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Abstract--The effect of angle of inclination on the rise velocity of a single gas slug and overall liquid-phase 
mass transfer coefficient (KLA) have been measured for a CO2 bubble in a closed tube. Water and two 
aqueous solutions of glycerol were used. The results on KLA and the rise velocity Ub0 have been empirically 
correlated. A method has been proposed to estimate the interfacial area of the slug in an inclined position. 
Plausible explanations have been offered for the observed jump in the KLA for larger tubes (D > 0.0257 m) 
and longer (L/D > 3) slugs. 

I N T R O D U C T I O N  

The paper deals with the measurement of liquid-phase 
controlled mass transfer from single gas bubbles rising 
through a tube oriented at different angles to the 
horizontal. Niranjan et al. (1988) have discussed the 
details of the technique employed in this study. Dur- 
ing continuous sparging of gas inside tubes or col- 
umns, which are long and narrow, slug formation is 
often observed. The nature and geometry of this slug 
is a strong function of the tube inclination. The rise 
velocity of this slug or gas-liquid interfacial area are 
significantly different for tubes which are not perfectly 
vertical or horizontal. In air-lift fermenter systems 
with external recirculation, the downcomer is inclined 
to a different extent at different location, thus the 
knowledge of the rise velocity of the slug for a specific 
tube inclination and its contribution to the overall 
mass transfer are two important design parameters to 
judge the stability and performance of these reactors, 
respectively. 

A number of publications deal with the measure- 
ment of the liquid-phase controlled mass transfer 
from single bubbles in containers of diameters much 
larger than the bubble diameter (Baird and Davidson, 
1962; Calderbank et al. 1970; Coppus and Rietema, 
1981). In these studies, bubbles were either spherical 
or spherical cap. Heuven and Beek (1963) gave the 
systematic analysis of the liquid-phase controlled 
mass transfer from slugs; viscosity and surface tension 
effects were neglected. The flow of liquid around 
a slug is considered to be either in free fall (Nicklin et 
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al., 1962) or laminar film mode (Baird and Ho, 1979). 
Niranjan et al. (1988) have discussed the implications 
of these assumptions on the exponent over L/D while 
correlating KL vs L/D. It has been shown in this work 
that the exponent over L/D shows a continuous vari- 
ation between the limits of 0 (free fall) to -0 .5  
(laminar film mode) rather than the two limits speci- 
fied by the two assumptions. The exponents depend 
on the diameter of the tube, viscosity of the liquid and 
L/D ratio. Niranjan et al. (1988) presented an ex- 
haustive mass transfer data, and a comparison with 
the previously reported studies. The effect of liquid 
viscosity, the diameter and L/D ratio were varied and 
its effect on the mass transfer coefficient have been 
elucidated. Filla (1972) has reviewed the experimental 
methods of measurement of KL for single bubbles; he 
measured KL using the technique of holding the slug 
fixed by a down flow of liquid. Results for a single slug 
can be summarized by the following empirical cor- 
relation (Filla, 1972): 

Sh* = 4.59 Pc°'5(L/D) °'8. (1) 

Although a number of studies including the pion- 
eering work of Zukowski (1966) have described the 
effect of the angle of inclination on the slug rise velo- 
city, no study is yet reported to include the effect of 
this variation in the rise velocity of the slug on the 
liquid-phase mass transfer coefficient. 

In this work, an attempt has been made to fill this 
gap. Some data on the rise velocity of the slug in 
inclined tubes along with the liquid-phase mass trans- 
fer coefficient has been presented. The variation in the 
shape of the gas slug as a function of the angle of 
inclination has been used to calculate the gas-liquid 
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interfacial area of the slug. Empirical correlations 
have been developed to correlate the slug rise velocity, 
liquid-phase mass transfer coefficient and the inter- 
facial area of the gas slug rising at different angles in 
circular tubes. 

