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EXPERIMENTAL STUDY OF GAS ABSORPTION 
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Abstract-Ex~rirn~~ts are reported on the effects of liquid viscosity and interfa~ial shear on the liquid 
side mass-transfer coefficient for turbulent falling films. COz gas was absorbed into a liquid film formed 
on the inside of a 2.05 cm ID, 1.98 m long vertical tube. The Reynolds number power dependence of 
the mass-transfer coefficient was found to depend markedly on viscosity. Transition from wavy laminar 
to turbulent Aow occurred at Reynolds numbers from 1000 to 1200. With co-current gas flow a marked 
and linear increase in mass-transfer coefficient was found, while for counter-current gas flow the 

coefficient decreased 

NOMENCLATURE 

concentration of solute gas; 
molecuIar diffusion coefficient; 

ac~Ieration due to gravity; 
Henry’s constant; 
liquid side mass-transfer coefftcient; 
pressure ; 
film Reynolds number, = 4lI/pv; 
Schmidt number, = v/g; 
velocity; 
Weber number, = pb&a; 
mole fraction of ethylene glycol. 

Greek symbols 

r, mass Row rate per unit width; 
6, film thickness; 

v, kinematic viscosity; 

P, density; 

IT, surface tension; 
‘t, shear stress. 

Subscripts 

b, bulk value ; 

9, gas phase; 

z 
liquid phase at interface ; 
liquid; 

W, tube wall; 
in, out, bulk values in inlet and outlet liquid, 

respectively. 

Superscript 

0, zero interfacial shear. 

*This work was supported by the University of California 
Water Resources Center on Praject No. S142, and by 
National Science Foundation Grant GK-40180. Computer 
time was supplied by the Campus Computing Network of 
the University of California, Los Angeles. 

1. INTRODUCTION 

?@_JMERaUs theoretical models for the prediction of 
gas absorption into a turbulent failing liquid film have 
been p~b~isbed; a good review of the work prior to 
1969 has been given by &riven [l]. The problem is a 
difficult one owing to the ~ompIexity of the turbulent 
mixing motion in the liquid near the liquid-gas inter- 
face, and the highly disturbed nature of this interface. 
Most of the models predict that the mass-transfer 
coefficient depends on the molecular diffusion co- 
efficient to the one-hilf power, however none satis- 
factorily predict the dependence on film Reynolds 
number and liquid properties. In view of this in- 
sufficiency in the theoretical approach there is a clear 
need for good experimental data over a wide range of 
parameters; however, such data for turbulent falling 
films is relatively sparse. The previous experimental 
work is reviewed below. 

1. Kamei and Oishi [2] absorbed COZ into water 
at temperatures from 8.5”C to 50°C in a long wetted 
wall column. The Reynolds number range was 55 to 
11000. In the turbulent flow regime the data was 
correlated as 

KL (x $2?‘12Re?_‘7. (1) 

They also concluded from their data that surface 
tension had no effect on I&; however the surface 
tension of water varied only 9 per cent in their tem- 
perature range so that such a conclusion was hardly 
warranted. Kamei and C&hi also attempted some 
experiments with counter-current gas flow but the 
scatter in their data precluded any meaningful con- 
ciusion. 

2. Emmert and Pigford [3] absorbed O2 and COZ 
into water in both short and long columns. Their liquid 
Reynolds number was mostly in the wavy laminar 
regime and K_ values were several-fold higher than 
those predicted by laminar theory. The short range of 
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turbulent data precluded determination of the Reynolds 2. EXPERI,MENTAL APPARATI S AND PRO<‘EDI~RES 

number dependence, but did show a transition to tur- 
bulence at about Re, = 1200. They also noted differ- 

2. I Appcircltzi.\ 

ences in KL for absorption vs desorption but could not 
A schematic of the experimental apparatus is shown 

explain this result. 
in Fig. I. The system comprised of two main loops, 

3. Davies and Warner [4] investigated the el?ect of 
the liquid flow loop and the gas flow loop. The com- 

surface roughness on the liquid side mass-transfer 
ponents of the liquid loop were: circulating pump, 

coefficients for CO*, H2 and He absorbing into water 
rotameter, activated carbon filter, absorption column. 

