
Part C: 

HYDRODYNAMIC BEHAVIOR OF 
MULTIPHASE REACTORS 

PROGRESS REPORT FOR THE PERIOD 
AUGUST 1, 1981 TO SEPTEMBER 30, 1981 

Y. T. SHAH 
B. G. KELKAR* 

S. R. PHULGAONKAR* 
S, P, GODBOLE* 
M. F. HONATH* 
R. S. ALBAL* 

A. A. KULKARNI* 

*DEPARTMENT OF CHEMICAL AND PETROLEUM ENGINEERING 
UNIVERSITY OF PITTSBURGH 

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-ACOI-79ETI0104 

(FORMERLY EX-76-C-01-0496) 

CHEMICALS AND MINERALS DIVISION 
REPORT NO..627RM094 

335 



TABLE OF CONTENTS 

Page 

OVERALL SUMMARY ......................................................... I 

1.0 COCURRENT CONTINUOUS BUBBLE COLUMN .................................. 2 

1.1 Results and Discussion ........................................ 3 

References ......................................................... 12 
Appendix 1.1 ......................................................... 13 

2.0 BATCH BUBBLE COLUMN .................................................. 27 

References ......................................................... 37 
Appendix 2,1 ......................................................... 38 

3.0 MECHANICALLY AGITATED VESSEL ........................................ 46 

3.1 
3.2 

References 

4.0 

Introduct ion ..........o.6i.,o..,....,.o.ooo.oooo,.....o...o... 46 

ooomoooooeoooaooabooqJqboQooqlo0o~oo~moooooeooeoe, o o o o o o l o o o o o o  5 7  

CONTINUOUS COCURRENT DOWNFLOW BUBBLE COLUMN . . . . . . . . . . . . . . . . . . . . . . . . .  58 

In t roduct i  on .................................................. 58 4oi 
4o2 

4,3 

4.4 

References 
Appendix I 

Experimental Setup and Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4.2.1 Experimental Setup ..................................... 
4.2.2 Procedure and Measurement of Holdup . . . . . . . . . . . . . . . . . . . .  

Results and Discussion ........................................ 

4.3.1 Gas Holdup ............................................. 
4.3.2 Effect of Surface Tension and Alcohol Property . . . . . . . . .  
4.3.3 Effect of Electro lytes Solution . . . . . . . . . . . . . . . . . . . . . . . .  
4.3,4 Effect of Viscosity .................................... 

Proposed Future Work .......................................... 

ooeeeeoDeosemooeoooeomo,eiIoosmolooeoeeemmeoeeemseoeee~em 

omooooooooo,,oeooeeeoeoooe,oeemo6meoemeeeoeeeoeoooeeeoeoQ 

58 

58 
61 

63 

63 
63 
75 
89 

91 

92 
94 

4~ 

W 

9 

,f 

336 



LIST OF TABLES 

NO ° 

1.1 

1.2 

2.1 

3.1 

3.2 

3.3 

4.1 

4.2 

De s c r i pt i on Pa ge 

1.0 

Physical Properties of PAA Solutuions . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

Zuber-Findley's Coefficient for PAA Solutions . . . . . . . . . . . . . . . . . . . .  6 

2.0 

Physical Properties of the Slurries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

3.0 

Mass Transfer Coefficient kp for Standard Vessel Arrangement . . . . .  47 

Valus of kp for Glycerin Solutions ............................... 50 

Power consumption for Glycerin Solutions . . . . . . . . . . . . . . . . . . . . . . . . .  54 

4.0 

Alcohol Solutions . . . . . . . . . . . . . . . . . . . . . . . . . .  

NaCl Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Physical Properties: 

Physical Properties: 

85 

90 

ira, 

i i  

337 



LIST OF FIGURES 

NO. 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

Desc ri pti on Page 

1.0 

Gas Holdup vs Superficial Gas Velocity (50 p~ PAA Solution) . . . . .  4 

Gas Holdup vs Superficial Gas Velocity (2000 ppm PAA) . . . . . . . . . . . .  5 

Dr i f t  Flux vs Gas Holudp (1000 ppm PAA Solution) . . . . . . . . . . . . . . . . .  

Bubble Rise Velocity vs (VG+VL) (2000 ppm PAA Solution) . . . . . . . . . .  8 

Dispersion Coefficient vs Superficial Gas Velocity 
(200 ppm PAA) ................................................. 10 

Dispersion Coefficient vs Superficial Gas Velocity 
(4000 ppm PAA) ................................................ 10 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.0 
m 

Superficial Gas Velocity, m/sec .................................. 

Superficial Gas Velocity, m/sec .................................. 

Superficial Gas Velocity, m/sec .................................. 

28 

30 

31 

Superficial Gas Velocity, m/sec 
~G vs U G for Air-Water-Polystyrene . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33 

Superficial Gas Velocity, m/sec 
Ubr vs U G for Air-Water-Polystyrene . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

Superficial Gas Velocity, m/sec 
E G vs U G for Air-O.5 wt% CMC-Polystrene . . . . . . . . . . . . . . . . . . . . . . .  35 

Superficial Gas Velocity, m/sec 
Ubr vs U G for Air-O.5 wt% CMC-Polystyrene . . . . . . . . . . . . . . . . . . . . .  36 

i i i  

338 



LIST OF FIGURES (Continued) 

NO. Description Page 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.0 

Values of Mass Transfer Coefficient 'K~' for Various 
Values of Agitator RPM in Standard Vessel Arrangement . . . . . . . . .  49 

'k£a' as a Function of Liquid Phase Viscosity . . . . . . .  ~ . . . . . . . . . . . .  51 

'k ' Gly ~a as a Function of cerine Concentration . . . . . . . . . . . . . . . . . . .  52 

Variation of 'k~a' with Agitator RPM 53 . e m a m m l m m e m m m o m o m m o e  m m m m m m m m m  

Variation of 'k~a' with Power/Volume 55 m m m m m m m o m m m m m m m m o m m  e m m l m m o m m m  