EXPERIMENTAL 

The experimental technique was identical to the 
one described earlier by Niranjan et al. (1988). Two 
modifications have been done in the existing appar- 
atus. First is an arrangement of holding the tube at 
a predetermined angle from the horizontal with the 
help of a spring loaded pin and a lock as shown in 
Fig. 1. Second modification was to do with the type of 
pressure transducer used to measure the reduction in 
the partial pressure of carbon dioxide. In our earlier 
work (Niranjan et al., 1988), the tube and the pressure 
transducer were separated with the help of a flexible 
membrane, whereas in this work a pressure trans- 
ducer capable of working in gas-liquid systems was 
used thereby eliminating the need of the flexible mem- 

/°  \ 

brane and thus improving the accuracy of measure- 
ment. Pressure transducer used was of Setra Systems 
Inc. U.S.A. (Model 209). 

The experimental procedure was as follows. The 
tube was filled with the liquid (water and two different 
concentrations of glycerol solutions) free from dis- 
solved CO2. A known volume of CO2 gas saturated 
with water vapour was then introduced through valve 
V1 (Fig. 1) displacing an equal volume of liquid 
through the valve V2 (Fig. 1), the volume determining 
the slug length in the vertical position. The tube was 
then flipped through (180 + 0) ° by moving the handle 
C from position 1 to either 2, 3, 4 or 5, thereby mak- 
ing slug rise at an angle of 90, 60, 45 and 30 ° , respec- 
tively. 

Part of the CO2 from the gas slug got absorbed in 
the liquid during the motion of the earlier. The reduc- 
tion in pressure due to this absorption was measured 
(noted down) with the help of the pressure transducer 
fixed to the tube. The slug rise velocity and the flight 
time, t l ,  were measured using a stop watch to observe 
the time required to travel between the two marks 
separated by a vertical distance of 1 m. 

Absorption due to the end effects, i.e. starting and 
stopping the bubble motion, is believed to be small. 
The range of viscosities covered in this work are 
typical of those encountered in aerobic fermentation. 

To get the bubble volume Vb and its corresponding 
interfacial area, (A), each slug was photographed and 
characterised by image analyser (Optomax V). The 
various geometrical details related to the shape of the 
bubble at different angles of inclinations are explained 
in the section of interfacial area. 

Five tubes of internal diameters 13.0, 19.4, 25.7, 38.5 
and 51.5 mm were used. The length of each tube was 
1.8 m. The properties of liquids used in the study are 
shown in Table 1. 

Fig. 1. Experimental set-up: (A) tube, (B) board, (C) handle, 
(D) to display, (E) transducer, (F) centre of rotation, (G) 
frame, (S) slug, (V1, V2) valves, (00' 11', 22' 33') pin position 

corresponding to 0 = 90, 60, 45 and 30 °. 

CALCULATION OF KLA 

The same set of assumptions as discussed in our 
earlier work (Niranjan et al., 1988) are believed to be 

Table 1. The physical properties of liquids at 17°C 

Glycerol Glycerol 
Liquid Water (95% v/v) (98.1% v/v) 

Density 0.997 1.254 1.265 
( x 10- 3 kg/m 3) 

Viscosity 1.010 811.000 1568.000 
( x 103 Pa s) 

Surface tension 7.35 6.31 6.250 
( x 102 N/m) 

Diffusivity 1.53 0.14 0.14 
(X 109m2/s) 

Henry's constant 2.49 8.62 9.08 
( x 10- 6J/kmol) 

t The physical properties of the liquids, the solubility of CO 2 and its diffusivity 
in water and CMC (1%) solution, were determined in the laboratory. The diffus- 
ivity of CO 2 in glycerol solutions was estimated using the data of Johnson (1969). 
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valid. These are: 

(1) For  the range of pressures used, atmospheric to 
slightly below atmospheric, the tube volume 
change is negligible and the liquids were incom- 
pressible. 

(2) The concentration of dissolved CO2 in the 
liquids was very small relative to the saturation 
concentration even after two flights of the slug. 

(3) Desorption of inert gas and condensation or 
evaporation of water had a negligible effect on 
the change of pressure in the slug. 

