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OBJECTIVES 

To investigate the heat transfer characteristics in two slurry bubble columns 
(Diameters 10.8 and 30.5 an) as a function of system and operating paramelf~rs. 

SUMMARY 

The small 10.8 an diameter Plexiglas slurry bubble column has been operated 
in various modes and in different environment. It has been used to measure heat 
transfer coefficient between a heat transfer probe of 19 nun diameter placed coax/ally 
and air-water dispersion as a function of air velocity. The effect of water flow 
velocity, position of heat-transfer section and heat flux value on heat-transfer 
coefficient has been studied and discussed. The uncertainty in the measurements 
have been determined. To study the heat transfer mechanism experiments were 
conducted to measure fluctuating heat-transfer coefficient at a sampling rate of 10 
readings per minute. The experiments were also conducted to measure the local 
temperature on heat transfer surface at a high sampling rate of 20 readings per 
second. 

The design, fabrication and installation work on the larger 0,305 m diameter 
column has progressed and it is expected that various flow loops and measuring 
circuits will be completed shortly. A heat transfer probe of 19 mm diamete' is in the 
advanced stage of fabrication. A special circuit is assembled to energize the electrical 
heater. 

Interpretation of our experimental air holdup data for different operating 
conditions in terms of available correlations are presented. 

DESCRIPTION OF TECHNICAL PROGRESS 

TASK 2 

On the small 10,8 cm diameter Plexiglas column heat trans~r data have been 
taken with heater locatic~n in the lower, middle and upper reg/ons of the column. 
The measurements have been repeated for the middle region of the column to 
check the reproducibility of the data and hence the precision of our reported heat 
transfer coefficient, hw, values. All these data are taken in the batch mode as a 
function of air velocity. The computed hw values are plotted and are discussed in 
the foUowing. : 

To measure the radial temperature distribution in the air-water dispersion, a 
thermocouple probe with six thermocouples is used. To scan the complete 
temperature profile at a particular axial location about 20 seconds are needed. The 
measured temperature profiles are shown in Figure I for four values of the air 
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velocity. It is clear that the temperature distribution is very steep at the probe 
surface and attains a constant value within a distance of a few mm from the probe 
surface. We have measured the column temperature at the distances of 20, 25 and 
30 nun from the probe surface and its mean value is used in calculating the h w 
valtms. However, the column temperature does exhibit a fluctuation at each radial 
position and it is dependent on the value of ~ 'velocity. Thus, at 3.39 cm/s, the 
temperature fluctuations are almost always within + 0.25K, while at higher gas 
velodlies the fluctuations reduce to about half of the value at the lower gas" velocity 
i.e., + 0.12K. These estimates are essential to determine the accuracy of our 
measured hw values. 

With heater in the middle region of the column i.e., its middle point is 87.5 an  
above the air distributor plate, the measured h w values as a function of Ume for 
different air velocities are shown in Figure 2. A repeat run of these measurements 
is shown in Figure 3. Measured values of h w in the lower region when the heat 
transfer probe is located 57.2 cm above the air distributor plate are plotted in  Figure 
4. Similar data when the heater is located in the upper region with its middle point 
118.1 cm above the distributor plate are graphed in Figure 5. 

During the measurement of h w as a function of time, the column temperature 
changes.  The temperature variation is more if the air velocity is low. The 
approximate column temperatures at various instants are listed in Figures 2-5 at 
each air velocity. In these figures, it is noticed that when the column temperature is 
constant he,, assumes its steady state value within a few minutes, less than four 
minutes and more like two minutes. The rising h w values with time, particularly 
evident a t  lower air velocities, is attributed to the rising temperature of the air-water 
suspension in the column. 

The steady-state h w values at about 315K as read from Figures 2-5 are listed in 
Table 1. Also shown in this table are the average air holdup values determined 
along with the heat transfer measurements. The same data are display, ed in Figure 
6. I t  is seen that the h w values increase with the increase in the air velocity initially 
but then attain a constant value for b.igher air velocities greater than about 25 cm/s. 
The scatter in the hw values is generally less than ± 2 percent and therefore it is 
inferred that the variation of hw along the axis of the column is negligibly small 
and can be neglected at least for operating conditions and system parameters 
corresponding to those of Figure 6. 