Variation of Power/Volume with Viscosity . . . . . . . . . . . . . . . . . . . . . . . . .  56 

4.1 

4.2 

4.3 

4.4 

.5 

4.6 

4.7 

4.B 

4.0 

Untitled ......................................................... 60 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-Water System ............................... 64 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-O.5 Methanol System.. . . . . . . . . . . . . . . . . . . . . . .  65 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-O.5 Methanol System . . . . . . . . . . . . . . . . . . . . . . . .  66 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-O.5 Propanol System . . . . . . . . . . . . . . . . . . . . . . . .  67 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-O.5 Butanol System . . . . . . . . . . . . . . . . . .  . . . . . . .  68 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-1.5 Butanol System . . . . . . . . . . . . . . . . . . . . . . . . .  69 

Superficial Gas Velocity (cm/sec) 
Gas Holdup for Air-3.0% Butanol System . . . . . . . . . . . . . . . . . . . . . . . .  70 

iv 

339 



LIST OF FIGURES (Continued) 

NO. 

4.9 

4.10 

4.11 

4.12 

4.13 

4.14 

4.15 

4.16 

4.17 

4.18 

4.19 

4.20 

4.21 

4.22 

4.23 

Description 

Superficial Gas Velocity (cm/sec) 
Effect of Concentration for Air-Butanol System . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Concentration Air-Butanol System . . . . . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Butanol System Effect of Concentration Air . . . . . . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Alcohol Property on Gas Holdup, VL=23.175 . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Alcohol Property on Gas Holdup, VL=27.025 . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Alcohol Property on Gas Holdup, VL=31.625 . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup . . . . . . . . . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup . . . . . . . . . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup . . . . . . . . . . . . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup, VL-23.175 . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup, VL=27.175 . . . . . . . . . . . . .  

Superficial Gas Velocity (cm/sec) 
Effect of Ionic Strength on Gas Holdup, VL=31.625 . . . . . . . . . . . . .  

Gas Holdup for Air-Water System .................................. 

Gas Holdup for Air-Alcohol Systems ............................... 

Gas Holdup for Air-Butanol System ................................ 

71 

72 

73 

76 

77 

?8 

79 

80 

81 

82 

83 

84 

86 

87 

88 

41, 

V 

340 



OVERALL SUMMARY 

This progress report covers the work done between September 10, 

1981, and September 30, 1981. The report is divided into four sections. The 

f i r s t  section deals with a cocurrent bubble column. The second section covers 

data collected on a batch bubble column. The third section deals with a 

stirred vessel system, while the fourth deals with a downflow bubble column. 
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1.0 COCURRENT CONTINUOUS BUBBLE COLUMN 

As indicated in the last report, the effect of non-Newtonian fluids 

on the gas holdup and the dispersion coefficient has not been extensively 

studied yet. Ulbrecht and Baykara (I"1) have recently reported the effect of 

non-Newtonian medium on the axial dispersion coefficients, but their analysis 

is restricted to dilute polymer solutions. In the last report, the data 

collected for CMC (carboxy methyl cellulose) solutions are discussed. This 

report covers the work done between September 10, 1981 and September 30, 

1981. In this period, different PAA (polyacrylamide) solutions have been 

tested to continue to study the effect of non-Newtonian fluids on the gas 

holdup and the axial dispersion coefficients. Many investigators (1"2,1"3) 

have reported the effect of PAA on mass transfer coefficients in a stirred 

vessel. They have reported that PAA solutions behave differently than CMC 

solutions because of the viscoelastic behavior present in PAA solutions. 

The physical properties of the solutions studied are listed in 

Table 1.1. 

TABLE 1.1 

PHYSICAL PROPERTIES OF PAA SOLUTIONS 

Concentration 

50 ppm 
200 ppm 
500 ppm @ 40°C 

@ 25°C 
1000 ppm @ 40°C 

@ 25°C 
2000 ppm @ 40°C 

@ 25°C 
3000 ppm @ 40°C 

@ 25°C ' 
4000 ppm @ 40°C 

@ 25°C ' 

PL oL K X 

(g/cc) {dynes/cm) cP ~ sec 

.994 72.5 .97 I 0 

.994 71.4 1.47 i 0 

.994 70.6 1.84 .977 .32 

.996 70.6 2.56 .973 .32 

.994 71.4 3.42 .96 .5 

.998 71.4 3.8 .948 .5 

.994 69.2 4.0 .931 1.1 

.998 69.2 4.42 .923 1.1 

.995 70.4 6.2 .886 .89 

.999 70.4 7.6 .845 .89 

.995 67.3 7.7 .93 .97 

.999 67.3 8.8 .92 .97 

ql .  
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The viscoelasticity is manifested in the values of relaxation time 

or k. When a viscoelastic liquid flows, only a part of the energy expended 

wi l l  dissipate through viscous fr ict ion. The rest wil l  be stored in the 

liquid and then released as soon as the liquid comes to rest. This process 

can be characterized with the help of relaxation time. The relaxation time is 

calculated by the method reported by Yagi and Yoshida.(I"2) The values are 

approximate and deserve further investigation. 

1.1 Results and Discussion 

The gas holdup values are calculated with the help of the hydro- 

static technique as mentioned in the l~st report. The gas holdup values 

showed an increase with an increase in the gas velocity. Figure 1.1 shows the 

effect of gas velocity on gas holdup for the 50 ppm solution. As can be seen, 

the effect of l iquidveloci ty  is negligible. Figure 1.2 shows the same effect 

for 2000 ppm solution. It  can be seen that the effect of liquid velocity is 

significant. This is believed to probably be a result of the relaxation 

time. A rising cloud of bubbles dissipates the energy into the surrounding 

liquid due to viscous fr ict ion. The viscoelastic behavior can show a s igni f i -  

cant effect: only i f  this process takes place over a time scale comparable to 

the relaxation time. It is believed that the bubble rise velocity in the 

churn-turbulent regime is in the range of 60-80 cm/s. Therefore, the average 

residence ~ime of bubbles would be 4-5 sec. Relaxation time for higher ppm 

solutions is in the range of I sec and can therefore show some effect. 