Thus the expression used for the calculation of KL A 
was (Niranjan et al., 1988): 

H Vb In ~ (2) KLA = 

where KLA is the overall mass transfer coefficient 
(m3/s). H is the Henry's law constant, R being the gas 
constant and T being the temperature. P~ and Ps" are 
the initial and final pressures in the tube and t s is the 
time of flight of the slug. 

RESULTS AND DISCUSSION 

Rise velocity of  sluos 
Nicklin et al. (1962) and Niranjan et al. (1988) have 

shown that in inviscid and viscous liquids, respec- 
tively, the slug rise velocity in vertical tubes of a given 
diameter is independent of slug length; the same ob- 
servation was recorded in this study for inclined tubes. 
Experimental data on rise velocity in inclined tubes 
containing water and glycerol solutions, is shown in 
Fig. 2 as a plot of Froude number (F,) against the 
tube diameter (D); the ordinate of each point has been 
calculated using a mean value of Ub recorded for six 
different slug lengths in each tube. The values of 
Froude number for slug rise in vertical tubes contain- 
ing water vary, as expected, between 0.3 and 0.35; this 
is also consistent with the potential flow theory 
(Nicklin et al., 1982). Lower values of Froude number 
are obtained for glycerol solutions; evidently viscosity 
effects take over. The influence of tube inclination on 
rise velocity can be appreciated from Fig. 3, which 
shows a plot of Ubo/Ub against the angle of inclination 
measured from the horizontal; note that the rise velo- 
city in the vertical tube, Ub, corresponds to 0 = 90 °. 
The ratio plotted as the ordinate, goes through 
a maxima at an angle of 45 ° in the case of 98% 
glycerol solution (Glycerol 1) and also for 95% gly- 
cerol solution (Glycerol 2) [Fig. 3(a) and (b)]. Appar- 
ently, this ratio also goes through a maxima in the 
case of water, although the angle at which this occurs 
is perhaps lower, see Fig. 3(c). This is also consistent 
with earlier studies (Zukowski, 1966; Bonnecaze et al., 
1971). Bonnecaze et al. (1971) provide an explanation 
for this observation for the case of two-dimensional 
slug rising under potential flow conditions. The data 
on the rise velocity of slugs through water in inclined 
tubes, obtained in this study, as well as the earlier data 
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of Zukowski (1966) can be correlated empirically by 
the following equations developed in this study: 

Ubo 
- E(8.437 sin 0 - 6.486 sin 2 0) 

Ub 

for D < 0.025m (3) 

where E = (D/m) °'175 and 

Ub_~0 = 0.512(8.437 sin 0 -- 6.486 sin 2 0) 
Ub 

D ~> 0.025m. (4) 

Equations (3) and (4) also include the slug rising 
velocity data for vertical tubes, i.e. 0 = 90 °. Figure 
4 gives a parity plot between the predicted values of 
Ubo by eq. (3) or (4) and the experimentally observed 
values of Ubo. Some selected data points of Zukowski 
(1966) have also been included in the plot. The agree- 
ment is excellent. 

The correlation coefficient is 0.96 with a standard 
deviation of 8%. It was not possible to obtain a sim- 
ilar correlation for viscous glycerol solutions due to 
the complex variation of the U~/Ub ratio with the 
tube diameter and the angle of inclination. It was 
observed that, though the maxima in U~/Ub was 
always around an angle of inclination of 45°; the value 
of the maxima increased with the system viscosity and 
decreased with an increase in tube diameter. The 
change in the shape of the slug will alter the overall 
drag coefficient film and form (combined). If the 
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system is under laminar liquid film mode (small dia- 
meter) then, the contribution of viscous drag will alter 
significantly, giving maximum variation in Uho/Ub for 
small diameters at higher viscosities. As the flow 
transforms from laminar flow to free fall (larger dia- 
meter) the effect on Ubo/Ub is expected to be smaller. 
This trend has been confirmed by the data presented 
in Fig. 3. 

