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20Z. The dynamic gas disengagement method confirms t h e  flow reg ime charts 

and gives additional information about the fraction of large and small 

bubbles. 

2.4.2 Effect of Viscosity 

The effect of viscosity on the hydrodynamics of the bubble column 

is studied in two separate phases, 

2.4.2. i Newtonlan Liquids 

For glycerine solutions with a viscosity ranging from 0.246 

kg/m.se~ t o  0.0017 kg/m.sec, the gas holdup increases with gas velocity 

as shown in Figure 2.21. Gas holdups for these solutions are compared 

w~th the widely used existing correlations in Tables A.2.9 to A.2.20. The 

correlations of Hughmark, (2"14) Deckwer (2"15) and Kumar (2"16) all ~redlct 

higher gas holdup than the experimental values; the deviations become worse 

as the viscosity increases. Hughmark (2"14) and Kumar (2"16) have based 

their correlations on glycerol data and Deckwer's correlation is for non- 

Newtonlan sol:.=ions. The theoretical correlation developed by Mersmann (2"13) 

and correlations developed by Akita and Yoshida (2"1) and Hiklta et al. (2.2) 

all show a good fit over the entire range of viscosity and gas velocity. 

As shown in Figure 2.22 the gas holdup exhibits a maximum with re- 

spect to liquid viscosity at 0.003 kg/m.sec. The maximum gas holdup is 

less t han  t h a t  for air-water; the vosition of the maximum is independent 

(2.3) (2.17) and of the gas velocity. Bach and Pilhofer, Buchholz et al., 

Eissa et al. (2"18) have studied glycerine solutions in 0.15 m diameter 

columns ~md have observed a similar maximum in gas holdup with respect 

to liuqid viscosity. In the present work, fast rising large bubbles, 
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rather than slugs, are observed, still a similar behavior is observed. 

Figure 2.23 shows the data of Buchholz et al. (2.17) Bach and Pilhofer, (2'3) 

and Eissa et al., (2.18) compared with the present data. For a liquid 

viscosity of 0.003 kg/m'sec where all the gas holdup data showed a maxi- 

mum, the comparison shows that the gas holdup obtained in present work is 

always lower than the previously reported data. The data obtained by 

Eissa et el. (2"18) and Bach and Pilhofer (2"3) is only up to a gas velocity 

of 0..06 m/sec; that of Buchholz et al. (2"17) is un to 0.043 m/sec. Upon 

visual observation the bubbles seemed to be large and irregularly shaped 

even at a velocity as low as 0.03 m/sec. To analyze the fast rising 

bubbles, flow regime charts, bubble rise velocity vs. V G graphs and 

dynamic disengagement da~a are used. 

Figure 2.24 shows a graph of drift flux against gas holdup for 

99.5 and 30~ glycerine. For all the concentrations of glycerine greater 

than 70~ (except for 90~), i.e. at a viscosity greater than 0.0020 kg/m.s 

a point of inflection is present for a gas holdup of 15-20%. It occurs 

earlier as th~ liquid viscosity increases and corresponds to a gas velo- 

city of about 0.20 m/sec. Though slues are never observed for high 

viscosity solutions, at very high gas velocities the bubbles grow to a 

size of as much as 0.20 m near the interface. The point of inflection 

might be an indication of the formation of these very large bubbles. At 

low viscosities the transition can be taking place from the bubbly flow 

regime to the churn tuburlent regime but the point of sharp change in 

slope at higher velocities is absent in these cases. Figure 2.25 shows a 

graph of V M against V G for 99.5 and 30% glycerine. At low gas velocities 

all the glycerine concentrations show VM increasing linearly with V G and 

the curve flattens out at high gas velocities. In the case of high 
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v i s c o s i t y  s o l u t i o n s ,  t he  i n i t i a l  f l a t  p o r t i o n  c o n s t i t u t e s  a s m a l l  f r a c t i o n  

of total curve. For glycerine solutions with large bubbles, the bubble 

r i s e  v e l o c i t i e s  a r e  as  h igh  as  1~8 m/ sec  as  s e e n  from F i g u r e  2 . 2 5 .  

F r a c t i o n a l  h o l d u p  o f  l a r g e  b u b b l e s  a s  a f u n c t i o n  o f  gas v e l o c i t y  

and viscosity is shown in Figure 2.26. Figure 2.27 shows bubble rise 

velocity as a function of gas velocity as determined by the dynamic gas 

disengagement method. CG(t) against time data can be fitted with a single 

straight line suggesting the presence of only one sized bubbles. For 

99.5 and 90Z glycerine, the calculated bubble rise velocity shows a mini- 

mum with respect to V G at V G 0.15 m/s. A flattening of the curve is 

observed in the V M against V G graph~ and a sharp break is observed in 

the drift flux graph in this region of gas velocity. This minimum might 

be an indication at a transition from churn turbulent flow to the flow of 

large slug-like bubbles. 

For 50 and 70Z glycerine two classes of bubbles are present at all 

gas velocities. The rise velocity of the small bubbles is fairly constant, 

but that of the large bubbles shows a minimum for the 50Z solution. Also 

the rise velocity seems to increase with an increase in viscosity as 

expected. The minimum in rise velocity for the large bubbles of 507. 

glycerine concentration is again due to the transition to large bubbles. 

The disengagement data for glycerine is summarized in Table 2.8. 