I t  should be noted here that the viscosity of the solution did not 

show any significant effect. On the other hand, holdup increased with an 

increase in PAA concentration. Visual observations revealed that higher PAA 

concentrations showed foaming characteristics. As mentioned in the earlier 

report, surface-active agents can play an important role in determining the 

values of gas holdup without changing the physico-chemical properties of the 

solution s~gnificantly. The foaming characteristics is an indication of the 

presence of surface-active agents. Probably the surface agents more than 

offset the effect of the viscosity. Similar to the alcohol solutions, after 
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certain additions, the effect diminished and further addition of polymer did 

not cause any additional increase in the holdup values. The holdup values are 

compared with the values obtained with the help of different available 

correlations in the l iterature and attached in the appendix. 

To see the flow regime characteristics of the system, d r i f t  flux as 

a function of gas holdup plots are prepared. One of the graphs is shown in 

Figure 1.3 which is for 1000 ppm solution. The graph reveals that most of the 

data l ie in the churn turbulent regime. Similar observations are made for 

other concentrations. It  was decided to use Zuber-Findley's (I"4) approach for 

the evaluation of flow regime characteristics. This equation can be written 

as 

V G 
= c I + c o (v G + v L) (1.1) 

The Zuber-Findley coefficients are listed in Table 1.2. 

TABLE 1.2 

ZUBER-FINDLEY'S COEFFICIENT FOR PAA SOLUTIONS 

Concentration -~0 -~1 

50 ppm .105 2.89 
200 ppm .11 2.55 
500 ppm .09 2.60 

1000 ppm .11 2.43 
2000 ppm .083 2.13 
3000 ppm .106 2.04 
4000 ppm .121 1.94 

V G 
Figure 1.4 shows the graph ofT? vs (V G + VL) for 2000 ppm solution. 

I t  can be seen that most of the point& l ie on a straight line. Zuber- 

Findley's coefficient shows that C O remains fa i r ly  constant indicating that 

bubble size does not change significantly with change in the concentration. 

The value of C O decreases with an increase in the concentration. This is an 

indication that an increase in holdup value is a direct result of the uniform 
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radial distribution, as i t  is known that C O is a nonuniform distribution 

parameter. It should be noted that for CMC solutions the C I values showed 

considerable increase with increase in concentration, indicating an increase 

in the bubble sizes. Probably, in the case of PAA solutions, the surface 

active agents kept the bubble size constant. 

The axial dispersion coefficients showed very strange behavior. 

Figure 1.5 shows the dispersion coefficient values for 200 ppm solution as a 

functi6n of gas velocity. It can be seen that the effect of l iquid velocity 

is negligible. As the concentration increased further, the dispersion coef- 

ficients showed decrease in the value for 2000 ppm solution and the dispersion 

coefficients showed a minimum. This can be explained on the basis of the 

relaxation time. It is believed that the energy is dissipated in the forJ~ of 

recoiling of liquid in the case of viscoelastic liquids. This results in less 

energy dissipation in liquid recirculation which is a main contributing factor 

for the axial backmixing. Figure 1.6 shows the axial dispersion coefficient 

values for 4000 ppm solution. It can be seen that the effect of l iquid 

velocity is significant. I t  reveals that as the liquid velocity is increased, 

the dispersion coefficient increases. This surprising trend is observed only 

fop 3000 ppm and 4000 ppm solutions. The reasons for this strange behavior 

cannot be explained yet. 
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2.0 BATCH BUBBLE COLUMN 

The holdup character ist ics of three-phase systems are studied in 

highly viscous non-Newtonian medium. Kim et a l .  (1975, 1977) have analyzed 

phase holdup and bubble character ist ics in three-phase f lu id ized beds with 

various non-Newtonian (carboxymethylcellulose solut ions) and Newtonian solu- 

t ions.  For part ic les of sizes in the range of I-6 mm, and gas veloci ty 

between 0-0.1 m/s, Kim et a l ,  (1975) found a s l ight  decrease in ~£ ~ ~G with 

respect to gas ve loc i ty .  Kim et al .  (1975) have reported that bubble sizes 

are re la t i ve ly  insensit ive to viscosity and surface tension for s imi lar  

systems with a UG<O.06 m/s. To study the effect of viscosity on the bubble 

size d is t r ibu t ion  in three-phase systems, s lurr ies of sand and polystyrene are 

studied. Properties of the sand and polystyrene s lurr ies are given in 

Table 2.1. Phase holdups are measured by a hydrostatic head method, and 

re lat ive bubble sizes and rise veloci t ies are determined using the dynamic ga~ 

disengagement method. 

For the three-phase experiments with water as a l iqu id  medium, a 

d is t r ibu t ion  of solids along the column is observed. For polystyrene runs, 

gas holdup varied ax ia l l y  with a deviation of less than 3%, Tables A2.1 to 

A2.4 indicate the comparison of phase holdups for 10 wt% sand/10, 20, and 

30 wt% polystyrene in water. For the run of air-water-sand, a s ign i f icant  

sol id d is t r ibu t ion  is observed, with part of the sand se t t l i ng  into the 

conical section of the column. For CMC solut ion-so l id  runs, no axial varia- 

t ion of phase holdups is observed. Tables A2.5-A2.8 indicate that corre lat ion 

of Kito et al .  (1976) is applicable to a i r -water -so l id  runs. Begovich and 

Watson's (1978) correlat ion predicts very low gas holdup for  a i r -water -so l id  

systems; whereas, for air-CMC solu t ion/so l id  runs i t  predicts values of gas 

holdup within a reasonable agreement. 