The average air holdup values of Figure 6 indicate a uniform increase in their 
values with gas velocity over the entire range. In the higher air velocity range, h w 

is constant wi'dle ~g increases with U. It will suggest that the heat transfer process 



for these conditions is not sensitively dependent upon the proportion of air in the 
air-water suspension. This gives us an important clue in the development of the 
overall heat transfer mechanism from an immersed surface in a two-phase (gas- 
liquid) suspension. 

A series of experiments has been conducted to establish the influence of water 
flow velocity on h w. Since h W does not vary along the height of the column, these 

measurements were taken with the heater located in the middle region of the 
column. The measured h w values as a function of time for the water flow velocity 

of 6.8 mm/s are shown in Figure 7 for three air velocities in the range of our interest 
where the air-water suspension is in the churn-turbulent regime. Because not 
enough heat is removed from the system by the exiting gas, the column 
temperature exhibits a slow increase with time. The heat removed by circulating 
water is also small due to its low flow rate. In the figure several values of column 
t~mperature are shown in each case. In the light of our earlier discussion the h w 

values shown in the figure should be regarded as steady-state values. 

Similar results as reported in Figure 7 are presented in F/gum 8 for water flow 
velocity of 11.9 mm/s .  These results are quite similar to those given in Figure 7. 
The h w values as read from these two figures at about 307 + 1K are listed in Table 2 
and  are shown plotted in Figure 9. For zero water flow velocity the earlier 
measured h w values are also shown. The influence of water flow velocity on h w in 
the range of pre~mt measurements seem to be negligibly small as the scatter is 
always within the range, of experimental uncertainty in hw. The corresponding 

values of total gas holdup, ~'g, are also shown in Figure 9 and are reported in Table 
7_ i 

The data acquisition system fliP 3497A) used in the presmt measurements is a 
5 1/2 digit digital voltmeter and 20 channel relay multiplexer assembly so that the 
thermocouples output  can be measured in a chosen sequence. The system is 
remotely controlled by a HI '  310 computer which is inte~a~:~.~,.with a dual flexible 
disc drive, HP Thinkjet printer and HP Color Pro plotter. The thermocouple emfs 
are converted into temperature using adequate software and thence into heat 
transfer coefficient wh/d't are graphically displayed by the plotter. We have taken 
such data at the sampling rate of ten data points per minute and the same are shown 
in Figure 10, at various air velocities and for an aerated water column height of 
170.2 cm. The column teml:m_rature exhibits a steady slow temperature rise over the 
period of 50 minutes. The rise depends on the gas velocity and the actual 
temperatures are shown in each case. It is important to note that the steady-state is 
reached in about four minutes and thereafter any variation in h w is attributed to the 

change in column temperature. It is also interesting to note that h w fluctuates 

continuously with time in a random fashion and the magnitude of maximum 



fluctuation increases with increase in air velocity. The magnitudes of these 
fluctuations are 6.6%, 5.3%. 7.2%, 9.0% and 9.4% at 6.86, 13.8~ 20.9, 28.1 and 35.3 cm/s 
respectively. These data records revealed that the heat removal from the hea te r  
surface is most probably by the air-liquid dispersion elements which continuously 
visit the heater surface. This bathing of the surface is brought about by the turbulent 
nature of the air-water dispersion. To confirm whether the surface is covered by the 
discontinuous phase (air bubble) on a regular basis with a finite ~equency or not, an 
experiment has been performed. It involved the measurement of the local 
temperature of the heater surface as a function of time over a period of 10 s at the 
rate of twenty readings per second. A pronounced variation of the local 
temperature with time and its periodicity will suggest the nature of phases in 
contact with the heater surface and their duration of stay and rate of replenishment 
i.e., their residence time and frequency. 

Figure 11 shows our experimental findings at different air velocities when a 
constant power is fed to the heater. Also shown in this figure (curve a) is the 
variation of local temperature when the heater surface is at ~e  column temperature 
but the air is being bubbled through the water column. The temperature variations 
of the curves (b,~c and d) are to be evaluated in t~he background of variations implicit 
in curve a. It is clear that the local surface temperature does not exhibit wide 
fluctuations suggesting thereby that the nature of the phase in contact with it does 
not  significantly change. In particular, the surface never sees the pure  
discontinuous phase, and the small f l u c ~ i o n s  may be due to the different mix of 
pure phases (water and air) in the dispersion element visiting the heater surface. A 
partial confirmation to this proposed mechanism of heat transfer also comes from 
the results displayed in Figure 9. The ~r  holdup increases monotonically with 
increasing air velocity, while the hw values tend to become constant at higher air 
velocities. This suggests that the role played by air velocity is primarily in churning 
and agitating the liquid. At low gas velocities, the liquid agitation increases with 
increase in gas velocity and hence h w increases with increase in gas velocity in the 
low gas velocity range. As the gas velocity is further increased the heat transfer rate 
becomes constant because any increase in the frequency of gas-liquid dispersion visit 
at the heat transfer surface does not significantly influence the heat removal rate in 
this gas velocity range. Any minor change in the heat transfer rate in this gas 
velocity range can also be balanced by the change in thermal properties of the 
dispersion due to changes in its composition as the gas velocity is increased. This 
conjectured mechanism of heat transfer from an immersed surface to the gas-liquid 
suspension in a bubble column will be further developed in our continuing work. 