The gas holdup data from the glycerine runs is correlated as a 

function of gas velocity and liquid viscosity. The following correlation 

fits the data with an overall percent error of 6.8%. 

c G = 0.329 (VG)0"47 (~)-0.045 (2.4.3) 
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3.40 

Since the power of the viscosity t e r m  is negligible, an empirical equation 

with e G as a function of V G is fitted to yield an overall percent error of 

9.8%. 

~:G " 0.399 (VG)0'473 (2.4.4) 

Figures 2.28 and 2.29 show the graphs of predicted vs. observed gas holdup 

with the use o£ the three-parameter and two-parameter equations. The 

power of the viscosity term is very low compared to the power predicted 

by Akita and Yoshlda, (2"I) Hikita et el. (2"2) and Mersmann. (2"13) The 

reason can be that this equation also considers the maximum holdu~ shown 

by the low viscosity glycerine solution. Mersmann's (2"13) correlation 

usually predicts the gas holdup as good as the empirlcal correlation based 

on the present work for high velocity, at low gas velocities it predicts 

conslstently low values. 

2.4.2.2 Non-Newtonlan Liquids 

Carbox7 methyl cellulose solutions are used to study the effect 

of viscosity on the hydrodynamics of non-Newtonian systems. As explained 

in Section 1.3, the theological properties of these solutions are dependent 

on the mixing technique used to prepare the solution from 7H4 CMC Gum 

(Manufactured by Hercules Inc.). The theological properties are listed in 

Table 2.3. To calculate the apparent viscosity of the liquid in the column, 

the shear rate expression suggested by Nishlkawa et el. (2"19) and the 

power law model are used. The apparent viscosity is given by 

- K (50 VG)n-1 (2.4.5) 

where v c i s  i n  ~ / s e c .  
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For CMC solutions with a viscosity range of 1.60 to 0.0017 kg/m-sec 

the gas holdup increases with the gas velocity as shown in Figure 2.30. 

Tables A.2.21 to A.2.30 include a comparison of experimental gas holdup 

(2.16) 
with some of the widely used correlations. The correlations of Kumar, 

Hughma-rk (2"14) and Deckwer (2"15) consistently predict much higher gas 

holdup. Though Deckwer's correlation is speclfically developed for 

pseudoplastic CMC solutions, it predicts very high values after a velocity 

of 0.06 m/sec. For solutions up to a viscosity of 0.00781 kg/m'sec the 

correlations of Akita and Yoshida, (2"1) Hiklta et al. (2"2) and Mersmann (2"13) 

fit well. In high viscosity solutions, Akita and Yoshida/s (2"I) and 

Mersmann's (2"13) correlations predict low values and Hikita et al. (2.2) 

predicts higher values. Figure 2.31 compares the gas holdup obtained for 

CMC solutions with glycerine solutions of viscosities around 0.0022, 

0.141 and 0.05 kg/m'sec. The gas holdup in the non-Newtonian CMC solutions 

is less than that in glycerine solutions except at that viscosity for which 

glycerine solution shows a maximum. The gas holdup again shows a maximum 

with reference to liquid viscosity (Figure 2.32). Though at a low gas 

velcoity of 0.045 m/s no maximum is observed, at 0.090 m]sec and higher 

a maximum in gas holdup with respect to liquid viscosity is present and 

it shifts to right as velocity increases. In Figure 2.33, the gas holdup 

data of Buchholz et al. (2.17) and Schumpe and Deckwer (2"15) for CMC solutions 
P 

is shown for comparison. The correlation developed by Schumpe and Deckwer 

might be predicting very high values as it is based on gas holdup in 

highly 'pseudoplastic solutions. 

Figure 2.34 shows a flow regime chart for 0.5 wt% and 500 ppm CMC. 

For 0.5 to 0.3 w~% CMC, no transition occurs in the range of gas veloci- 

ties studied. For all the concentrations below 0.25 wt% a point of 
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inflection corresponding t o  a transition in flow regime is observed at 

holdups of 0.15 to 0.25. The gas holdup at the point of inflection In- 

creases as viscosity decreases. This break corresponds to a gas velocity 

of 0.15-0.20 m/sec. This behavior is similar to that observed for glycerine. 

From the study of dynamic gas disengagement, the presence of two sizes of 

bubbles is obserbed below a concentration at 0.15 wt%. Figure 2.35 shows 

a plot of holdup of large bubbles vs. gas velocity for all the concentra- 

tions analyzed. For 0.4 and 0.3 wt%, only large bubbles are present. 

Since CG, s levels off faster than c G does, the ratio of ~G,s/EG passes 

through ~L maximum, which for concentrations of 0.15 to 0.05 wt% occurs 

between 0.15 to 0.20 m/sec. This also corresponds to the point of in u 

flection on the drift flux Eraph. CG, £ increases with the gas velocity. 

Table 2.9 shows the summary of dynamic disengagement data for CMC solu- 

tlons. 

Figure 2.36 shows a plot of VG/C G against V G for 0.5 wt% CMC and 

500 ppm CMC. All the concentrations show a linear relationship between 

V M and V G with the intercept increasing with increasln~ c~C concentration. 

For the higher concentrations, the lines are identical. If this intercept 

is an indication of bubble rise veloclty of a single bubble then it shows 

that for all CHC concentrations above 0.25 wt%, the bubble size is the 

same. 

