. (2"6) have studied 

the effect of physical properties, a clear picture of the hydrodynamics, 

especially of the bubble dynamics, has yet to emerge. 

Aqueous solutions of alcohols have been used to lower the liquid 

surface tension. The operation of bloreactors and fermenters involves 

the use of alcohol solutions in the presence of other additlves. It is 

desirable to know the hydrodynamics of an SRC-II reactor, where the sur- 

face tension of the liquid phase is believed to be vary low. Aklta and 

Yoshlda, (2"I) Hiklta et al., (2.21 and Kim et al. (2"7) have studied systems 

with a wide range of surface tensions (0.0124-0.0796 N/m) and have de- 

veloped correlatlons for the gas holdup which show only a slight depen- 

dence on the surface tension. Botton et al. (2"8) and Miller, (2"9) using 

continuous flow systems, have found no effect of surface tension on gas 

holdup. Schugerl et al. (2"5) and Oels et al. (2"6) have studied aqueous 

solutions of alcohols and reported a significant increase in gas holdup 

as the surface tension is decreased. The SRC-II reaction medium may 

behave llke aqueous solutions of higher alcohols and therefore the hydro- 

dynamics of these alcohol solutions at higher gas velocitles have been 

studied in the present work. Schugerl et al. (2.5) have studied the hydro- 

dynamJ.cs of aqueous alcohol solutions in the bubbly flow regime. In the 

experiments reported here, the dynamic gas disengagement technique alone 
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w i t h  the determination of gas holdup are used to gain better insight 

about the bubble rise velocities and relative holdups of small and large 

bubbles. It is easy to obtain this information using a transparent batch 

bubble column. 

Akita and Yoshida (2"I) and Hikita et al. (2"2) have observed a de- 

crease in gas holdup with an increase in viscosity in experiments which 

covered viscosities over the range of 0.001 to 0.070 kg/m.sec. All of 

these experiments were carried out in an 0.152 m diameter column. The 

hydrodynamics of a bubble column operating in the churn-turbulent regime 

is more co~lex than that in the bubbly flow regime and is expected to 

depend on uhe column diameter. When the viscous £orces predominate and 

the liquid has a coalescing tendency, the bubbles try to reach the equili- 

brium bubble size by coalescing. As a rule of thumb, the Bubble size in 

the column is independent of the initial bubble size if the perforated 

plate has holes of diameter greater than 10 -3 m. Thus, the bubbles grow 

to reach the dynamic equilibrium size as they move up the column. For 

small diameter columns (diameter up to 0.15 m), slues are formed and the 

transition occurs from bubbly to slug flow. For a column diameter of 

0.305 m, as used in the present work, the transition is from bubbly to 

churn-turbulent flow and the bubble clusters coalesce to form large, fast 

rising bubbles (but not slugs). The study of the hydrodynamics of large 

fast rising bubbles in the presence of small bubbles is only reported by 

Vermeer and Krishna. (2"10) Hills and Darton (2"11) found the rise velo- 

cities of large bubbles t o  be as high as 1.0 m/s. Schumpe (2"12) studied 

the hydrodynamics of CMC solutions in the presence of large irregular 

bubbles, but slugs formed due to the small column diameter. In this work, 

glycerine and CMC solutions are used to study the effect of viscosity 
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on gas holdup and the hydrodynamics of the fast rising bubbles in New- 

ionian and non-Newtonian solutions. 

The effect of solids on the holdup is demonstrated by the use of 

coal and sand of various concentrations and sizes added to an air-water 

system. The main objective behind analyzing air-water-solid data is to 

have a reference for air-CMC or glycerine solution-solid systems. 

The physical properties of the aqueous alcohol, CMC, and glycerine 

solutions are listed in Tables 2.1-2.3. Properties of the coal slurries 

and the coal and sand particles are given in Tables 2.4-2.6. 