It is also considered desirable to invest/gate .':'e dependence of heat transfer 
coefficient, hw, on the value of thermal flux, Q/A, ~rhen all the other variables are 
held co.~stant. We, therefore, measured the h w values for the air velocity of 34.4 
cm/s ,  colunm temperature of about 312K when the heater is located 87.5 crn above 
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the distributor. The electrical power supplied to the heater is varied between 0.456 
to 0.943 kW. The measured h w values are listed in Table 3 and it is noticed that 
these do not vary in any systematic manner with the increase in thermal flux. The 
maximum variation in the hw vaIues is also within the maximum uncertainty 

assigned to the measured h w values. 

The measured uncertainty of our data is estimated to be about 4.5% on the basis 
of the following equations. 

[ A T / .  

where 

.2 2 

2 2 2 

/ \aT/  AT/ 

and 

Here 8h w, 80, 8(&T) and 8(A) represent the error in h w, Q, AT and A respectively. 

AT = T s - T c is the temperature difference between the temperatures of the heater 
surface (T s) and the air-water dispersion (Te). The electrical power (Q) supplied to 
the heater is the product of the current (D through it and voltage (Vo) applied across 
it- The heater area (A) is ~DL where D is the diameter and L is the length of the 
heater section of the heat transfer probe. 

A seven-probe bundle is designed, fabricated and is ready for use. 

TASK 3 
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The design, fabrication and installation work on the lzrger 0.305 m diameter 
column has progressed and it is expected that the various flow loops and measuring 
circuits will be completed shortly. In particular, the air supply line is completed as 
also the circuit for measuring pressure profile along the column. The latter consists 
of four air purge meters, twelve on-off valve, four trap bottles, and four mercury 
manometers. This arrangement enables to establish the pressme drop across three 
sections of the column as well as across the whole column. A pressure transducer 
wi th  a digital monitor  is also installed as an alternative arrangement to 
m~=nometers to measure the pressure distribution. 

A heat transfer probe of 19 mm diameter and of the same general design as 
used  in conjunction with the small 10.8 cm diameter column is designed for use 
with the larger (0.305 In) column. It is in the advanced stage of fabrication. Three 
three-arm clamps, each having two telescopic arms, have been constructed with 
great care and precision to ensure stable and accurate axial positioning of the probe 
in the column. A diverger section for the top end of the column with special, 
provision to mount the upper end of the probe is designed and its fabrication will 
start soon as the materials required in its construction have been procured. 

To energize the electrical heater in the probe a special electrical circuit is 
assembled on an aluminum panel box comprising of a selector switch, digital 
mul,'~meter, and connectors. To measure the column and probe .surface 
teml:m_ratures by the copper constantan thermocouples, a twenty jack panel beard is 
prepared and Lustalled. The remaining measurement system remains the same as 
used in conjunction with the smaller bubble column. 

TASK4 

• We now present an interpretation of our experimental air holdup data for 
different operating conditions in terms of available correlations. In the progress 
report for the month of November 1987, we reported the gas holdup data for the air- 
water  system as a function of air velocity at a temperature of 297 IC The liquid 
velocity was zero so that the operation may be referred as ~mi-batch. These dam 
were taken for increasing air flow velocity and then for decreasing air flow veloci~. 
In all cases a constant expanded height of the water column as 170.18 cm ~s 
maintainecl and the corresponding water column height upon cessation of air flow 
is measured. From these measurements the average air holdup, ~g ,  is computed. 
The data are shown in Figure 12. A pronounced maximum and minimum are 
observed for increasing air velocity while a monotonic variation of increasing ~'g 
with increasing U is found for decreasing air velor'ity. This hysterisis effect has been 
observed by other workers also I"4 and i.q primarily due to the formation and 
accumulation of foam at the top of air-water dispersion and secondarily due to foam 
accumulation in the column. Maruyama et al.2 based on their work in a two- 