flowing along an inclined plate, and found KL TC _6Z” ‘*. 
liquid receiver, desorption tower and various valves, 

4. Lamourelle and Sandal1 [5] absorbed He, HZ, 
fittings and connecting tubing. All components were of 

O2 and CO2 into water at 25°C flowing on the outside 
stainless steel or glass construction. A closed liquid 

wall of a long vertical column. The Reynolds number 
loop was used for all liquids except tap water, in which 

ranged from 1300 to 8300. Their data was well 
case the water was sucked into the desorption tower 

correlated by 
and after flowing through the loop once was discharged 

through a pump into a sink. The components of the 
K, K ~9’3’537R~7.837 (2) gas flow loop were: a gas blower, mist separator, gas 

- To OutsIde 

seporotor 

FIG. I. Schematic of experimental apparatus 

We report here the results of an experimental study 
of absorption of carbon dioxide into turbulent falling 
films of water and ethylene glycol-water mixtures. 
These liquids may be characterized as having a “high” 

surface tension. For absorption from a stagnant gas 
phase seven liquids were used: tap water at three 
different temperatures, distilled water and three mixture 
ratios of ethylene glycol and water, giving a wide range 
of liquid kinematic viscosity. In each case the film 
Reynolds number range was extended into the wavy 
laminar regime in order to establish the transition 
between wavy laminar and turbulent flow. For absorp- 
tion from a co-current gas flow, tap water and two 
ethylene glycol water mixtures were used, while for 
counter-current gas flow only tap water was used. The 
high liquid phase Schmidt numbers which prevail imply 
a very steep concentration profile adjacent to the inter- 
face; thus changes in the fluid mechanics in the vicinity 
of the interface due to interfacial shear might be ex- 
pected to have a significant effect on IQ. The data 
presented here is ofdirect utility in the design of process 
equipment; in addition a wide data base is provided for 
the evaluation of theoretical analyses of transport 
adjacent to fluid interfaces. 

flow meter and activated carbon filter, connected by 
copper tubing and galvanized steel pipes. 

The liquid film was formed on the inside wall of a 
2.05 cm ID, I.98 m long vertical glass tube. To obtain a 

uniform film thickness around the periphery, and to 
minimize entrance effects in both the liquid and gas 
flows a slot shaped distributor was carefully machined 
and assembled. The 1.1 mm width of the slot was close 
to the film thickness at the higher Reynolds numbers 
used. Lamourelle and Sandal1 [5] found that entrance 
effects of a similar distributor were not detectable by 
testing several different lengths of column. To minimize 
splashing where the liquid film met the liquid in the 
collector the liquid entrance was made in the form of a 
bell mouth. The liquid level in the collector was main- 
tained constant by an overflow pipe connected between 
the collector and receiver. The end effect due to the 
increased absorption area in the collector was approxi- 
mately accounted for by adding 4cm to the actual 
distance (194 cm) between the distributor exit and the 
collector liquid level when calculating the mass-transfer 
coefficient. 

The desorption tower comprised of a bundle of 
wetted wall columns and was maintained at about 
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Table 1. Liquid phase properties 
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(kgFm3) 
fJ x lo3 
(N/m) 

C Y x lo6 L@ x lo9 
(kg mole/m3 atm) (m’is) (m’is) SC 

v(gp3/d)“* 
x lo3 

x = 000 
0.052 
0.12 
0.20 

-_ 

T=40”C 
25°C 
14’C 

991 12 
1015 65 
1036 61 
1053 57.5 

992 69.6 
997 72 
999 13.5 

Ethylene glycol-water mixtures at 25°C 
0.0346 0.898 1.96 
0.0302 1.30 1.58 
0.0279 1.88 1.22 
0.0270 275 1.02 

Tap water at various temperatures 
0.0240 0.661 2.8 
0.0343 0,898 1.96 
0.0472 1.171 1.44 