Alcohol 

Methanol 

Ethanol 

n-Propanol 

n-Butanol 

,, l 

TABLE 2 • 1 

PHYSICAL PROPERTIES OF ALCOHOL SOLUTIONS 

Concentration Density Surface Tension 
wtX  /m3 N/m 

1.O 1006 0.06674 
5.0 I000 0.06143 

1.0 995 0.06608 

0.5 999 0.06416 
1.0 998 0.06091 
1.5 997 0.05615 

0.5 999 0.06319 
1.6 996 0.04823 

Viscosi ty 
kg/m.s 

0.00100 
0.00100 

0.00100 

0.00100 
O.OOlO0 
0.0O1OO 

0.00100 
0.00100 
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TABLE 2.2 

PHYSICAL PROPERTIES OF C, LYCERI~E SOLUTIONS 

Glycerine Concentration 
vol % 

i0 

20 

30 

40 

50 

60 

70 

80 

85 

90 

95 

99.5  

Density Surface Tension Viscosity 
~/=° .Ira k~/,m, s 

1039 0.05860 0.00170 

1071 0.05800 0.00221 

1096 0.05760 0.00302 

1124 0.05790 0.00423 

1147 0.05890 0.00666 

1168 0.05920 0.01140 

1194 0.06720 0.02060 

1216 0.06530 0.05040 

1227 0.06450 0.05900 

1228 0.06380 0.07620 

1243 0.06410 0.14100 

1249 0.06450 0.24600 

TABLE 2.3 

PHYSICAL PROPEETIES OF C~C SOLUTIONS 

Approximate 
CMC Concentrat ion 

wt% 

* 500 ppm 

,1000 ppm 

o 0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.40 

0.50 

Density Surface Tension Consistency Flow 
Index Behavior 

kg/m 3 N/m Eg/m.s Index 

996 0.07090 0.00266 1.000 

996 0.06990 0.00455 1.000 

1000 0.07030 0.00781 1.000 

1001 0.06670 0.0266 1.000 

1001 0.06800 0.0590 0.975 

1002 0.07030 0.0943 0.067 

1002 0.07130 0.161 0.943 

I001 0.07000 0.232 0.952 

1002 0.06500 0.738 0.931 

1008 0.07210 1,728 0.913 

*These so lu t ions  are prepared d i f f e r e n t l y  to y i e l d  d i f f e r e n t  
v i s c o s i t i e s  coupared co 0.05 wt%, 0.1 we% CMC so lu t ions .  

H • i , , i i 
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TABLE 2.4 

PHYSICAL PROPERTIES OF COAL SLURRIES 

Coal Slurry Denslty Surface Tension 
Concentration 

wt~ ~g/m 3 N/m 

12 1027 0.07095 

18 1047 0.07069 

25 1068 0.07084 

30 1085 0.07089 
,,J i 

Viscosity 

kg/m.s 

0.00170 

0.00202 

0.00270 

0.00367 

TABLE 2.5 

PHYSICAL PROPEETIES OF COAL PARTICLES 

Coal Density: 1373 kg/m 3 

Particle Size Distribution, wt~ 

on 80 mesh 0.0 

thru 80 on 200 mesh 6.3 

Chru 200 on 325 mesh 21.1 

thru 325 on 625 mesh 35.2 

chru 625 mesh 37.4 

..... t m i 

TABLE 2.6 

PHYSICAL PROPERTIES OF SAND PARTICLES 

Sand Density: 2650 kg/m 3 

Sand Size Range 
m x 10 -6 

74-149 

250-297 

590-710 
, i i  

Concentrations Used in the 
Bubble ColmmD wtZ 

18, 38, 47 

10, 20, 30 
10,20 

i i i  
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2.2 Experimental Set.up and Procedure 

A schematic diagram of the experimental setup is shown in Figure 

2.1. The glass column used in these experiments is 0.305 m in diameter 

and 2.44 m tall. The conical section below the column is 0.610 m in 

height and is packed with Berl saddles. This section acts as a calming 

section to give a uniform gas distribution. A perforated plate having 

a large number of 1.6 x 10 -3 m diameter holes serves as a gas distributor 

and separates the cone from the column. Air is used as the gas for all 

experiments. From the house line, the air passes through a filter, a 

pressure regulator, and a rotameter before entering the column. Super- 

ficial gas velocities of up to 0.38 m/sec can be  achieved. 

Pressure taps and sampling ports are located along the length of 

the column as shown. Pressure is measured using a transducer and chart 

recorder and is used in the calculation of holdup. The pressure measure- 

ment system is shown in Figure 2.2. The sampling ports allow samples 

to be taken directly from the column. The sampling tubes extend to the 

column center and have openings alone the radius of the column to take a 

representative sample. These are used to determine the solid fraction 

present in slurry systems as a function of height. Solid-llquid samples 

are weighed, dried in an oven to remove the liquid, and then reweighed. 

From the weights before drying and after drying, the ratio of solid to 

liquid can be found. 