Volumetric mass transfer coefficient 
The volumetric mass transfer coefficient KLA, 

where A is the interfacial area for mass transfer in m 2, 
was calculated using the measured values of P/, P~-, vb 
and t / a t  T. The values of KLA was initially deter- 
mined in vertical tubes for CO2 slugs in water. This 
was primarily done to standardise the experimental 
procedure by comparing the results obtained with the 
data published earlier by Niranjan et al. (1988). 
A good agreement was found with the results ob- 
tained with tube diameters of 0.02537 m or less. In the 
case of 0.0382 and 0.0515 m diameter tubes, there was 
a reasonable agreement for L/D < 3; however, for 
L/D > 3, KLA values obtained in this study were 
found to be significantly higher than the values ob- 
tained by Niranjan et al. (1988). This can be attributed 
to the formation of tiny bubbles which broke off from 
the parent slug, a phenomenon not observed in the 
earlier study. The cause of generation of these tiny 
bubbles is discussed elsewhere (Pandit and Nigam, 
1993). Esteves and De Carvalho (1993) have presented 
some new mass transfer data for gas slugs travelling in 
vertical tubes. They have pointed out that for tube 
diameters of 0.032 and 0.052 m the slope of KLA vs 
L/D lines changed abruptly when L /D  exceeded 10. 
This observation is consistent with results obtained in 
this study. This sudden increase has been attributed to 
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the fact that, the liquid film flowing over the gas slug 
becomes turbulent, enhancing the mass transfer coef- 
ficient. Esteves and De Carvalho (1993) have success- 
fully correlated this transition and increase in the 
mass transfer coefficient by incorporating the correla- 
tion for the prediction of the mass transfer coefficient 
for turbulent liquid films proposed by Lamourelle and 
Sandall (1972). Thus, the observed increase in the 
KLA [Fig. 5(a)-(c)] or KL [Fig. 8(d) and (e)] could be 
explained on the basis of the above two phenomena 
(formation of small bubbles and liquid film becoming 
turbulent). The quantification of the same is not pos- 
sible at this stage, though order of magnitude analysis 
suggest that both these phenomena can play a signifi- 
cant role. The reported increase in the KLA due to 
liquid film turning turbulent as reported by Esteves 
and De Carvalho (1993) and also calculated on the 
basis of the amount of gas entrained and observed 
small bubble diameters work out to be of the same 
order. 

The significantly lower values of KLA measured for 
larger column diameters ( > 0.0257 m) in the earlier 
study (Niranjan et al., 1988) could also be attributed 
to some extent by the use of a flexible membrane used 
to separate the pressure transducers and the tube. It 
appears that, the presence of this membrane restricted 
the maximum drop in the pressure, which could be 
measured. The drop in the partial pressure of CO2 is 
significantly higher for larger column diameters and 
larger LID ratios and the presence of the membrane 
might have played a major role in the maximum value 
of KLA which could be measured in the earlier 
studies. 

Effect of LID on KLA 
The variation of KLA with LID for vertical and 

inclined tubes are given in Fig. 5(a)-(c) in the case of 
inclined tubes, L represents the length of the same 
slug, had it been rising vertically in the same tube. In 
practice, the actual length varies in a complex man- 
ner at different angles of inclination and hence, it was 
thought desirable to develop correlations based on 
the vertical length L. The log-log plots of Fig. 5(a)-(c) 
suggest that for a given tube diameter, KLA values in 
the liquid are dependent on (L/D) alone and not on 
the angle of inclination by altering ty and A. The effect 
of the angle of the inclination of the tube is through 
the alteration of the rise velocity of the slug. The 
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complex variation in the rise velocity and the shape of 
the slug, with the angle of inclination, may result into 
KLA being independent of the angle of inclination. 
The exact effect of the angle of inclination will be 
explained subsequently. 