Figure 2.37 shows bubble rise velocities as determined by dynamic 

gas disengagement method plotted against V G. The bubble rise velocity of 

smell bubbles is independent of V G and increases with an increase in 
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6 

viscosity. For bubbles in highly viscous solutions, the bubble rise 

velocity decreases with an increase in V G and levels off at high gas 

velocities. The initial large bubble rise velocity might be due to 

large bubbles formed as a result channeling and coalescence. As gas 

velocity increases less channeling occurs and, hence, comparatively small 

bubbles are formed. 

When the holdup data for CMC are correlated with an empirical 

equation the following is found to fit the data with an average overall 

percent error of 10.3% 

eG 0.287 VG0"536 © (~eff) -0"121 (2.4,6) 

If we neglect the effect of viscosity, the resulting equation can 

predict gas holdup with an average percent error of 22.3%. 

= .646 
e G 0.536 VG 0 (2 .4 .7 )  

F igures  2.38 and 2.39 show the  p r e d i c t e d  vs .  observed gas holdup 

for the above three- and two-parameter equations. 

2.4.3 Effect of Solids 

The effect of the addition of solids is studied by using air-water- 

coal and air-water-sand systems. The physical properties of the coal and 

sand particles are listed in Tables 2.5 and 2.6, respectively. 

The addition of coal particles (average size - 33 x 10 -6 m) causes 

a significant reduction in the gas holdup as compared to the air-water 

and, with increasing coal concentration, the gas holdup is decreased 

further. These effects can be seen in Figure 2.40. 
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Solid holdup as a function of gas velocity and coal concentration 

is shown in Figure 2.41. The solid holdup is found to be indevendent of 

height indicating that the coal particles are completely suspended, even 

at a superficial gas velocity of 0.022 m/sec. As shown in the figure, 

the solid holdup decreases with an increase in gas velocity, with the 

rate of decrease being the same for all concentrations. However, at a 

gas velocity of 0.24 m/sec there is a sharp decrease in solid holdup for 

coal concentrations of 18, 25, and 30 wt%. 

In Figure 2.42 liquid holdup is plotted as a function of gas velo- 

city ~td coal concentration. As expected, c£ decreases with increasing 

coal c(mcentration and gas velocity. 

Gas holdup values are compared with two literature correlstions 

in Tables A.2.39 to A.2.42 for the air-water-coal systems studied. The 

correlation of Begovich and Watson (2"20) predicts values which are at 

least 30% lower than the experimental holdups. The correlation proposed 

by Kito et al. (2"21) is somewhat better, predicting the gas holdup within 

an error of 20%. Kara (2"22) has performed experiments in an 0.152 m 

diameter bubble column using 30 x 10 -6 m diameter coal particles. Her data 

for 14 and 25 wt% coal is shown in Figure 2.40 along with the present 

data. For both concentration~ this work shows lower gas holdup. 

The addition of the denser sand particles results in gas holdup 

which decreases along the lenEth of the column as shown in Figure 2.43. 

In contrast to the air-water-coal system, the gas holdup does not vary 

much from the air-water data. The effect of sand particle size for 10 wt% 

sand is shown in Figure 2.44. Gas holdup is seen to be relatively inde- 

pendent of particle size and, again, is not much different from the air- 

water system. Gas holdup is found to decrease slightly with increasin~ 
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sand concentration as shown in Figure 2.45 for the 250-297 x 10 -6 m 

sand. The gas holdup shown in Figures 2.44 and 2.45 is measured at 

port 3. 

A comparison of the experimental gas holdups for the air-water- 

sand systems with some reported correlations is made in Tables A.2.31 

to A.2.38. Neither the correlation of Begovich and Watson (2"20) nor 

that of Kito et al. (2"21) is able to predict the axial variation of gas 

holdup. Good agreement is obtained between the experimental results and 

Kito et al's (2"21) correlation for sand concentrations ! 20 wt% and gas 

velocities < 0.20 m/sec. The correlation of Begovich and Watson (2'20) 

does not agree with the experimental data even for the lowest concentra- 

tlons. 

A detailed analysis of solid concentration profiles, ratio of 

suspended to unsuspended material, etc. will be included in the next re- 

port. 
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3. MECHANICALLY AGITATED VESSEL 

3.1 Introduction 

Many industrial processes like hydrogenation of fatty oils, oxy- 

desulfurization, fermentation etc. involve three phase agitated reactor 

system. Many of them operate at high pressure and high temperature. 

Knowledge of values of gas-liquld-solld mass transfer coefficients is im- 

portant in these reactors to have an order of magnitude estimates of the 

transport rates and relative mass transfer resistances. Hence" in this 

project work, measurements of mass transfer coefficients are being carried 

out for a three phase agitated reactor system~under high pressure, high 

temperature conditions. 

Data for oxygen-water and oxygen-water-glass beads systems are 

collected to determine the product of mass transfer coefficient 'k£' and 

interracial area per unit slurry volume 'a'. The product 'k£a' is called 

as volumetric mass transfer coefficient. In these measurements, the gas 

side resistance to mass transfer is assumed to be negligible. 