For each system studied, the liquid (or slurry) density, surface 

tension, and viscosity are measured. Densities are measured using a 

pycnometer. A Fisher Surface Tensiomat (Model 21) and a Brookfield 

Synchro-Lectric Viscometer (Model LVT) are used to measure the surface 

~ension and viscosity, respectively. 
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4 
The dynamic gas disengagement technique requires the measurement 

of the decline of the aerated liquid height with time when the gas flow 

to the column is suddenly stopped. This is done with the use of a video 

tape recorder (VTR), a color monitor and a camera. Frame-by-frame analy- 

sis is possible on a VTRwlth stop-action; by knowing the number of frames 

per second, one can determine the height as a function of time. 

2.3 Analysis of Raw Data 

2.3.1 Holdups 

The pressure is measured at each tap along the length of the 

column and converted to absolute pressure by hydrostatic correction. For 

both the two- and three-phase systems studied, the pressure is found to 

vary linearly with height. Therefore, the pressure gradient can be de- 

termined by fitting a straight line through a plot of pressure vs. height. 

For the gas-liquld systems, the pressure gradient is given by: 

dP 
- d--x = mL°L + EG°G (2.3.1) 

Since PG is so small compared to o L and sum of the gas and liquid holdups 

must be 1.0, equation (2.3.1) can be rewritten as: 

i dP 
CG = I + - -  (2.3.2) 

PL dx 

The use of equation (2.3.1) or (2.3.2) assumes no local variation of gas 

holdup and negligible frictional pressure drop. 
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For gas-llquid-solid systems, the pressure gradient is given by: 

dP 
- d-~" EL~L + Es0s + EG°G 

(2.3.3) 

As before, the term EGp G can be neglected and Equation (2.3.3) rearranged 

to give: 

dP 
- d-~ " EL (~L + ~L ~s) (2.3.4) 

Sampling data provides the ratio of solid holdup to liquid holdup. 

E 
solid volume . s ~ C (2.3.5) 
liquid volume E L 

The last two equations can be combined to give E L . 

-dP/dx (2.3.6) 
EL " PL + C.Ps 

From equation (2.3.5): 

Finally, 

unity. 

E s - C • E L (2.3.7) 

E G is calculated by knowing that the sum of the three holdups is 

c G 1 E s . _ - E L (2.3.8) 
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2.3.2 Dynamic Gas Disengagement 

Measurement of the gas holdup during gas disengagement (i.e., 

after the gas flow to the aerated bubble column is cut off) can provide 

some information about the size and distribution of the gas bubbles. 

The following assumptions will be made to simplify the analysls. 

I. The initial bubble size distribution is axially homogeneous. 

2. No significant bubble coalescence or breakup occurs during 

disengagement. 

In the gas-liquid dispersions, any sized bubble will have an equal 

chance of being at any point in the aerated liquid height at the point of 

gas cut off. Pictorally the liquid dispersion at the point of cut off is 

represented in Figure 2.3. The large bubbles which rise much faster than 

ris- small bubbles will be the first t o  disengage. All bubbles of size 

ing with a rise velocity Ubr will disengage in a time tma x where, 

= h(t) 
tmax(db) Ubr(~) (2.3.9) 

and, h(t) is the height of the dispersion at time t - t 
m~ X • 

At any time t, the fraction of bubbles of size ~ still ~resent 

in the dispersion after an elapsed time t is given by (I - t/tma x). 

Now we develop the relation between dynamic gas holdup CG(t) and 

the static holdup zG(o) for uniform sized bubbles, two sized bubbles and 

n sized bubbles. 

For the case of uniform sized bubbles, the gas holdup will de- 

cline according to 
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eG(t) - CG(O) (1-t/tma x) 

hi 
where, tma x - Ub r and hi = unaerated liquid height. 

vs t one can determine tma x and, therefore, Ubr. 