dimensional column with a rectangular cross section of 30 cm x I cm and a height of 
130 cn', have attributed such a dependence of ~ g  on U to different liquid flow 
patterns. Three regimes of operation viz., uniform bubbling, transition and liquid 
circulation have been proposed and these are encountered as the air velodty is 
increased. In the transition regime local liquid circulation near the side walls and 
gross liquid circulation may occur depending upon the gas velocity. At the 
maximum holdup, a symmetrical two-loop circulation pattern, upward near the 
middle and downward near the side wall, is observed. A monotonic decrease in ~g 

values is observed when the air velodty is decreased. 

: Hughmark5,6,11 proposed the following correlation for air-water system 

1 
e s= 2 + ( o . 3 s / ~  fl) 

Modifications of this correlation have been proposed for other liquids 5 and for 
three-phase systems 7. 

Akita and Yoshida 8 recommended a general correlation for gas-liquid systems 
including aiz-water as 

. 

~ 8] (1 - ~'g)4= 0.20 Bol'SGal~'Fr (2) 

where 

Blot number (Bo) = cPL / 

Galileo number (Ga) = {gD:/V2L) 

and  Froude number (Fr) - U / 

0) 

(4) 

(S) 

Here  D c is the column diameter, PL is the liquid density, o is the surface tension of 

the liquid, v L is the kinematic viscosity' of the liquid, and g is the acceleration due to 
8r'avity. All quantities are in 5I unit system. Recently Sada et aL 9 has proposed the 
following modification to t he  above correlation of Equation (2) by including a 
density ratio term: 
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Here pg is the gas density in $I units. The predictions based on equations (2) and (6) 
for air-water system differ from each other by less than 0.05 percent. 

Kumar et al.lO proposed 

$= 0.728 U '  - 0.485 U '  2+ 0.0975 U '  3 (7) 

where 

(8) 

Here all the quantities are in SI units. 
According to Hikita et al.ll  

• ,0~s/  4 3~" 1~, ,o~a2, ,o.io7 

(9) 

Here all quantities are in S.I. units, I~L and It s are the viscosities of liquid and gas 
respectively. 

Reilly et al.12 have proposed 

• 0.44 -0.~ -0 .16  0.1.9 
~=0.009+296U PL o p$ (10) 

Hills 13 has proposed that for air-water system, the gas holdup is given by 

~s= u[0.24 + 4.0 ~-~n] ~ 
(11) 

Computed values of gas holdup as obtained on the basis of the relations of 
equations (1) through (11) are shown in Figure 12 along with our experimental data. 
The data corresponding to increasing air velocity is qualitatively reproduced by the 
correlation of Kum~r et al. I0 only. The correlations of HuglunarkS, and Reilly et 
all2 are considered adequate in predicting the present gas holdup data as a function 
of decreasing air velocity. It is also to be noted that the nonmonotonic behavior of 
air holdup for increasing air velocity is only qualitatively reproduced by the 
correlation of Kumar et al. 10 
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The above discussion is for an upward flow of gas through a liquid column 
with zero flow velocity. In Figure 13 are also shown the gas holdup data for three 
water flow velocities, V, cocurrent with air velocities. In this range of water 
velocities (0.373 to 0.892 cm/s), ~ g is not dependent on V. For such a ~ e n t  two- 

phase flow, the gas holdup, ~'g, is correlated by Hughmark5 on the basis of the 
following relation: 

-I U v 1 U 
g s  1]'~' 

Here ~'g is to be compm~l from equation (I). Hills 13 on the other hand proposed 

that as long as V_<0.3 re~s, gg may be computed from the following relation: 

_,1.72 
(13) 

Comparison of ~ 'g data for the three liquid velocities with the predictions 
based on equations (12) and (13) is shown in Figure 13 as a function of air velocity. 