3.2 Expprimental Set-Up and Procedure 

The flow diagram of the apparatus is shown in Figure 3.1. The 

basic technique involves batch absorption of the solute gas in initially 

solute free liquid containing solids. Measurement of total pressure of 

the gas phase with respect to time, as the absorption proceed% is utilized 

to ~a!culate the mass transfer coefficients. A pressure transducer is 

utilized to carry out these measurements with good accuracy. This tech- 

nique is previously utilized by Teramoto, et al. (3'I) and Nam, N.D. (3"2) 
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This batch absorption technique presents some drawbacks as sug- 

gested by Kozinsky and King. (3"3) Under conditions of high agitation, the 

liquid tends to approach saturation very quickly, thus reducing the time 

available for measurement. Also, there is a possibility of significant 

error due to small temperature change or leaks. 

Rowever, in this study, transducer read-out was employed with 

high efficiency to measure the fast absorption rate of the solute gas. 

The prevention of leaks was undertaken by pressurizing the vessel over- 

night to detect any possible leak. Since with increase in pressure, for 

a closed volume of the gas, the temperature of the gas increases; after 

pressurizing the vessel, agitation was not started until the entire system 

reached a thermal equilibrium. 

The reactor utilized was a two liter vessel made of stainless 

steel. It contained two impellers in the liquid phase and one impeller 

in the gas phase. The impellers were turbines with six blades pitched 

at 45 ° angle. The vessel also contained four vertical baffles attached 

to the wall having width 1/8 of the vessel diameter. A thermowell was 

utilized to measure the temperature of the gas and liquid phase, and the 

temperature was measured by chromel-alumel thermocouple. 

3.2.1 Procedure 

The steps involved in the operating procedure were as follows: 

I. Take requisite amount of liquid in the vessel and add to that 

p~edetermined quantity of solids. 

2. Degas the liquid by applying vacuum and agitation. 

3. Pressurize the reactor slowly to the desired pressure. 

, j ,  
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4. As soon as the desired pressure reaches, close the inlet 

valve and wait until the entire system reaches a thermal equilibrium in- 

dicated by constant temperature in the gas and liquid phases. 

5. Start agitation and measure the total pressure of the gas 

phase as a function of time. 

6. Utilize this knowledge of pressure versus time to calculate 

the volumetric mass transfer coefficient 'k£a'. 

The pressure was measured by a pressure transducer, output of 

which was supplied to a high speed recorder. The calibration of the 

transducer was carried out by pressurizing the reactor to various pressure 

levels and noting the corresponding output voltages on the recorder. 

To measure the power input to the agitator, following procedure 

was employed. A power meter was connected between the main supply and 

the agitator motor. First, power was measured to run the agitator in 

empty vessel without any liquid in it. Let this power be 'x' watts. 

Then the power meter reading was taken when agitating the liquid. Let 

this reading be 'y' watts. Then (y-x) was the power input to the liquid 

by the agitator. Power input was measured this way for different values 

of rpm. 

3.2.2 Method of Calculations 

The rate of solute gas uptake is related to the rate of change 

in pressure as 

dN : Vg dP 
dt RT dt (3.2.1) 

where N : number of moles of the gas 

V = volume of the gas phase g 
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Also, 

P = pressure of the gas phase 

t = time 

dN 
- d"~" = V£ kAa (C*-Cb) (3.2.2) 

where V£ = volume of (liquid + solid) phase 

k£a = volumetric mass transfer coefficient 

C* = equilibrium concentration of the solute gas 

= bulk concentration of the solute gas 

Expressing all the concentrations in terms of pressure using 

Henry's law and integrating between the limits of initial and final pres- 

sure, we get 

Pf P-Pf 

- ~ ~n pi_p f = k£a t ( 3 . 2 . 3 )  

where Pf and Pi are values of final and initial pressure and P is the 

Pf P-Pf 
value of pressure at time t. Hence, a plot of -~ £n pi_p-----~versus ~ ~ time 

will be a straight line and k£a will be the slope of the line. 

The linearity of this plot was excellent in all the runs. The 

detailed derivation of the batch absorption equation 3.2.3 is given in 

Appendix 3.1 following this section. A sample recorder output showing 

voltage (which actually represents pressure) versus time is shown in 

Figure 3.2. 

v 

@. 
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3.3 Results and Discussion 

Data for oxygen-water and oxygen-water-glass beads systems are 

collected for the following four variable parameters: 

I. Total pressure (400-1400 psig) 

2. Agitator rpm (400, 600, 800, I000) 

3. Solids concentration (0-30 volume percent) 

4. Solids particle size (75-500 microns) 

Thedetails of the results along wlth their interpretation are 

as follows. 

3.3.1 Effect of Total Pressure 

Various dependencies of kAa on pressure are reported in the litera- 

ture. Yoshlda and Arakawa (3"4) and Phillips, et al. (3"5) observed a de- 

crease in kzawith increase in pressure. The dependency was much more 

pronounced at lower values of rpm. They interpreted it on the basis of 

change in surface renewal rate or interfacial turbulence which in turn 

they accounted for by change in surface tension @ue to the gas pressure. 

Teramoto et al. (3"I) observed no dependency of k£a on pressure for various 

gas-liquld systems. 

In this work, the effect of total pressure on k£a was studied 

for four different values of rpm (400, 600, 800 and I000) in ~he pressure 

range 400-1400 psig for oxygen-water and oxygen-water-glass beads systems. 

The results are shown in Tables 3.1 and 3.2, and are plotted in Figures 

3.3 and 3.4. It can be observed that the k£a values are independent of 

pressure over the range of pressure studied for all four values of rDm. 