When there are two classes of bubbles, large and small, 

will be given by 

(2.3. lO) 

By plot t ing EG(t) 

CG(t) 

CG(t) - CG, ~ (I -~---) + (i t ) (2.3.11) 
max,£ ~G,s tmax, s 

when both size bubbles are disengaging and by 

CG(t) " CG,s (i - t ) (2.3.12) 
tmax, s 

when all of the large bubbles have disengaged. The rise velocity of the 

small bubbles is calculated from 

t = h--A--t (2.3.13) 
max,s Ubr,s 

For the large bubbles, tmax, ~ is given by 

h(t) 
tmax, £ = Ubr, ~ 

(2.3.14) 

where h(t) is defined at the time when the expression for cG(t)switches 

from equation (2.3.11) to (2.3.12), i.e. when the last large bubble dis- 

engages. From the slope and intercept of equation (2.3.12), CG,s and 

Ubr,s canbe calculated; with this information and the slope and intercept 

of equation (2.3.11), CG,~ and Ubr,£ ere calculated. 
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This analysis can be extended to n distinct bubble sizes for which 

CG(t) will be given by 

n 

D ~G(t) i~1 ~G.i (1 ~) (2.3.15) 

when all bubble sizes are disengaging, by 

n-1  

~G (t) " i11 ~G,i (1 - T  - -~ )  max,i 

(2.3.16) 

when the nth sized bubbles have disengaged and so on until all bubble 

sizes have disengaged. 

An illustrative plot of c@(t) vs. t is shown in Figure 2.4 for 

the 5.0 wt% methanol system. The sharp break in the curves clearly in- 

dicates the existence of two distinct bubble sizes. 

2.4 Results and Discussion 

2.4.1 Effect of Addition of Alcohols 

Gas holdup increases with an increase in gas velocity and behaves 

completely different from air-water. The gas holdup can be two times that 

for air-water as evident from Figures 2.5 to 2.8 which depict a comparison 

between gas holdup data for alcohol solutions and for air-water. The gas 

holdup data for alcohols is compared with many existing correlations in 

(2.1) and Hikita et al. (2"2) Tables A.2.1 to A.2.8. Though Akita and Yoshida 

have included the effect of surface tension in their gas holdup correla- 

tions, their correlations fail to predict the observed values of high gas 

holdup. The semitheoretical equation proposed by Mersmann (2"13) also 

fails to explain this high gas holdup . The equation proposed by Schugerl 
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et el. (2.5) consistently predicts higher values of gas holdup than realized 

for any alcohol. Since it gives implauslble values of gas holdup after 

6-7 cm/sec, it is not valid outside the range of gas velocities they 

studied. The effect of alcohol concentration on the gas holdup is insig- 

nificant for propanol solutions where the surface tension varies from 

0.06319 N/m to 0.04823 N/re. The 1.6 wtZ butanol solution shows higher 

gas holdups than 0.5 wt% butanol. The effect of concentration of alcohol 

on gas holdup can explain the results in Figure 2.5. s G against V G data 

for (5 wt%) methanol lie above the data for I wt% methanol, but data taken 

at the end of the run are for a very low concentration of methanol, say 

*wtX, (which is due to vaporization of methanol) and this data usually 

lie nearer to the alr-water data. The gas holdup is greatly influenced by 

the type of alcohol added as shown in Figure 2.9. The gas holdup increases 

in the following order: 

methanol < ethanol < propanol < butanol 

which is in agreement with Schugerl et al. (2.5) and Oels et al. (2.6) 

From Figure 2.9 it can be seen that 1.6 wtZ butanol shows the highest gas 

holdups followed by propanols and 0.5 wt% butanol (which has a surface 

tension higher than propanols). 0.5 wt% butanol is followed by 1 wt~ 

ethanol and methanols in the gas holdup curve. The systems below a sur- 

face tension of 0.048 N/m have not been studied because of flooding and/or 

foaming observed a t  very low gas velocities. 

This strange behavior of alcohols is explained w i t h  the help of 

(2.6) (2.5) 
the theoretical development of Oals et el., Schugerl et al., 

flow regime charts, graphs of bubble rise velocities against gas velocity 
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and the information obtained from the dynamic gas disengagement method. 