Additional data of gas holdup for the two.phase cocurr~t flow are taken and 
the .~mme are displayed in Figures 14 and 15. These also ¢nrrespond to the case where 
in the column a 19.0 mm diameter cylindrical heat transfer probe, is introduced 
along its axis. To avoid overcrowding of the data, ~ 'g values are displaced upward 
by  a constant amount. These two sets of data are not in complete qualitative 
agreement wih~ each other and it is attributed to the presence, of varying amounts of 
trace suffactants in the system. Nevertheless the qualitative dependence of ~'g on 
U and V mentioned above is displayed by these sets of data also. Shown in Figures 
14 and 15 are also the predictions of ~"g based on the correlations of equations 0~) 
and ¢~). Vv 

On the whole we find that the observed dependence of air holdup on air 
velocity is not even qualitatively reproduced by the two correlations. The 
correlation of equation (12) due to HughmarkS,6,11 underpredicts the experimental 
data of Figure 14 while overpredicts that of Figure 15. The reproduction of 
experimental data of Figure 14 is relatively better by ~ e  correlation of Hills 13, 
equation (13). On the other hand it reproduces rather poorly the experimental data 
of Hgure 15. We infer that these con'elations are reasonable in estimating the gas 
holdup within an uncertainty of about twenty percent and for precise knowledge 
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direct measurements should be preferred. The differences in the values are 
primarily due io the changing physical properties of the system brought about by the 
changes in the chemical composition of the phases involved. 

N O M E N C L A T U R E  

A 
Bo = 

D = 
Dc = 

Fr = 
Ga  = 

g = 

hvz = 
I = 

L 
Q = 

"re = 

T s = 
U = 
V '  --  

V = 
V O  -- 

8A = 

8D = 

8 h w  -" 

b'l = 

b'L = 

A T  = 

8AT = 

~r' C - 

~g = 

~°g = 

'Area of heat transfer, m 2 
Biot number, definerl by equaUon (3) 
Diameter of the heat-transfer probe, m 
Column diameter, m 
Froude number, defined by equation (5) 
Galileo number, defined by equation (4) 
Acceleration due to gravity, m/s 2 
Heat-transfer codficient, kWlm2K 
Currant through ~ hea'ter, A 
Length of the heat=transfer probe, m 
Electrical power supplied to the heater, kW 
Temperature of the. air-water dispersion, K 
Teml~erature of the heater surface, K 
Superficial gas flow velocity, m/s 
Defined by equation (8) 
Superficial water flow velodty, m/s 
V~tage applied across the heater, V 
Error in area of heat  transfer, m 2 

Error in diameter of heat-transfer probe, m 
Error in heat transfer coefficient, kW/m2K 

F.xror in current through the heater, A 
Error'in length of the heat-transfer probe, m 
Error in electrical power supplied to the heater, kW 

Temperattu'e difference between the temperatures of the heater-sudace 
and the air-water dispersion, K 
F.,'ror in the temperature differ.~nce between the temperatures of the 
heater surface and the ~.ir-water dispersion, K 
Error in the tempera ture  ol air-water dispersion,  K 

Error in  the temperature  of the heater  surface, K " 

Average ho ldup  wi th  V = 0, - 

Average air ho ldup  wi th  V > 0, - 



Pg 

Pi. 

= Viscosity of the air, kg/ms 

= Viscosit~ of the water, kg/ms 
= Kinematic viscosity of the water, m2/s  

= Density of the air, kg/m3 

= Density of the water, kg/m3 

= sm'face tension of water, N / m  

.?* 
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Table 2: Values of h w (kW/m2K) and ~'g (-) at the column temperatare of 307 :t: 1K 

as a function of U(m/s)  at different V(mm/s)  

U V = 0.0 V = 6.8 V = 11.9 

h w ~'g h w ~ 'g  hw ~ 'g 

0.13.5 5.31 0.202 - - 5.22 0.233 

0.203 5.62 0.240 5.64 0.305 5.76 0.295 

0.273 5.79 0.301 5.96 0 .338  5.72 0.336 

0.344 5.72 0.339 5.92 0.379 5.88 0.361 

Table 3: Experimental values of hw (kW/m2IO for different electrical power input 
to the heater, Q(kW), at a fixed column temperature To(K). 

Tc Q hw 

312.7 ::l: 0.8 0.4560 5.915 :t: 0.089 

312.6 ::t: 0.6 0.6072 5.779 + 0.216 

313.8 ± 1.1 0.8113 5.937 + 0.082 

312.0 ± 1.4 0.9430 6.003:1:0..340 
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Figure 5. Variation of the heat  transfer coefficient with time at different air 

velocities. Heater is located at 118,1 cat above the distributor plate (upper 

region). 
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