Also, addition of solids even though changed value of k£a, it remained 

independent of the total pressure. This supports the observations made 
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by Teramoto, et al. (3"I) The results can be explained on the basis that 

the pressure does not change the physical properties of water signifi- 

cantly and also the change in the liquid phase diffusivity of the dis- 

(3.6) 
solved gas must be negligible. As reported By Sridhar and Potter, 

the effect of pressure on 'a' is negligible above about 150 psig, hence 

it may be concluded that the 'k£' does not depend on pressure. 

It is important in all these measurements to check the amount of 

oxygen absorbed as compared to the equilibrium solubility. Frolich (3"7) 

has reported that Between 0-70 atmospheres pressure, the solubility of 

oxygen in water is given by 

y = 0.028 (x) (3.3.1) 

where y = volume of gas at 25°C and i arm. pressure per unit volume 

of liquid 

x = absolute pressure in atmospheres. 

Knowing the total change in pressure due to absorption and volume 

of the gas phase in the vessel, amount of gas absorbed in the liquid was 

calculated and it was compared with the value of solubility given by 

equation 3.3.1. The percentage error was calculated as 

% error = Solubility observed - Solubility reported x I00 (3.3.2) 
Solubility reported 

Values of these percentage error are also tabulated in Table 3.1 

for those runs. It can Be seen that the observed solubility values are 

about 1-7% lower than the reported solubility values. This is probably 

because of some absorption of the gas durinz the time the reactor is pres- 

surized and waiting for thermal equilibrium. However, these quantities 

are negligible. 
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3.3.2 Effect of Agitator RPM or Power/yolum@ 

The average values of k~a for various values of rpm and power/ 

volume are summarized in Table 3.3. The plot of kAa versus rpm is shown 

in Figure 3.5 for oxygen-water system and the logarithmic 91or of k£a 

versus power/volume is shown in Figure 3.6. The values of k£a increase 

with increase in power/volume. However, the value of k£a obtained at 400 

rpm is much lower as compared to the values at other rpm. This is 

probably due to the fact that at 400 rpm, there is no surface breakage 

and hence no gas entrainment and the interface remains calm. At 400 rpm, 

the time required to obtain the equilibrium was also found to be very 

hiBh as compared to other values of rpm. It is indicated by Perez and 

Sandall (3'8) that there is a certain value of rpm above which only, the 

rpm shows effect on k£a, and in this case, the value of that critical rpm 

appears to lie between 400 and 600 rpm. Hence on the plots of k£a versus 

rpm and power/volume, only those values corresponding to 600, 800 and 

1000 rpm are plotted. To compare the values with other literature values, 

data of Robinson and Wilke (3"9) and Van't Riet (3"I0) for oxygen-water 

system are also shown on the same plot. It can be seen that the slope of 

the curve obtained in this work and the other works differs. At high 

values of Dower/volume, we have obtained higher values of k£a, and at 

lower values of power/volume, we have obtained much lower values of k£a 

as compared to the other reported data. This discrepancy is probably 

because of different geometrical parameters of the agitator and hence 

different hydrodynamics in our system. The ratio of impeller diameter/ 

vessel diameter is 0.57 in our system as compared to 0.33-0.4 used by 

other workers, and as reported by Koetsier, et al., (2'II) this ratio has 

a significant effect on the values of k£a. Also, we employ two impellers 

(which help to mix the solids thoroughly when gas-liquld-solid 
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system is under consideration) as conmared toonly one used by other 

workers. Experiments are being carried out under standard conditions of 

geometrical arrangement of the agitator, and the data will be then com- 

pared with other workers. Also, as reported by Van't Riet (3"I0) in his 

review article, the values of kKa reported in the literature under similar 

conditions vary so much (for example, for k£ , the values vary between 1 

and 6 x 10 -4 cm/s) that, it is difficult at this stage to conclude any- 

thing regarding the order of magnitude of obtained values. 

3.3.3 Effect of Solids Concentration 

Very few data are reported in the literature on the effect of 

solids concentration on k£a. Joosten et al. (3"12) observed an initial 

increase followed by decrease in k£a with increase in solids concentration 

(3.13) 
for various solids with varying densities. However, Slesser et al. 

and Mehta and Sharma (3"14) observed no particular trend in value of k£a 

with increase in solids concentration. Sometimes the values decreased 

continuously, sometimes increased and sometimes first decreased and then 

increased. Mehta and Sharma interpreted their results based on opposing 

effect of presence of solids on k£ and a. 

In this work, glass beads of 500 microns average size were added 

to water to study the effect of solids concentration. The solids concen- 

tration was varied from 0-30 volume percent. Total volume of the slurry 

(liquid + solid) was kept constant for all concentrations. The results 

at twc values of rpm and at two different values of initial pressure are 

summarized in Tables 3.4 and 3.5, and are plotted in Figures 3.7 and 3.8. 

It can be seen that for low values of solids concentration (2-3 volume %), 

b. 
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the value of k£a increases about 20-40 percent,'and then it decreases 

with further increase in the solids concentration. The probable reason 

for this ~eculiar behavior may be that very small concentrations of solids 

do not change the viscosity of water significantly and help surface mo- 

bility and renewal increasing the value of k£a. However, higher concentra- 

tions increase the viscosity of the slurry significantly, decreasing the 

surface renewal rate and hence kza. However, these conclusions and reason- 

ing are tentative and more data for different sized solids and solids with 

differ~%t density are required to reach any firm conclusion. 