From Figure 2.1, i t  is clear that the gas holdup is v i r t ua l l y  

unaffected by the concentration of polystyrene and there is negl ig ib le ef fect  

of the presence of solids on the gas holdup. I t  should be noted that the 
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L 

TABLE 2.1 

PHYSICAL PROPERTIES OF THE SLURRIES 

Fl ow 
Consistency Behavior 

Wt% of PL aL Index . Index 
Solid Solid gm/cc Dynes/cm CP(sec) n-1 (n) 

Sand* 10% 1.0 72.0 1.0 1.0 
Polystyrene *= 10% I.D 72.0 1.0 1.0 
Polystyrene 20% 1.0 72.0 1.0 1.0 
Polystyrene 30% 1.0 72.0 1.0 1.0 
Polystyrene*** 10% 0.9997 68.2 311 0.968 
Polystyrene*** 20% 0.9997 67.5 438 0.946 
Sand*** 10% 0.9997 69.2 169 0.914 
Sand*** 20% 0.9997 69.1 119 0.952 

* All sand used has an average size (120 ~m) and a density of 2.65 gm/cc. 
** All polystyrene used has an average size (320 ~m) and a density of 

1.2 gm/cc. 
*** These slurries contain 0.5 wt% CMC solution as l iquid phase. 

calculation of gas holdup is based on the assumption of no axial variation of 

gas holdup. The gas holdup in a highly viscous, non-Newtonian solution has 

been correlated by 

~G = 0.287 VG0"536 (Ueff) "0"121 

Where, ~eff = k(5000.O x vG)n'I (V G in m/s). Figures 2.2 and 2.3 

indicate the gas holdup data for 10 and 20 wt% polystyrene and sand in CMC 

solutions. The air-CMC solution curve is based on the equation reported 

above. For polystyrene-CMC solution mixtures, the gas holdup tends to l ie  

above the air-CMC solution l ine; whereas for sand, i t  l ies below. The effect 

of the addition of solids on gas holdup in CMC solutions is more than air-  

water-solid runs. 
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Figure 2.4 shows gas holdup data obtained from dynamic gas the 

disengagement method for air-water-polystyrene CG as well as ¢G, s (gas holdup 

due to small bubbles) decreases with an increase in concentration of sol ids. 

¢G,£ (gas holdup due to large bubbles) shows a pronounced increase with the 

concentration of sol ids. Figure 2.5 shows bubble rise veloci t ies as a func- 

t ion of superf ic ial  gas veloc i ty .  Ubr,s (the bubble rise veloci ty of small 

bubbles) is v i r t ua l l y  independent of gas veloc i ty ,  although i t  shows a def in- 

i te  increase with sol id concentration. 

Figures 2.6 and 2.7 shows CG Vs VG and Ubr-VG for air-CMC solut ion- 

polystyrene system. With the addit ion of so l ids ,  EG, s increases; whereas ¢G,£ 

shows a s ign i f icant  decrease. This indicates that with the addit ion of 

sol ids,  smaller bubbles are formed. On the other hand, in the a i r -water-  

polystyrene system, EG, s shows a decrease with CG,~ increasing when polysty- 

rene concentration is increased from 10% to 30%. Since in te r fac ia l  area is 

mostly determined by small bubbles, with the addition of polystyrene "a" 

should increase in the mixture of air-CMC solut ion-polystyrene. From 

increases with the addit ion of sol ids.  Figure 2.7, i t  can be seen that Ubr,s 
increases with the addit ion of I t  seems strange that Ubr,s as well as CG,s 

sol ids,  but i t  is possible as the bubble size d is t r ibu t ion  i t s e l f  is greatly 

a l tered.  The bubble rise ve loc i t ies of large bubbles are not shown in the 

f igure ,  as a small error in the slope of plot of ¢G, ( t )  vs time can produce 
This is especial ly true for  large errors in the predicted value of Ubr,~. 

three-phase systems or highly viscous solut ions. Ubr,£ is generally greater 

than 1.0 m/s. 

More data are needed before any conclusions can be drawn about 

bubble size d is t r i bu t ion ,  "a" and KLa in three-phase systems. The dynamic gas 

disengagement method in conjunction with the knowledge of "a" and KLa can be a 

great tool in the explanation of observed trends. 
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3.0 MECHANICALLY AGITATED VESSEL 

3.1 Introduction 

Liquid phase viscosity is a very important parameter which affects 

the mass transfer coefficient significantly in gas-liquid and gas-liquid-solid 

agitated reactors. However, no systematic studies are reported in l i terature 

in this area. Only one work reported is by Elstner and Onken, (3"1) who have 

obtained a mass transfer coefficient, k£, for glycerin solutions of various 

concentrations. However, their viscosity range studied is very narrow, and 

they have not measured or estimated the power consumption per unit liquid 

volume. Hence, in this work data of mass transfer coefficients and power/ 

volume in an agitated reactor system for glycerin solutions of various 

viscosities were obtained. 

The advantage of using glycerin solutions is that glycerin is a 

Newtonian f luid, and i t  can provide a wide range of liquid phase viscosity, 

but i ts surface tension remains almost constant. For these experiments, 

oxygen was absorbed in glycerin solutions of various concentrations. The 

viscosity of the solution was measured by Brookfield LVT type viscometer. 

3.2 Results and Discussion 

Since the geometry of our system is peculiar and does not conform to 

the standard configuration (for example, we ut i l ize two impellers having the 

ratio of impeller diameter-to-vessel diameter of 0.57), i t  was decided to in i -  

t i a l l y  obtain some data in a standard vessel arrangement (only one impeller, 

ratio of liquid height-to-vessel diameter equal to 1, and impeller diameter- 

to-vessel diameter = 0.45) so as to give a good comparison of our data with 

that of Elstner and Onken. (3"1) Data for 10 wt% and 40 wt% glycerin solutions 

were obtained in standard vessel configuration and are reported in Table 3.1. 