Filla (1972) suggested that Sh*~(L/D) °8 while 
Niranjan et al. (1988) observed Sh* ~(L/D) T M  after 
predeciding the exponent over Peclet number as 0.5. It 
appears from the present study that the slope of the 
lines of KLA vs L/D increases progressively, albeit 
marginally, with the tube diameter ((L/D) °'6 to 
(L/D)L°). It is therefore more realistic to let the expo- 
nent vary with the tube diameter; a least-square fit of 
the slope X, with the tube diameter gives 

X = 3.2D °'386 (5) 

where 3.2 has units of m-o. 386. It is also interesting to 
note that this variation is valid for both water as well 
as glycerol solutions; evidently, is independent of the 
viscosity effects. The KLA data can be simply corre- 
lated by the equation of the type 

KLA _ 4C (L x_ ~ DX+2). (6) 
rc 

The values of C and X [also given by eq. (5)] are 
dependent on the tube diameter and, diffusivity. These 
are given in Table 2 for the liquids used in this work. 
The proportionality constant C can be shown to be 
a function of Peclet number (UboDe/D), where Ub~ is 
the rise velocity if the gas slug attached to the side of 
the wall (as in the case of the inclined tube) having 
diameter De. It was found that De was a very complex 
function of the angle of the inclination and the tube 
diameter due to the variation in the slug shape. The 
possible explanation of KL A being independent of the 
angle of inclination 0 can be given on the basis of 
changes in the interracial area and the variation in the 
slug rise velocity. The increase in the angle of inclina- 
tion decreases interfacial area [eqs (7) and (8)] and 
increases Ubo. With this variation, KL is expected to 
increase as a result of higher surface renewal rate ( Ub0 
is higher) but the simultaneous decrease in the inter- 
facial area compensates this increase in KL making 
the overall mass transfer coefficient (product of 
KL and A) independent of the angles of inclinations 
covered in this work. It can also be shown with the 
help of eq. (7) that interfacial area A, is proportional 
to (sin 0) with an average exponent of - 0.15 for the 

Table 2. Values of c and X [Eq. (6)] 

Water Glycerol 1 Glycerol 2 

C C Column 
diameter 

(m) X 30° ~< 0~<60 ° 0=90 ° X 30° ~< 0~<60 ° 0=90 ° X 

0.0130 
0.0194 
0.0257 
0.0385 
0.0515 

7.00 x 10- s 
1.46 x 10- 7 
3.28 x 10- v 
7.88 × 10- 7 
1.61 x 10 -6 

0.60 2.60 x 10 -9 2.09 x 10 -9 0.55 4.05 x 10 -9 3.16x 10 -9 0.60 
0.75 8.56 × 10 -9 6.85 × 10 -9 0.70 1.23 x 10 -8 8.60 × 10 -9 0.675 
0.75 1.90 x 10 -a 0.70 2.6 x l0 -a 0.70 
0.90 6.10 x 10 -9 0.90 8.0 x 10 -8 0.78 
1.00 1.40 x 10 -7 0.90 2.0 × l0 -v 0.78 
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Fig. 5. Effect of (L/D) on KLA. (a) COz-water, (b) CO2-98% glycerol, (c) CO2-95% glycerol. 

case of water. Similarly from eqs (3) and (4), it can be 
shown that U~ is approximately proportional to 
(sin 0) with an exponent of - 0.4. This in turn indi- 
cates that KL~tsin 00.2 assuming the surface renewal 
mechanism is valid. Thus the product KLA shows 
a very weak dependence on sin 0 (i.e. exponent of 0.05 
or less). The indicated variation in KLA due to this 
exponent (2 to 4%) over sin0 is well within the 
measurement accuracy and thus KLA was found to be 
independent of the angle of inclination. The values of 
KLA obtained by Niranjan et al. (1988) were com- 

pared with the valaes reported in Fig. 5(a)-(c) for the 
vertical case (0 = 90°C). As discussed earlier, the 
agreement was good for tube diameters of 0.0257 m or 
less; whereas for large tube diameters a considerable 
variation has been observed. This variation could be 
attributed to the formation of small bubbles or liquid 
film turning turbulent as discussed earlier. 