3.3.4 Effectof Solids Particle Size 

Solids particle size is a very important parameter since for a 

given mass concentration of particles, as the particle size increases, 

the number of particles in the slurry decreases. Data for four different 

sized glass beads 63-88, 105-177, 212-300 and 425-600 microns were ob- 

tained at two values of rpm at 600 psi initial pressure. The solids con- 

centration in the slurry was kept constant at I0 volume percent. The 

data are summarized in Table 3.6 and are plotted in Figures 3.9 and 3.10. 

It can be seen that as the particle size increases, under similar operat- 

ing conditions, the value of k£a decreases, indicating that smallerpar- 

ticles have a better effect on transfer coefficient than large ones. As 

indicated by Slesser et al.~ 3"13) probably the value of k£ increases with 

particle concentration, increasing the value of k£a. 

One more important observation which stems out when studying the 

effect of solids concentration and solids particle size is that pressure 

does not have any effect on k£a in the presence of various amounts and 

various sizes of solids. 

301 



226 

EFFECT 

System - 0xygen-Water 

Temperature - 22°C (average) 

Agitator 
rpm 

IO00 

800 

600 

400 

Initial 
Pressure 
(psig) 

391.3 

587.3 

793.9 

975.5 

1212.3 

1385.0 

441.5 

599.6 

781.4 

977.6 

1207.1 

392.3 

578.7 

782.1 

980.7 

1227.3 

578.4 

730.8 

997.6 

TABLE 3. I 

OF TOTAL PRESSURE ON 

Average 
Pressure 
(psig) 

385.6 

578.9 

782.5 

961.7 

1195.0 

1365.0 

434.9 

590.8 

769.9 

963.1 

1190.0 

386.4 

570.3 

770.9 

966.5 

1210.1 

570.1 

720.3 

983.4 

' k£a ' 

k£a 

(see -1 ) 

0.176 

0.177 

0.177 

0.181 

0.178 

0.176 

0.0733 

0.072 

0.0737 

0.0771 

0.076 

0.0197 

0.0183 

0.0214 

0.0214 

0.0205 

0. 000850 

O. 000845 

0.000853 

% Error 
Solubility 

-2.04 

-3.5 

-4.5 

-1.6 

-2.1 

-3.5 

-4.7 

-7.1 

-4.4 

-7.4 

-5.2 

-1.65 

-3.1 

-5.2 

-3.8 

-4.2 

-4.1 

-5.0 

-4.5 
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TABLE 3.2 

EFFECT OF TOTALPRESSURE ON 'kAa' 

System - Oxygen-Water-Glass Beads 

Solids Concentration - 3 volume percent 

Solids Particle Size - 75 Microns 

Temperature - 22°C (average) 

Agitator Initial 
rpm Pressure 

(psi$) 

967.0 

i000 591.5 

386.9 

Average 
Pressure 
(psi(;) 

954. i 

583.6 

381.6 

k£a 

(sec~l) ~ 

0. 211 

0. 215 

0. 220 

800 

977.0 

586.4 

391.3 

964.9 

578.9 

386.2 

O. I00 

0.095 

0.093 

600 

1003.8 

780.7 

592.9 

991.5 

770.4 

585.0 

0.031 

O. 029 

0.028 

Y 

ql" 

303 



22'~ 

TABLE 3.3 

EFFECT OF AGITATOR RPM OR POWER/VOLUME ON 'k£a' 

System - Oxygen-Water 

Tempearature - 22°C (average) 

Agitator Power/Volume k£a 
rpm ..... (kw/m3) (sec-l) 

I000 7.0 0.178 

8O0 4.1 0. 075 

600 2.3 0.021 

t l ,  

,,J 
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TABLE 3.4 

EFFECT OF SOLIDS CONCENTRATION ON 'k%a' 

Agitator rpm - i000 

System - 0xygen-Water-Glass Beads 

Solids Particle Size - 500 microns 

Temperature - 22°C (average) 

Solids Concentration 

Volume % 

k£a (sec -I) 

600 psig* I000 psig* 

0 0.177 0.181 

3.0 0.188 0.190 

6.7 0.154 0 . 151 

i0.0 0.139 0.138 

25.5 0.128 0.1285 

29.8 0.115 0.119 

*Values of initial pressures. 

4~ 

' g  
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TABLE 3.5 

EFFECT OF SOLIDS CONCENTRATION ON 'k£a' 

Agitator rpm - 800 

System - Oxygen-Water-Glass Beads 

Solids Particle Size - 500 microns 

Temperature - 22°C (average) 

Solids Concentration 

Volume % 

0 

3.0 

6.7 

I0.0 

25.45 

k£a (sec -I) 

600 psig* 

0.072 

0.093 

0.065 

0.04 

0.0283 

I000 psig* 

0.0771 

0.106 

0.061 

0.39 

0.026 

*Values of initial pressures. 