458 2.03 
822 3.20 

1540 4.95 
2700 7.66 

236 1.53 
458 2.03 
813 2.61 

5 cm Hg absolute pressure by a vacuum pump through enough to ensure no effect on titration process used 

which desorbed COz and H,O vapor were exhausted to measure CO2 concentration. The ethylene glycol was 

to the atmosphere. The outlet concentration of the of reagent grade (purity of 98 per cent by mole) and was 
liquid leaving the tower, i.e. the inlet concentration of mixed withdistilled water to obtain the ethylene glycol- 
the test column was about 0~008-0.015 g mole/l, which water mixtures. The density, viscosity, surface tension, 
is much higher than the equilibrium value at this COz solubility and CO2 molecular diffusivity were 
pressure and room temperature. By locating the tower measured by the techniques described in [6] and are 
at the highest possible elevation in the laboratory, 3 m given in Table 1. The measured values compared well 
above the floor where the circulating pumps were with those published by Hayduk [7]. 
installed, smooth pump operation without cavitation 2.2.2. Absorption3om a stagnant gas. The test liquids 
was obtained. The stainless steel centrifugal pumps had were tap water at 14,25 and 40°C and ethylene glycol- 
magnetically driven impellers in order to eliminate con- water mixtures with glycol mole fractions of X = 0.0, 
tamination or leakage problems. The rotameter was 0.522,0.12 and 0.20. After leak testing and evacuating 
calibrated with tap water and an ethylene glycol-water the system it was purged three times with CO1. 
mixture and agreement found with the manufacturer’s Foreign gases in the liquid were desorbed by running 
density correction formula. The filter was made by the system for about twenty minutes and any air re- 
filling a 1-l three mouth flask with activated carbon maining in the test section was purged by continuously 
pellets; the filter served to remove organic contami- flowing excess CO*. The CO2 supply was saturated 
nants in the circulating liquid and it was found that with the test liquid by a bubbler before entering the 
the gas absorption rate decreased significantly when the column: The pressure in the test section was maintained 
carbon filter was not in use. The liquid temperature at about 1Ocm Hz0 above ambient pressure. The tem- 
was controlled by a heating tape and a single pass heat perature of the liquid was maintained within +0.2”C 
exchanger with a refrigerant supply. The valves on all of the desired value; for the tests with tap water at 
liquid lines were contamination free forged bonnet 14°C and 40°C the column was thermally insulated to 
valves (Whitey Co. GNB58-316). maintain isothermal conditions. 

The gas flow was provided by a rotary blower with 
special features to eliminate gas contamination 
(Gardner-Denver Co., Model 2PDR4); gas flow rate 
was controlled with a by-pass valve system. The gas 
temperature was controlled by a heating tape wound 
on a copper line. A positive displacement flow-meter 
(Rockwell Model 415 test meter) was used for accurate 
gas flow rate measurement. Depending on whether 
co-current or counter-current operation of the test 
column was desired, the gas line was connected to the 
top or bottom of the test column; for absorption from 
a stagnant gas the gas loop was completely separated 
from the system. 

It was found that inlet and outlet concentrations 
reached a steady state after about five passes and data 
was taken after ten to twenty passes. The sample solu- 

tions were drawn from the inlet and outlet sampling 
ports using two 50cm3 hypodermic syringes; usually 
25 cm3 of solution was used for titration. When testing 
tap water the inlet concentration was only measured 

once and there was no need to wait for system steady 
state. CO2 gas was always supplied in excess to purge, 
as well as to minimize drag effects. 

2.2. Procedures 
2.2.1. Preparation of system and test liquids. Special 

effort was required to maintain the system free of con- 
tamination and leakage. All components were cleaned 
thoroughly before assembly. The activated carbon in 
the liquid filter was rinsed in flowing tap water and 
distilled water for two days to leach out base ions. The 
base producing compounds were reduced to a level low 