The unusual increase in gas holdup based on the theoretical development 

of Oels et el. (2"6) and Schugerl et al. (2.5) has been explained in Section 

1.3. It is important to note that alcohol solutions with lar&er chain 

lengths and lower surface tension will behave mostly llke small rigid 

spheres rising with very low bubble rise velocity. For aqueous solutions 

of C I, C 2, and C 3 alcohols as the gas velocity increases the bubbles co- 

alesce and form fast rising lares bubbles. The result is an increase in 

the rise velocity of bubble swarm as a whole and the leveling out of gas 

holdup. In the case of aqueous solutions of C 4 alcohols with low surface 

tension, the bubbles stay as small rigid spheres, they do not coalesce 

and hence the gas holdup keeps on increasing with a net reduction in 

bubble rise velocity. Because there is no transition from the bubbly flow 

re&ime to the churn turbulent regime flooding occurs. Occurrence of foam- 

inE acts as a booster for an early flooding point. For a soltuion similar 

to hiEher alcohol solutions with a very low surface tension (near 0.025- 

0.03 N/m) the evaluation of a flooding chart may be very useful informa- 

tion as far as the hydrodynamics is concerned. In the cocurrent bubble 

column for a similar C 4 alcohol solution, floodinE was not observed, though 

there was considerable foaming. Probably, the point of flooding, enhanced 

by intense foaming, is present for C 5 or C 6 alcohols in the cocurrent 

bubble column. 

Upon visual observation, the bubbles appeared to be small, spheri- 

cal and uniformly distributed. SchuEerl et el. (2.5) have reported that 

the size of bubbles in alcohol solutions, is mainly governed by the dynamic 

equilibriun between the pressure and surface tension forces, if the holes 
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of the perforated plate are ~ 0.5 mm in diameter. As the energy inpu: 

to the liquid phase is increased by increasing the superficial gas vele.~tp~ 

even for a non-coalescing medium like alcohol solutions, large bubbles 

form and a transition from the bubbly flow regime to the churn turbule1~t 

regime is expected. Flow regime charts for alcohol solutions are shown 

in Figures 2.10-2.13. Data for 5 wtZ methanol, lwt~ ethanol, 0.5 wt~ 

propanol and 1.6 wt~ butanol lies solely in the bubbly flow regime. There 

is a transition from bubbly flow to churn turbulent flow at gas holdup 

of 28~, 50~, and 43~ for I wtX methanol, 1.0 wt~ and l.bwt~ propanol and 

0.5 wt~ butanol which is in aEreement wlth the order in which gas holdup 

increases for these systems. Though the transition gas velocity for all 

the three cases lies near 0.10-0.12 m/sec. Dynamic gas disengagement data 

are available for methanols and butanols. For methanol, 1 wt~ and * wtZ 

(*: it behaves closer to the air-water data in gas holdup, drift flux, 

bubble rise velocity charts), the transition from uniformbubbles to two 

sized b~bles occurs around 0.10 m/sec and 0.065 m/sec respectively. The 

summarized gas disengagement data for alcohols is as shown in Table 2.7 

and Figures 2.14 and 2.15. It can be seen that the relative fraction of 

large bubbles to small bubbles is constant for 1 wt% methanol and levels 

out for * wtZ. The fraction of large bubbles for * wt% case is laz'ger 

than that for 1 wt~ and is closer to air-water data. For 0.5 wt% butanols 

all the data are taken in the bubbly flow regime. 

The bubble rise velocity defined as VM= VG/~ G is plotted against 

V G as shown in Figures 2.16-2.19 for the alcohols. I£ can be seen that 

V M is either remalninE constant or increasing with gas velocity for methanol, 

propanol and 0.5 wt% butanol. The same observation can be made looking at 
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dynamic gas disengagement data. The foaming and/or flooding for 1.6 wt% 

butanol is observed by presence of foam layer height decline. From dis- 

engagement analysis, 1 wt% methanol and * wt% methanol have bubble 

rise velocities uniformly increasing with gas velocity. The bubble rise 

velocity for * wt% methanol being larger at any gas velocity. This obser- 

vation can be confirmed from Figure 2.16. Surface tension of ethanol solu- 

tlons showed unaccountable foaming tendency, which could have been because 

of presence of additives in the ethanol. 

After analysis of all the holdup data points for alcohol solutions, 

the effect of surface tension is found to be negligible. The gas holdup is 

correlated with the gas velocity and the number of carbon atoms in the 

alcohol to yield an equation: 

E G = 1.4156 VG0"692 (CN)0"213 

The overall percent error defined as 

(2.4.1) 

b.BS (e -COp) 
Error ~ Go 

EGo 
N 

* i00.0 (2.4.2) 

Error is 13% between the correlation and the data. When the correlation 

developed in Bection 1.3 is used, it always tends to predict lower gas 

holdup values and the overall percent error is as high as 21%. Figure 

2.20 shows a plot of gas holdup predicted vs. gas holdup observed. 

Thus, it is evident that most of the gas transported through the 

aqueous alcohol solutions, flows in the form of small bubbles. For lower 

alcohols the fraction of large bubbles is significant, being as high as 
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