' t  
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TABLE 3.6 

EFFECT OF SOLIDS PARTICLE SIZE ON 'kga' 

System - Oxygen-Water-Glass Beads 

Initial Pressure - 600 psig 

Solids Concentration - 10 Volume % 

Temperature - 22 °C  (average) 

Size Average k~a (sec -I) 
Range Representative 

Size 
(mlcrons) . . . . .  (microns) _ 800 rpm I000 rpm 

63-88 75 0.060 0.161 

105-177 150 0.054 0.156 

212-300 250 0.042 0.142 

425-600 500 0.040 0.138 
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APPENDIX 3. I 

Derivation of Equation of Batch Absorption 

Henry's law constant can be expressed as: 

P 
H = -- 

C* 

where P is the instantaneous pressure of the gas and C* is the correspond- 

ing value of the equilibrium concentration of the solute gas in the liquid. 

The bulk concentration C b of the solute gas in the liquid: 

v 

Cb = __i_ (Pi - P) V1- RT 

Where Pi is the initial pressure, V is the volume of the gas snace and 
g 

V I is the volume of the liquid. Then: 

V V 

1 VI_~. RT) __.K__ Pi C* - ~ = (g + P - VI.R T 
(3.Z.l) 

The rate of the solute uptake is related to the rate of change in 

pressure by means of the ideal gas law: 

also: 

Hence from equations 

v dP (3.Z.2) d__N = _a x __ 
dt RT dt 

- dtd--NN = Vlk£ a (C*-~) (3.1.3) 

(3.1.i), (3.1.2), and (3.1,3) 
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v 
I dP = _K k£a + I 

V 1 
Let ~ = ~--RT, then equation (3.1.4) becomes 

g 

i 

dP ) 
- d-T = k a ~+I) P-Pi 

(3.1.4) 

(3.1.5) 

Integrate equation (3.1.5) 

P 
dP .. kA a 

- f (a+l) P-Pi 
Pi 

(~+I) P-Pi 
- In ~Pi = (c+l)k£a t (3.1.6) 

At equilibrium, the final pressure is Pf and the final concentration of 

the solute is C* where C* is equal: 

V 

C* = ___K_ (pi_pf) VIRT 

and 
Pf 

C* -- -- 
H 

Hence 
Pf V 

__ = g (p i -p f )  H VIRT 

o r  
P i -P f v IRT 

pf H . V g  

Therefore equation (3.1.6) becomes 
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Pf P-Pf 
- pq in pi_p f k£a t (3.1.7) 

Pf P-Pf 
A plot of - E In pi_p---- ~ 

the slope of the curve. 

versus t is a straight line and k£a is equal to 

l i  
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4. CONTINUOUS COCURRENT DOWNFLOW BUBBLE COLI~]~ 

4.1 Introduction 

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

systems and as of late to gas-liquid-solid systems in Fischer-TroDsch 

synthesis, oxidation of organic compounds, and in coal-liquefaction. The 

reported work is exclusively concentrated on systems in which the gas is 

dispersed at the bottom of the column and liquid may be either in batch 

mode or glows cocurrently upwards along with the Kas phase. However, the 

gas phase residence time is limited due to the rising velocity of the gas 

bubbles, which can be overcome provided the gas is dispersed from the 

top of the column in a liquid flowing vertically downwards, so that the 

gas bubbles are forced down by the liquid flow in a direction opposite 

to that imposed by their bouyancy. Under these conditions the mean resi- 

dence time of the gas phase can be extended to the Dolnt of a state of 

suspension by a variation of the liquid velocity. 

4.2 Experimental Set-Up and Procedure 

The downflow reactor consisting of a glass column with an inter- 

nal diameter of .075 m, and 2.45 m in height has been erected. The gas 

is introduced through a ring distributor with holes i mm in diameter 

radially into the liquid phase which is also introduced through the top 

of the column. The downflowing gas-llquid mixture is discharged into a 

dis~:iguging tank with a rectangular cross-section .0R sq meter in area 

and .61 meter in height. 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 .152 m in diameter 
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are mounted at the top of the column and the liquid line and serve to dis- 

engage any gas which may be entrained in the recycle liquid. The gas 

flowrate is monitored by means of a rotameter in the line. The pressure 

at the upstream end of the rotameter is maintained constant by means of 

an air regulator. The liquid flow rate is metered using a calibrated 

eblow meter in the liquid line which is connected to a liquid level indi- 

cator. The slurries to be used will be metered by using an ultrasonics 

measuring device. 

The pressure in the disengaging tank is maintained using a back 

pressure regulator provided with a pressure gauge. The column is fitted 

with six ports along the length, the distance between two consecutive 

ports is 0.305 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 incor- 

porated, to ensure that no air bubbles are entrained in the lines connect- 

ing the ports to the liquid level indicator. The two other ports are 

inserted with conductivity probes. These probes are at a distance of 1.22 

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

upon the relative amount of each phase present in the mixture. This prin- 

ciple wJLll be employed to measure the gas holdup with the use of these 

(4.1) 
probes. The method has been used previously by Stepanek et al. 

The Figure 4.1 is the process diagram of the cocurrent downflow 

bubble column. 
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4.3 Results and Discussion 

Some experimental measurements were made to determine the gas phase 

holdup in a alr-water mixture. The gas phase holdup was determined by 

measuring the hydrostatic pressure along the length of the column of the 

two phase mixture. The following were the values of gas holdup obtained 

at the three liquid velocities and two gas velocities. 