The conventional definition of the Peclet number 
cannot be used in the case of the inclined tubes due to 
the change in the shape of the nose of the slug. The 
variation in De with respect to the inside diameter of 
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the tube and the angle of inclination will be evident 
from the data used for estimation of the interracial 
area. Thus eq. (6) is a general equation applicable over 
the range of parameters studied in this work. Al- 
though empirical and system specific, it eliminates the 
ambiguities associated with a definition and calcu- 
lation of Peeler number  for slugs of odd or complex 
shapes as is required while using the equations pro- 
posed by Niranjan et al. (1988) and Fila (1972). 

lnterfacial area of the slugs in inclined tubes 
Typical slug shapes observed in inclined tubes con- 

taining water and glycerol are shown in Fig. 6(a) and 
(b); the relevant dimensions are also shown. Each slug 
was photographed and the interracial area was cal- 
culated by analysing these photographs on an Op- 
tomax V image analyser. The net interfacial area of 
the slug in water was divided into three parts. 
Fig. 6(a): (i) the nose was treated as a quarter sphere 
having an interracial area given by A~ = nhlm. (ii) 
The tail was treated as a face of a pyramid with 
interracial area, A2 = D/2s in~2 (h 2 +n2) 1/2 where 
~t2 = cos-  x(1 - 2h2/0) and (iii) the main body of the 
s lug-- the region between the nose and tai l--was con- 
sidered as a trapezoid and the corresponding inter- 
facial area is 

where 

A3 -= 0 . 5 P [ D s i n a l ,  + Dsinct2] 

~1 = cos - t  (1 - 2hx/D) 

P = x/(hl  -- h2) 2 + L~. 

The total interfacial area is equal to the sum of 
A~, A2 and A3. In order to check the validity of the 
assumed profiles (Fig. 6) for different regions of the 
slug, the volume of each slug was calculated using the 
above geometry and this was compared with the vol- 
ume of the gas introduced experimentally; the two 
values did not differ by more than 10%. 

The same profiles were assumed for slugs in gly- 
cerol solutions, except that the dimensions hi and 

101 Sy$1em: C02-wa te r  

[b )  System: C02 - Aqueous GP¢CerOl 

Fig. 6. Typical gas slug shapes in dined tubes. (a) 
CO2-water , (b), CO2-aqueous glycerol. 
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h2 [Fig. 6(b)] are the same. Consequently, the area of 
the main body is rectangular and not  trapezoidal as 
before; its interfacial area is therefore L/D sin ct, where 
~t = cos-  1 (1 - 2h/D). 

Based on these measurements of the interfaciai area 
the following two empirical correlations were de- 
veloped to relate the interfacial area and the slug 
volume: 

For water, 2 <~ L/D <~ 10, 0.013 ~< D ~< 0.0515m, 30 < 
0 ° < 6 0 ,  

A = (7) 
0.49 D((sin 0) °"15 (L/D)O.25" 

The interracial area offered by the generation of the 
small bubbles has been neglected. For 91ycerol 
solutions, 2<~L/D<~ 15, 0.013 ~< D ~< 0.0515 m, 
30 ~< 0 ° ~< 60, 

A -- (8) 
0.58 D(sin 0) o.34. 

Figure 7 shows a parity plot of the Vb/A of the slug 
geometry using the eqs (7) and (8) and those calculated 
on the basis of assumed geometry. 

As the velocity of the wall slug is controlled by the 
shape and the dimensions of the nose of the slug, the 
equivalent diameter De can be calculated on the basis 
of the cross-sectional area occupied by the nose of the 
slug, treating it as the area occupied by a circle having 
diameter De. As the dimensions ha, m and the angle ct 1 
varied with 0, D and the type of liquid, the estimation 
of De becomes a cumbersome procedure, to be of any 
use in the correlation. 