They are plotted in Figure 3.1. In these measurements, k£a was f i rs t  

evaluated. To evaluate "a", the surface area was taken to be the cross- 

section of the vessel. Knowing k£a and "a", k£ was evaluated. The figure 
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rpm 

400 

6OO 

8OO 

TABLE 3. i 

MASS TRANSFER COEFFICIENT k£ FOR 
STANDARD VESSEL ARRANGEMENT 

Temperature - 24% (average) 

k~ x, 10"3 (cm/sec) 

Water 10 wt% G]ycerin 

5.3 2.7 

8.5 4.0 

11.5 6.8 

40 wt% Glycer in .~ 

1.4 

1.7 

2.3 
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also shows the data of Elstner and Onken under similar conditions. Even 

though our data values are slightly higher than those of Elstner and Onken, 

considering the fact that the two methods of measurement are entirely di f fer-  

ent (we employ measurement of change in total pressure of the gas phase with 

respect to time for a batch system, whereas Elstner and Onken employ an oxygen 

concentration measurement cel l ) ,  the difference in values of k£ is within 

acceptable l imits. To compare the order of magnitude of values, data of k~ 

obtained for water in our system for a standard vessel arrangement are also 

shown in Figure 3.1. 

Table 3.2 summarizes the data of k~a for various concentrations of 

glycerin solutions at three values of rpm. Figures 3.2, 3.3, and 3.4 show the 

nature of these data on log-log plots. It can be seen that the liquid phase 

viscosity has a very significant effect on k~a. With an increase in viscos- 

i ty ,  the k£a value decreases several-fold for all three values of rpm. In 

Figure 3.4, data for the oxygen-water system are also shown to give a compari- 

son about the order of magnitude of k£a values. 

The data of power consumed per unit liquid volume for the above 

experiments are summarized in Table 3.3 and are plotted in Figures 3.5 and 

3.6. From Figure 3.5, the slopes of the lines for various values of viscosity 

indicate that for higher values of viscosity, increase in power input 

increases the value of k£a significantly as compared to lower values of 

viscosity. Figure 3.6 indicates that as compared to higher values of rpm, for 

lower values of rpm, the increase in power consumed is much higher with 

increase in viscosity. 

,Ip 

k 
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Values of Agitator RPM in Standard Vessel Arranqement 
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TABLE 3.2 

VALUES OF k~a FOR GLYCERIN SOLUTIONS 

Temperature - 24°C (average) 

Glycerin 
Con cent rat i on Vi scos i ty 

Volume % cP 1000 rpm 
k~a (sec " I)  .... 

800 rpm 600 rpm 

51 

58 

70 

86 

92 

94 

7.0 0.08627 0.0296 0.0042 

10.6 0.04624 0.0103 0.0020 

20.0 0.02598 0.00675 0.000832 

66,0 0.01835 0,0051 0.00050 

92.0 0.0087 0.0030 0.00040 

115.0 0.00845 0.0017 0.00032 

50 

390 



O.1 - 

O.O1 

k,a 
2. 

[sec-  

0.001 : 
! 

( 

0.0001 
i 

l.O 
3 • 5 I ? B O I O  Z 

lO .0 

Viscosity Ccenti poise 3 

• S 6 7 8 S) JO 

130.0 

FIGURE 3.2 'k~a' as a Function of Liquid Phase Viscosity 

51 

391 



B 

7 

E 

: i 

3 

k.a 

O.OO1 

O. DO01 L_._ 
! 

lO.O 

- .  .__ 

i 
m m  

! 

w 

2 3 • s 6 ? is 8 z o  

i00.0 

r "  

i ! , 

L' ',i' 

2 3 • I~ 6 

Glycerin Volume % 

FIGURE 3.3 'k£a' as a Function of Glycerin Concentration 

52 
392 



{ } l ~  -'! I ,~ ' ,  

g 

0.01 

k,.a 

" 1 [sec'] 
0.001 

I00 

? : !,,~ 

f. ,,: .... L 

4 

-- 

2 

9 

E 

n 

g 

O.OOOl 

. ,,,,, 

i 

!, , L; 

. . ,, ,, 

' ~ i ' , j T 

' , I 

,, I 

, ,, i 

. . . .  t ' : ' i 
I I r  

' , :  . , ' i  . . . .  . 
i 

i 

._1 _ _ !  ,, 

I I ! 
I I : : 

I , , ' l '  
, . . I i 

I 

- ! I ; 

[ • 2 , ,  [ : 

: . . . .  " 1  t . i  ' • . , , .  

: , '  i -  I : = :  

• ! i, 
' 1 = _ _ _ _ _ .  I i =--- 

i : I i : .... ! 

I i I , i  
, . i l l ,  

' I i  
- ' r ' -  - = .  ' i 

1' ] I i ( 

, i  . . . .  , ,: ,  : ,! 

J ' I ' i I 

I I ' I I l 
I 
I ~ , ,  , I  I I 
m 

A qitator RPM 

? l i p  

lOgO 

, ,  ' 

; ! 

' ! 
I 

: : . :  ...... I 
i J 

i i ; i  ; ! 

I# Jr . . : 

i L . . . . . . .  , _ ~ . . . . . .  ,~ 

: ~ : -  i ' i ) 

i i ...... ' .... 
I ! . ~  : . . . .  

~ ~,,; . :  . -  .,, 
; : 

/ : / i /  , ' : !.*" : . .  

J r F l i  

i ~  J ' ' 

i i i  i , : i  ~ . . . . .  ' ! . 
:( : , ,  . 

! ! : i .  ' ,  

jJ  " ', , ,  ~ 

j ; , :  =:~ 

I J, , : ,  . . . .  
i , , , , 
I i I ' I 

i T " 

i ; , ] 
; 

' ,  I .~ : . .  