VL(Cm/S) V~ (cm/s) ~G z 

31 0.15 Ii. 9 

38 0.15 ii. 4 

36 0.i 5.4 

The gas holdup increases by more than two foid for an increase in 

gas velocity of only 50 percent. However, it is not significantly affected 

by the increase in liquid velocity. A comparison of this preliminary data 

in the downflow bubble column to a cocurrently operated upflow bubble 

column using the correlation reported by Hills (4"2) at high liquid through- 

puts shows that at a liquid velocity of 31 cm/s and gas velocity of .15 

cm/s, the holdup is only 0.2%. Thus, the holdup in a downflow bubble 

column is nearly two orders of magnitude larger than in conventional 

bubble columns. Besides, the use of pressure taps, conductivity probes 

will be employed to measure the local holdup, since at higher gas velo- 

cities there seems to be an axial variation of the holdup, with the gas 

holdup decreasing progressively downwards. 

Of course, these results are premature to make any in depth com- 

ments at this point, as the system is still in the process of debugging, 

for minor problems such as leaks through the disengaging section at the 
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bottom and trace entrainment of the gas phase in the recycle liquid. 

Once these problems are overcome interesting data on holdup measurements 

would accrue. Moreso, as can be seen from Figure 4.2, and 4.3 which pro- 

vide some pictures of gas dispersed in the liquid phase, for air-water 

system, the bubble flow regime is encountered. The pictures also show 

the uniform and fine dispersion of the gas phase, which suggests that 

high interfacial areas would be obtained in such a downflow colunm. 

V 

I "  
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4.2(a) 4.2(b) 

FIGURE 4.2: Gas Dispersion in Air-Water System 

4.2(a): Photograph of gas bubbles at VG=0.1 cm/s and VL=31 em/s 

4.2(b): Photograph of gas bubbles at VG=0.1 cm/s and VL=20.5 ¢m/s 
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4.3(a) 4.3(b) 

FIGI~E 4.3: Gas Dispersion in Air-Water System 

4,3(a): Photograph of gas bubbles at VG=0.1 cm/s and VL=31 cm/s 

4.3(b~: Photograph of gas bubbles at VG=0.15 cm/s and Vl=31 cm/s 

Reproduced from 
best available copy 

328 



253 

References 

4.1 

4.2 

Stepanek, J.B., Achwal, S.K., Chem. Eng. Sci. 30, 1443, ~949. 

Hills, J.H., Chem. Eng. J. 12, 89, C976~ 

329 



254 

Conclusions 

The gas holdup and dispersion coefficient data in the cocurrent 

continuous column were analyzed using flow regime maps. A theory by 

Zuber and Findleyhas been successfully applied to rationalize all the 

data with the help of nonuniform radial distribution. 

The gas holdup and bubble rise velocities data have been analyzed 

using flow regime maps and gas disengagement technique in batch bubble 

column. 

The results obtained in a mechanically agitated contactor reveal 

that pressure has no effect on kAa, an increase in rpm increases k£a and 

that an increase in solid concentration decreases k£a, though particles 

of smaller size gave better values of kAa than particles of larger size, 

The downflow bubble column is in operation and some preliminary 

data were obtained. 
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O 

v 

Nomenclature 

a 

c 

% 

C N 

Cp 

Co 

C I 

C* 

D 

d b 

d 
c 

g 

H 

HH 

k£ 

L 

n 

N 

P 

hi  

h(t) 

K 

APtp 

R 

T 

interfacial area, cm2/cm 3 

ratio of solid to liquid holdup (~s/CL) 

bulk concentration of the gas in the liquid 

carbon number 

specific heat 

distribution parameter 

constant in equation (1.3.8) 

equilibrium concentration of ~he gas in the liquid 

axial dispersion coefficient 

bubble diameter 

diameter of the column, m 

gravitational acceleration, m2/s 

Henry's law constant 

hydrostatic head 

mass transfer coefficient, cm/s 

mass transfer coefficient, m/s 

length ofcolumn 

flow behavior index 

number of moles of gas 

pressure 

unaerated liquid height, m 

aerated liquid height, m 

consistency index, kg/m.s 

two phase functional pressure drop 

gas constant 

temperature, C 
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T c, T h 

x (%) 

hr <%7 

lJb~ 

U S 

g 

V C 

V G 

V£ or V 1 

VM 

V T 

X 

XC, X~ 

y 

boundary values of axial temperature 

maximum time required for bubbles of size ~ to disengage, s 

bubble r i s e  v e l o c i t y  of bubbles  of  s i z e ,  ~ ,  m/s 

s i n g l e  bubble  r i s e  v e l o c i t y ,  m/s 

slip velocity, m/s 

superficial fluid velocity, m/s 

circulation velocity, m/s 

volume of gas phase 

volume of liquid phase 

bubble rise velocity defined as VG/g G, m/s 

total phase velociny, m/s 

axial distance, m; absolute pressure, arm in equation (3.3.1) 

boundary values of axial distance 

volume of gas at 25°C and 1 arm per unit volume of liquid 

Subscripts 

G 

L 

S 

SL 

gas phase 

liquid phase  

solid phase 

slurry phase 

Greek Letters 

V 1 , 
RT ttV g 

phase holdup 

~CD 

0 

drift flux, m/s 

-i 
shear rate, s 

phase density, kg/m 3 
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eGCt) 
eG,i 

CGo 

eGp 

interfacial tension, N/m 

viscosity, kg/m.s 

gas holdup as a function of time 

gas holdup of bubbles of size i 

observed gas holdup 

predicted gas holdup 
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