Liquid side mass transfer coefficient 
The liquid side mass transfer coefficient, KL, was 

estimated by dividing KL A by the corresponding area 

co  v av i ' /v  ~" / 

it3 6 / 
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• / 
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Fig. 7. Parity plot, predictive ability of eqs (7) and (8). 
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Effect of angle of inclination on liquid-phase controlled mass transfer 

Table 3. Dependence of K t on (L/D) for 
aqueous glycerol 1 and glycerol 2 system 

Column diameter Exponent over 
(m) (L/O) 

0.013 -0.41 
0.0194 -0.32 
0.0257 -0.25 
0.0385 -0.075 
0.0515 0 

A calculated, as described in the previous section. 
Figure 8(a)-(e) show plot of KL vS L/D ratio. As seen 
from these figures, depending on the liquid-phase vis- 
cosity, tube diameter and LID ratio, KL was found to 
be proportional to ( L / D )  ° for water, to ( L / D )  -°'25 
for aqueous glycerol solutions. As described in our 
earlier paper, (Niranjan et al. 1988) the flow of liquid 
around a slug is considered to be either free-fall 
(Nicken et al., 1962) or Laminar film mode (Baird and 
Ho, 1979). The assumption of free fall results in KL be- 
ing independent of L/D. According to the laminar 
film model which assumes that the interface velocity is 
determined by fully developed laminar flow, KL oC 
(L/D) -°5. The results depicted in Fig. 8(a)-(c) in- 
dicate that for water, at least up-to LID = 10, KL 
is independent of L/D for D <~0.0257m. For 
D/> 0.0385 m [Fig. 8(d)-(e)], KL again is independent 
of L/D for L/D <~ 4.0. KL shows an increase with an 
increase in L/D. This might be just an apparent in- 
crease. As described in the previous sections, consider- 
able gas entrainment/small bubble formation was ob- A 
served for D/> 0.0385m and LID > 4.0. The inter- A~ 
facial area contribution due to these small bubbles has 
been neglected as described in the section of interfacial A2 
area. The interfacial area A of the system under these 
circumstances is highly underestimated, this results in A3 
an over estimation of KL. Also as discussed earlier the 
increase in the KL could be due to the liquid film B 
turning turbulent after travelling a certain distance. C 

For aqueous glycerol systems, the slope of KL vs D 
LID varies from --0.41 for D = 0.013m to 0 for De 
D = 0.0515m (see Table 3). This indicates, that for 
smaller diameter tubes the flow can be approximated E 
by laminar flow though, it cannot be treated as fully Fr 
developed (exponent over L/D is less than -0.5), H 
whereas for larger tubes (D >~ 0.0385 m) the free-fall KL 
assumption is valid. L 

No attempt has been made to develop a correlation Le 
of the form Sh = B Pe °'s as developed in the earlier m 
work (Niranjan et al., 1988). The number of assump- n 
tions involved in the estimation of Pe, the complex nt 
variation in Ubo, continuous variation in the exponent n2 
over (L/D) and inadequate definition of the equiva- p 
lent diameter (De) in Sh and Pe would render such Pe 
a correlation of limited utility. Instead, correlation of PI 
the form described by eq. (6) is thought to be more Pi 
useful. R 
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CONCLUSIONS 

(I) The effect of the angle of inclination of the slug 
rise velocity Ub0 for water and aqueous glycerol 
solutions has been presented. UbO goes through 
a maximum for Newtonian viscous liquids. 

(2) The volumetric mass transfer coefficient KLA 
has been correlated by the equation of the form 

Kw4 _ 4C (L x_ 1 DX+2) 

where, the values of C and X have been re- 
ported for different tube diameters and different 
liquids. 

(3) A method has been proposed to estimate the 
interfacial area A of a wall slug. Correlations 
have been developed to estimate the same 
knowing the volume forming the gas slug. 

(4) A sudden increase in the KLA for larger dia- 
meter tubes has been explained on the basis of 
generation of small bubbles due to entrainment 
and also on the basis of liquid film turning 
turbulent. 