2.2.3. Absorption from co- and counter-current gas 
flows. With co-current gas flow the test liquids were 
tap water and two ethylene glycol-water mixtures 
(X = 0.052, 0.12) both at 25°C. With counter-current 
gas flow only tap water at 25°C was used. The gas flow 
loop was purged of air with CO2 as described in the 
previous section. Sample gas was tested and titration 
showed the mole fraction of CO2 in the gas flow loop, 
excluding water vapor, was 98-99 per cent. During 
operation the entire gas flow loop was maintained 
above atmospheric pressure to eliminate air leakage. 
The pressure drop along the test column was measured 
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using vertical and inclined manometers. The pressure 
in the test section for calculating the interfacial CO2 
concentration was calculated by subtracting one half 

the pressure drop from the column inlet pressure. 
The liquid flow rate was held constant to give a 

desired Reynolds number, and the gas flow rate in- 

creased step by step from one run to another. The 
gas flow rate in the co-current flow experiments 

was increased up to the maximum capacity of the 
blower, while in the counter-current experiments the 
gas flow rate was severely limited by liquid hold-up 

choking the test column. A larger diameter column 
would be required to obtain counter-current data at 

higher gas velocities. 

2.3. Calculation methods 
The mass-transfer coefficient KL was calculated from 

the measured experimental data and system parameters 

using 

r R 
KL = _-- __ ln ci-L’1n_ 

pL R-b ci-cout 

where ci is the interfacial concentration of COZ, and 

tin and c,,i are the bulk concentrations at the inlet and 
outlet ofthe column, respectively. Equation (3) assumes 
that KL is independent of z and that 6 is uniform. In a 

turbulent falling film the species concentration profile 
becomes fully developed within a short distance of the 
inlet [S], so that the entrance effect on K,, is justifiably 
neglected for the length of test section used in the 
present study. The second mentioned assumption is 
clearly not realistic and consequently I& calculated 
from equation (3) is an apparent or superficial co- 
efficient which contains the effect of the increased 

transfer area. 
The mean film thickness 6 was calculated from the 

Brotz equation [9], 

0” = 0.0672(v2/g)“3Ref~3. (4) 

The interracial concentration ofC02, cir was calculated 
from Henry’s law. 

L‘i = Pco,iH (5) 

where Pco, was taken to be equal to the bulk gas stream 
value. The Henry’s law constant was calculated from 
the results of the solubility measurements reported in 
[6]. Two assumptions are so introduced. Firstly, the 
interfacial resistance is taken to be negligible owing to 
the relatively low mass transfer rate and the remote 
possibility that the accommodation coefficient is sig- 
nificantly below unity. Secondly, the gas-side resistance 
is taken to be negligible. Since the HZ0 vapor in the 
CO2 can condense the gas phase transport problem 
is complex; it is shown in [6] that the gas phase 
resistance is negligible under the conditions of the 
experiments. 

The CO2 concentrations tin and c,,,~ were determined 
using a common wet chemistry technique. The CO2 
in the liquid sample was precipitated as barium car- 
bonate from a sodium hydroxide and barium chloride 

solution, and the excess sodium hydroxide was titrated 
to the phenolphthalein end point with standardized 
hydrochloric acid. The concentration of the solutions 
used was about 0.1 M, and the barium chloride and 
sodium hydroxidesolutions were used in 20-50 per cent 
excess. Great care was taken to isolate the solutions 
from ambient air. 

The liquid side Reynolds number was defined by 

ReL = ~I,:/J,~ (6) 

and the superficial gas velocity V, was calculated based 
on the column cross-sectional area. The interfacial 
shear was calculated from 

R-S0 dP 
Ti = __- 

2 i J 
z+Psg . (7) 

The value in parentheses in equation (7) was calculated 
by dividing the water level difference in the differential 

manometer by the distance between the two pitot tubes 
(156cm). In using 6’ in equation (7) the thinning or 
thickening due to gas drag was ignored. 