' i t , 

i , I " ; i ' 

: ] , i  ' , i :  " 

" = ! i ,  
2 

J 

L E G E N D  

V i s c o s i t y  of!-~____ 
Glycer in  ~ - ' ~  

( C e n t i p o i s e )  : ~  

7.0 
1 0 . 6  
6 6 . 0  

1 1 5 . 0  

; I L  
i 

• I 
I , 

• i 

/ 

] 

L , ,  

. J , • , , 

, ,  i . , ,  

J 

i " • , ,  I 
i I 

I t I ~ j 
I 

.... j I ~ ] 
I '1 . I I ~ ] 

] , i , I I I 
L ~ , , , ] 

' i i l  ! 
, ,, ; ] i ~ , ] 

i , i "  i i i ; 
; : i "  i "  i '! i , !  ! 

3 • 

. - - ' - -m- . - -  

m 

i 

. . . - . . .m .  

J ~  

i " 

? 

i ] I 
I ' 

] 

• . i  ; .  

', . i l l  
" 1 1  

, ' 1 1  

, !! 

I 

, i  

; ! 

i i :  
I 

z 

i I . 

~ ; ' i l J  

S 6 ? 15 i t  I 0  

FIGURE 3.4 Va r i a t i on  o f  'kca '  wi th A g i t a t o r  RPM 

53 

393 



Table 3.3 

POWER CONSUMPTION FOR GLYCERIN SOLUTIONS 

Glycerin 
Concent rat i on 

Volume % 

51 

70 

86 

92 

94 

Viscosity Power/Volume (W/m 3) 
cP 1000 rpm 800 rpm 

7.0 6.8 3.6 1.1 

20.0 8.6 5.0 1.8 

66.0 9.6 6.4 2.7 

92.0 11.4 7.3 3.2 

115.0 13.6 8.2 4.1 
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4.0 CONTINUOUS COCURRENT DOWNFLOW BUBBLE COLUMN 

4.1 Introduction 

The use of bubble columns has been widely employed in gas-liquid 

systems and recently to gas-liquid-solid systems in Fischer-Tropsch synthesis, 

oxidation of organic compounds, and in coal liquefaction. The reported work 

is exclusively concentration on systems in which gas is introduced at the 

bottom of the column and liquid may be either in batch mode or flows cocur- 

rently upward along with the gas phase. However, the gas phase residence time 

is limited due to the rise in velocity of the bubbles, which can be overcome 

provided the gas is dispersed from the top of the column in a liquid flowing 

vertically downward, so that the gas bubbles are forced down by the liquid 

flow in a direction opposite to that imposed by the bouyancy. Under these 

conditions, the mean residence time of the gas phase can be extended to the 

point of a state of suspension by variation of the liquid velocity. 

The above premise has been substantiated by experimental measure- 

ments of phase holdup in a glass column 0.075 m ID and 2.45 m in height. The 

gas phase holdup was measured using the hydrostatic head technique. The 

effect of a wide range of physical parameters, such as superficial gas 

velocity, superficial liquid velocity, surface tension, and electrolyte 

concentrations, were studied. 

The experimental data reported is the progress made during the 

period mentioned. The results obtained can be explained qualitatively, and a 

detailed analysis of this data wil l  be provided at a later stage. 

4.2 Experimental Setup and Procedure 

4.2.1 Experimental Setup 

The downflow bubble column consisted of a glass column with an 

internal diameter of 0.075 m and height of 2.45 m. The gas phase is i n t ro -  

duced through the top of the column. The downflowing gas- l iquid or gas- 
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l iquid-solid mixture is discharged into a cylindrical disengaging tank male of 

plexiglass with an internal diameter of 0.30 m and height of 0.30 m. The 

bottom of the disengaging tank is f i t ted with a conical stainless steel fl.~t 

circular plate, 0.075 m in diameter, which acts as a baffle. The baffle is 

located 0.10 m from the bottom section of the cone which prevents any contain- 

ment of the gas phase in the recycle l iquid. The degassed liquid is recycled 

by means of a slurry pump having a capacity of 40 gpm, while the gas phase is 

drawn off at the top of the disengaging tank. Two glass bulbs, 0.152 m in 

diameter, are mounted at the top of the column and the liquid line and serve 

to disengage any gas which may be entrained in the recycle l iquid. 

The gas phase used is always air. The air inlet pressure is 

maintained constant with the help of a pressure regulator. The gas flow rate 

is monitored with the help of two rotometers of different ranges mounted in 

parallel. The liquid flow rate is metered using a calibrated elbow meter in- 

the liquid line which is connected to a liquid indicator. The slurries to be 

used were metered by using an ultrasonic measuring device. 

The column is f i t ted with six ports along the length; the distance 

between two consecutive ports is 0.035 m. Four of these ports are used as 

pressure taps to measure the pressure along the length of the column. The 

distance between the two pressure taps is 0.61 m. The pressure taps are 

connected to a mercury manometer, one end open to atmosphere. A back-flushing 

system is incorporated to ensure that no air bubbles are entrained in the 

lines connecting the ports to the liquid level indicator. The two other ports 

were provided for conductivity probes. These probes were at a distance of 

1.22 m apart. The conductivity of a two-phase or three,phase mixture depends 

on the relative amount of each phase present in the mixture. This principle 

was employed to measure the gas holdup with these probes. The method has been 

used previously by Stepanek et al. (4"I) However, during the course of the 

experiments i t  was found that the gas phase would accummulate in the regio,~ 

directly below the probe at higher gas velocities since the probes resulted in 

the formation of a "wake" region. The entrapped gas bubbles would coa les  

and eventually very large bubbles or slugs would discharge, rising through the 

column. Hence, the probes have been eliminated and the ports closed. 
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The system is devoid of any problems such as leaks which prevailed 

previously in the disengaging section or entrainment of large amounts of the 

gas phase in the recycle liquid. Figure 4.1 is the process diagram of the 

cocurrent downflow bubble column. All the experiments were carried out at 

near-atmospheric conditions and under steady-state conditions. 

The surface tension is measured with a Fisher Surface Tensiomat 

(Model 21) using the du-Nouy method. (4"21) In this method, a platinum ring of 

precisely known dimensions is suspended from a counterbalanced lever arm. The 

arm is held horizontal by torsion applied to a taut stainless steel wire to 

which i t  is clamped. Increasing the torsion in the wire raises the arm and 

the ring which carries with i t  the film of liquid in which i t  is immersed. 