(5) The variation in KL with respect to (L/D) has 
been explained on the basis of two previous 
models, which either consider free fall or fully 
developed laminar flow. 
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NOTATION 

total gas-liquid interracial area of slug, m 2 

gas-liquid inteffacial area of the nose of the 
slug, m 2 

gas-liquid interfacial area of the tail of the 
slug, m 2 

gas-liquid interfacial area of the body of the 
slug, m E 

proportionality constant 
constant in eq. (6), ma/s 
inside diameter of the tube, m 
equivalent slug diameter, m 
diffusivity of CO2 in liquid, m2/s 
proportionality constant in eq. (3) 

Froude number, U b / v / ~  
Henry's constant 
true liquid side mass transfer coefficient, m/s 
slug length in 90 ° position, m 
equivalent slug length, Fig. 6, m 
as defined in Fig. 6, m 
as defined in Fig. 6, m 
as defined in Fig. 6, m 
as defined in Fig. 6, m 
as defined in Fig. 6, m 
Peclet number, Ubo/D/ 
final pressure in tube, Pa 
initial pressure in tube, Pa 
universal gas constant, J K/mol K 
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Sh* 

t f  
T 
Ub 
U~o 

X 

modified Sherwood number  ( =  K L A / D ~ )  
time of flight, s 
temperature, °K 
slug rise velocity in vertical position, m/s  
slug rise velocity in inclined position, m/s  
slug volume, m 3 
as defined in eq. (6) 

Greek letters 
~1 angle as shown in Fig. 6 
~2 angle as shown in Fig. 6 
# fluid viscosity, m Pa s 
p fluid density, kg /m 3 
0 angle of inclination to horizontal, degrees 

REFERENCES 

Baird, M. H. I. and Davidson, J. F., 1962, Gas absorption by 
large bubbles. Chem. Engng Sci. 17, 87-93. 

Baird, M. H. I. and Ho, M. K. 1979, Liquid-liquid extraction 
in laminar slug flow. Can. J. chem. Engng 57, 467-475. 

Bonnecaze, R. H., Erskine, W. and Grskovich, E. J., 1971, 
Hold-up and pressure drop for two phase slug flow in 
inclined pipelines. A.I.Ch.E.J. 17, 1109-1113. 

Calderbank, P. H., Johnson, D. S. L. and Londou, J., 1970, 
Mechanics and mass transfer of single bubble in free rise 
through Newtonian and non-Newtonian liquids. Chem. 
Engng Sci. 25, 235-256. 

Coppus, J. M. C. and Rietena, K., 1981, Mass transfer from 
spherical cap bubbles. The contribution of bubble row. 
Trans. Instn chem. Engrs 59, 54-63. 

Esteves, M. T. S. and DeCarvalho, J. R. FG., 1993, Liquid- 
side mass transfer coefficient for gas slugs rising in liquids. 
Chem. Engng Sci. 48, 3497-3506. 

Filla, M., 1972, Gas absorption from bubbles. Ph.D. thesis, 
University of Cambridge, p. 111. 

Heuven, J. W. Van and Beek, W. J., 1963, Gas absorption in 
narrow gas lifts. Chem. Engng Sci. 18, 377-390. 

Johnson, D. S. L., 1969, Mass transfer between single 
bubbles and Newtonian and non-Newtonian liquids. 
Ph.D. thesis, University of Edinburgh. 

Lamourelle, A. P. and Sandall, O. C., 1972, Gas absorption 
into a turbulent liquid. Chem. Engng Sci. 27, 1035-1043. 

Nicklin, D. O., Wilkes, J. O. and Davidson, J. F., 1962, Two 
phase flow in vertical tubes. Trans. Instn Chem. Engrs 40, 
61-68. 

Niranjan, K., Hashim, M. A., Pandit, A. B. and Davidson, 
J. F., 1988, Liquid phase controlled mass transfer from 
a gas slug. Chem. Engng Sci. 43, 1247-1252. 

Pandit, A. B. and Nigam, K. D. P., 1993, Entrainment from 
rising gas slug (forwarded for publication). 

Zukowski, E. E., 1966, Influence of viscosity, surface tension 
in closed tubes. J. Fluid Mech. 25, 821-836. 