3. RESULTS AND DISCUSSION 

3.1. Absorption from u stagnunt gas 
A comparison of the mass-transfer coefficient with 

zero interfacial shear, Kf, obtained for distilled water 
at 25°C with the results of previous workers is shown 

in Fig. 2. The present values of Kf are higher than those 
of Lamourelle and Sandal1 [5] and of Kamei and Oishi 
[2] except at the highest Reynolds numbers tested. 
Thus the corresponding Reynolds number power de- 
pendence of 0.67 found in the present work is appreci- 
ably lower than the 0.839 of [5] and a little lower than 

the 0.7 of [2]. Possible reasons for the discrepancy 
are (i) contamination of the water, (ii) differences in 

geometry (in [5] the film was on the outside wall of 
a 0.9ScmOD stainless steel tube; in [2] it was on the 

inside wall of a 51 cm OD glass pipe), and (iii) errors 
in liquid flow rate measurement. The most likely of 

these three reasons is the contamination problem. In 
the present study lower values of Kf were obtained 
when the water was recycled without the charcoal 
filter in the loop; it was only after high values of Kj 
were obtained for once-through tap water operation 
that the importance of complete elimination of con- 
tamination was fully appreciated. In [S] the water was 

Re, x 10m3 

FIG. 2. Comparison of Kf vs Re, for distilled 
water at 25°C with other workers. 
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Table 2. Values of a and n in .Kl = aRe”,, and 
b in K,$‘/9(vz/g)‘!3 = ~R&,SC”~ 

a x 10' 
x (m/s) b x lo4 n 

Ethylene glycol-water mixtures at 25°C 
0.0 12.2 12.7 0.67 
0.052 4.0 4.9 0.8 1 
Q12 l-20 1.69 094 
0.20 0.224 @39 1.14 

Tap water 
T “C 
40 29.6 24.4 0.568 
25 15.2 15-l 0.63 
14 652 8.2 0717 

recycled and no mention is made of a filter in the liquid 
loop. In this regard the experiments of Orridge [lo] 
are pertinent. In that work gas absorption into a film 
flowing over a roughened inclined plate was measured 
for various con~ntrations of added s~~actant; only 
O-1 ppm s~rfactant was found to reduce Kz by 15 per 
cent. A cont~ination level of 0.1 ppm is very low, but 
is detectable by the Crits ring test [ll]. In the present 
study the Crits ring test was used to monitor water 
purity. but the previous workers make no mention of 
such precautionary measures. 

The results for the three ethylene glycol-water 
mixtures are shown in Fig. 3. It can be seen the 
Reynolds number power dependence increases with 
concentration ofethylene glycol. An examination of the 
property values in Table 1 shows that only viscosity 
varies appreciably with concentration so that it is 
suggested that the Reynolds number power dependence 
depends essentially on viscosity, a result which is con- 
firmed by the tap water results. The maximum Reynolds 
number for the highest viscosity liquid (X = 0*2) was 
limited to about 4000 by the capacity of the rotameter. 
The Reynolds number for transition from wavy laminar 
to turbulent flow can be clearly seen in Fig. 3; it is 
also evident that KLo is nearly constant in the wavy 

e 
E 

“0 
r 
0-i 
k 

f?e, x lo” 

FIG. 3. I(2 YS Ret for ethylene glycol-water mixtures 
at 25°C with glycol mole fractions of QO.522, 0.12 

and 0.20. 

laminar regime, in marked contrast to the trend seen 
in the turbulent regime. This feature is due to the 
common driving force expression used to define @ in 
both regimes, Kg = NJ(ci-cb). This definition is ap- 
propriate for the turbulent regime where the steep con- 
centration profile ensures a value of c at the “edge” of 
the concentration boundary-layer close to q,_ On the 

other hand, in the wavy laminar regime at short contact 
times the value of c at the edge of the concentration 
boundary layer is Gin, and the thicker concentration 
boundary layer gives cb r ci,, . The use of (cc--tin) as 
the driving force in the wavy laminar regime would 
give lower values of Kt and a monotonic increase in 
Ki with ReL. Of course, NA itself increases mono- 
tonically with Re,. 

FIG. 4. I(: vs ReL for tap water at 14, 2.5 and 40°C. 

The results for tap water at 14, 25 and 40°C are 
shown in Fig. 4. Again, reference to Table 1 shows that 
the density and surface tension of these iiquids do not 
differ by much, but there is a factor of two decrease in 
viscosity. As was the case for the ethylene glycol 
mixtures, the Reynolds number power dependence is 
seen to increase with viscosity. Kamei and Oishi [2] 
also tested water at different temperatures but the 
scatter in their data is such that this Reynolds number 
power dependence trend was not discernible. 