The force necessary to pull the test ring free from the surface film is 

measured directly in dynes/cm. Th is  apparent reading is converted to the 

absolute value by use of a correction chart. 

The viscosity is measured using a Brookfield LVT type viscometer. 

The spindle is rotated in a given fluid at a constant speed. The torque 

necessary to overcome the resultant viscous drag is measured. For a given 

spindle and speed, i t  produces dial readings proportional to the 

viscosity.(4.2, 4-3) 

4.2.2 Procedure and Measurement of Holdup 

In the case of bubble columns with negligible liquid, the variation 

of pressure with height is entirely due to the hydrostatic head in gas liquid 

systems 

dp 
d--'x = ¢LPL + Eg£g (4.1) 

E L + ~g = 1.0 (4.2) 
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The above two equations are employed to obtain the gas phase 

holdup. To use these equations, the manometer readings were f i rs t  corrected 

to absolute pressure. However, in the presence of liquid flow, there are two 

additional terms on the right hand side of Equation (4.1) to account for wall 

f r ict ion and acceleration due to voidage changes along the length of the 

column. Hence a momentum balance on a control volume changes Equation (4.1) 

to 

PLVL 2 ( ~ )  + dc 
dp_ 1 4 Tw (4.3) 

The acceleration term is normally small and is neglected; however, 

in wider columns i t  can become appreciable. At high flow rates the viscous 

drag term can account for about as high as 25% of the f i r s t  two terms. Hence, 

the effect of these two terms was f i r s t  determined. The hydrostatic head was 

measured in the absence of gas flow through the column for the entire range of 

liquid velocities covered in this work. It  was found that the manometric 

readings of the liquid hydrostatic head between any two tappings on the column 

was in very close agreement (within ±2%) to the height of l iquid between these 

ports. Also, the axial variation of holdup was found to be negligible since 

the holdup calculated in the following manner 

HHIvG : 0 " HH (4.4) 

~G = ' HH/vG = 0 

between two consecutive tappings was found to be in close agreement along the 

length of the column. Hence, Equations (4.1) and (4.2) were used to obtain 

integral values of holdup. 

To determine the solid and liquid holdups in three-phase systems, 

solid-l iquid samples wil l  be selected at the differing tappings along the 

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

density will be obtained. After f i l ter ing and drying the samples, i t  is 

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

Using this information, the following time equations wil l  be solved simultane- 

ously to get the values of individual phase holdup as 
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4.3 

EG + ~L + ~S = 1.0 

d--EP = CG PG + 6L PL + ES PS dx 

~S/~L = Known quantity 

Results and Discussion 

(4.5) 

(4.6) 

(4.7) 

4.3.1 Gas Holdup 

Gas holdup shows an increasewith an increase in the gas velocity 

but shows a decrease with an increase in liquid velocity (as can be seen 

clearly in Figure 4.2 for air-water data). The experiments were carried out 

at near-atmospheric pressure at gas velocities ranging from 0.06-2.2 cm/s and 

l iquid velocities ranging from 20.0-32.0 cm/s. The range of gas velocities is 

extremely low; however, the ga& holdup is nearly an order of magnitude greater 

than in conventional bubble columns operated cocurrently. Hi l ls (4"5) has 

reported holdup measurements in a bubble column at high liquid throughputs. 

At the highest gas velocity, his correlation gives values of gas holdup in a 

cocurrently operated upward bubble column of less than I% for al l  the l iquid 

velocities employed in this work. The termination points on the curves in 

the direction of increasing gas holdup represents the l imits of the mode of 

downflow operation within 10% of the maximum gas velocity which can be 

employed. This results from the formation of bubble agglomeration at the top 

of the column due to the migration of large bubbles or slugs formed due to 

coalescence at the bottom of the column. 

4.3.2 Effects of Surface Tension and Alcohol Property 

The gas holdup decreases with the addition of surfactants such as 

alcohols (C1-C 4) as compared to the gas holdup obtained in an air-water system 

as can be seen from Figures 4.3-4.8. However, the effect of alcohol concen- 

tration (or surface tension) on the gas holdup is observed to be insignif icant 

(Figures 4.9-4.11); but the effect of the type of alcohol is predominant 
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especially at low liquid velocities (Figure 4.9) as compared to the higher 

liquid velocities (Figures 4.10 and 4.11). The gas holdup decreased in the 

following order: 

Methanol < Ethanol < Propanol < Butanol 

The effect of surfactants is s t i l l  ambiguous. The reported literature is at 

times in complete agreement. Bolton et al. (4"6) and Miller (4"7) reported no 

effect of surface tension; Schugerl et a l . ,  Todt et a l . ,  (4"9) and recently 

Oels (4"8) observed a significant increase in gas holdup with decrease in the 

surface tension; Sharma et al. (4"I0) found only a slight increase in the gas 

holdup with a decrease in surface tension. Bach and Pilhofer (4"11) made a 

detailed study on gas holdup characteristics using pure liquids and liquids 

mixtures. They found that pure liquids and mixtures behaved differently and 

also that surface tension was found to have no effect on gas holdup in the 

case of pure liquids. However, Schugerl et al. (4"8) do report a variation in 

the coalescence behavior of the gas phase in the presence of surfactants. 

Friedel et al. (4"12) also report a decrease in bubble size from changing from 

dist i l led water to tap water to aqueous ethanol. The same behavior was 

observed during experiments with air-water and air-alcohol systems. However, 

with different Concentrations of butanol, or for different alcohols, s igni f i -  

cant bubble size variation could not be observed visually. 

In alcohol solutions, the coalescence rate is reduced and the bubble 

size decreases. The decrease in the bubble size results in a decrease in the 

bouyancy force and a corresponding decrease in the bubble rise velocity. The 

bouyancy force and the drag force being in opposite directions, for the same 

liquid velocity, there is a decrease in the gas holdup as bubbles are 

entrained from the column. A comparison of the data for alcohol solutions and 

air-water systems reveals this conclusion as can be seen from Figures 4.2 and 

Figure 4.12. This phenomena is directly opposite to the case of cocurrently- 

operated upflow systems, where the presence of surfactants does increase the 

gas holdup since the bubble-rise velocity decreases. 
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In the presence of surfactants, the rise velocity of the same 

diameter bubble need not be the same. The interface of the bubble is mobile 

and an internal circulation movement exists in the bubble which reduces the 

drag on the bubble. Oels et al. (4"13) report that the surfactants are 

absorbed at the top of the bubble and are transported to the rear, and a 

surface tension gradient is ~ormed. The surface tension gradient across the 

bubble depends essentially on the type of alcohol. As the chain length of the 

alcohol increases, the r ig id i ty  of the bubble increases causing a reduction in 

the bubble rise velocity and hence an increase in gas holdup. For a downflow 

system, an increase in the chain length of the alcohol should decrease the gas 

holdup. Th is  behavior is clearly seen in Figure 4.12 at low liquid veloci- 

t ies. However, at higher liquid velocity, the holdup becomes progressively 

independent of the type of alcohol; since the relative velocity between the 

two phases is dominated by the liquid velocity (Figures 4.13 and 4.14). 

Visual observation indicates the bubble size to be uniform indica- 

ting that the flow regime encountered in the range of gas and liquia 

velocities studied is essentially the bubbly-flow regime. The dr i f t  flux 

diagram in Figures 4.22 and 4.23 clearly shows the absence of any transition 

from this regime. 

The physical properties of the solutions are reported in Table 4. i .  

4.3.3 Effect of Electrol#,tes Solution 

The effect of electrolyte solutions on the gas holdup has been 

studied using NaCl in the range of concentrations of 0.05 m to 1.25 m. The 

gas holdup decreases with an increase in ionic strength up to 0.5 m and is 

independent of the ionic strength beyond 0.5 m. In upflow systems, Akita and 

Yoshida (4"14) have reported an overall increase of about 25% in the holdup on 

addition of an electrolyte. This increase in voidage is primarily due to t:;e 

postponement of the appearance of large bubbles, since the addition of an 

electrolyte induces a non-coalescing behavior due to the presence of an iu~ic 

double-polar layer between the gas and liquid phases. Braulich et al. (4.L 

report that the holdup is a function of both the concentration and the gas 
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0.5% Methanol 

0.5% Ethanol 

0.5% n-Propanol 

0.5% n-Butanol 

1.5% n-Butanol 

3.0% n-Butanol 

TABLE 4.1 

PHYSICAL PROPERTIES: ALCOHOL SOLUTIONS 

(g/cm3) ~L (dynes/cm) _~_ (cp) 

0.994 67.96 0.83 

0.9931 66.96 0.83 

O. 9008 64.85 0.85 

0.9932 60.18 0.84 

0.9912 49.316 0.85 

0.9900 40.26 0.85 
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velocity. In the present study the holdup decreases with the addition of an 

electrolyte; however, the decrease in holdup is relatively small. Table 4.2 

shows the concentration ranges of NaCl solutions employed and the physical 

properties of the system. 

A visual observation of the systems shows a very uniform bubble size 

distribution indicating that the bubbly-flow regime is encountered. 

Figures 4.15 to 4.20 show the effect of electrolyte concentration. 

The experimental data is compared with the correlation for gas 

holdup provided by Freidal et al.(4"12) Their correlation predicts the holdup 

to be much higher than the experimental values obtained for the air-water 

system in our work. The predicted and experimental values are in error by 

15-40% for air-water data. For alcohols and electrolytes, the disagreement i s  

much too large and use of this correlation seems inappropriate. Friedel 

et al. (4"12) report that their correlation predicts their own experimental 

data within 28% standard deviation. The results are presented in 

Appendix 1. This disagreement may be due to the diameter of the column and 

nature of the sparger(?) used especially for the air-water system. The holdup 

is known to be a function of the column diameter up to 0.015 m ID (Akita and 

Yoshida). (4"14) There is consistent diameter effect where the values of gas 

holdup in our work (D c = 0.075 m), Freidel et al. (4"12) (D c = 0.015 m) and 

Fujie et al.(4"16) (D c = 0.45 m) are compared. The holdup decreases with 

increase in column diameter in the range of gas and l iquid velocities studied. 

4.3.4 Effect of Viscosity 

CMC solutions of 50 ppm and 1000 ppm were employed to determine the 

effect of viscosity. However, at gas velocities as low as 0.06 cm/s, large 

gas bubbles and slugs were observed, resulting in a gas cushion at the top of 

i~he downflow bubble column at the highest l iquid veloci ty (31.625 cm/s) 

employed. The appearance of the gas cushion is a sensitive indicator of the 

heterogeneous flow conditions which prevail and l imi t  the mode of operation of 

the downflow system. The range of gas velocities were so small that no 
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0.05 m 

0 . 5 m  

1.Ore 

1.25 m 

PHYSICAL 

TABLE 4,2 

PROPERTIES: NaCI 

_~_ (dynes/cm) 

70.50 

70,15 

73.50 

74.25 

SOLUTIONS 

_~_ (Cp) 

1.0 

1.22 

1.23 

1,29 

P-eL (glcm 3) 

0.998 

1.0415 

1.065 

1.074 
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conclusive data could be obtained, although Freidel et al. (4"12) do rc~c~, .~ 

measurements of gas holdup in which they varied the liquid velocity f-or~ 

1-11.4 cp. They report a decrease in holdup with an increase in viscosit.~.. 

4.4 Proposed Future Work 

1. Measurements of gas holdup using solids, 

2. Measurement of interfacial areas in gas-liquid and gas-liquie-~oiid 

systems, 

3. Analysis and correlation for the data obtained in holdup measurements. 
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