In view of the well established approximately one- 
half power dependence of Kj on molecular ditfusivity, 
the data is replotted as K&%%r~* vs Re, in Fig. 5. 
However for co~elation purposes a dimensionless 
representation is desirable. Dimensional analysis of 
the problem of gas absorption into a turbulent falling 
film suggests the following as a complete set of dimen- 
sionless products : 

K~/(gv)1’3; ReL; v(gp3/i?)‘J4; SC 

where the third product above is a physical properties 
group sometimes called the capillary-buoyancy num- 
ber. In view of the observed power law dependence on 
Re, and the previously established one-half power 
dependence on 9 a correlation of the form 

fe 
j9v)‘:3 = ReESc- ‘!*,f ~v(~p3/~3)‘~4~ (8) 

is suggested, and the function f is shown in Fig. 6. Two 
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- I I I I 
IO30 2000 4000 8000 

Re, 

FIG. 5. Comparison of Kf/j’i‘ vs Rei, for 
sixliquids used in the zero interfacial shear 

experiments. 

-\ 040X T w 

2oo- \ 
025”CTW 
* 25*c x=0 

IOO- 
\ 0 14°C 7w 

FIG. 6. Empirical correlation of Kt as 
[KLO/(gV)“J]SCl!‘/Re;: “S “(g$/nJ)“” for 

seven liquids. 
correlations of the Reynolds number exponent n are 
shown in Figs, 7. In Fig. 7(a) n is correlated simply 
as a function of kinematic viscosity 11, and in Fig. 7(b) 
as a function of the dimensionless groups SC and 

V(!?P iv 1 3 3 r/4. Both are satisfactory for engineering use. 
Correlations of n with SC or v(gp3/a3)“:4 alone were 
found to be markedly inferior. Table 2 shows values 
of a and n in data fits of the form Kf = aReL, and 
(~~/~)(v2~g~“~ = bR&Sc’!‘. The two correlations for 
n are 

n = 6.95 x IO+‘(v m’/s)“’ (9) 

Or 

FIG. 7(a). Empirical correlation of Reynolds 
number power dependence with kinematic 

viscosity for seven liquids, 

FIG. 7(b). Empirical correlation of Reynolds 
number power dependence with dimensionless 
groups SC and v(gp3!a3)“4 for seven liquids. 

3.2. Transition Reynolds number 
Figures 2-5 show that the transition from wavy 

iaminar to turbulent flow occurs rather sharply at 
Reynolds numbers of ~~-12~. The transition 
Reynolds numbers obtained from these figures, to- 
gether with values obtained from other sources are 
listed in Table 3. Kamei and Oishi’s values [2] were 
obtained from gas absorption measurements, while 
Chun and Seban [ 121 measured heat transfer across a 
falling film with surface evaporation. Chun and Seban 
suggested that a Weber number of unity might be a 
reasonable criterion for transition from wavy laminar 
to turbulent flow; in the bottom row of Table 3 are 
the Weber numbers corresponding to the transition 
Reynolds numbers obtained in the present work. Here 
Weber number is defined by M@ = ,i,u$cr with ub 
calculated from Nusselt laminar flow theory. 

Table 3 shows that while Weber number for water 
at different temperatures is constant and close to unity, 
for ethylene glycol mixtures of high viscosity the 
transition Weber numbers are appreciably larger than 
unity. Clearly Table 3 shows that, for the liquids tested, 
Reynolds number is the superior criterion for tran- 
sition. We also note that for co-current gas flow the 
transition has been found to occur at lower Reynolds 
numbers [13], but a study of the effect of gas velocity 
on transition was not part of the present experimental 
program. 



Gas absorption into ethylene glycol-water mixtures 

Table 3. Reynolds numbers for transition from wavy laminar to turbulent film flow 

Ethylene glycol-water mixture Tap water 
x = 0.0 x = 0.02 x = 0.12 x = 0.2 40°C 25°C 

57 

14°C 

Present work 
Kamei and 
Oishi [Z] 
Chun and 
Seban [ 121 
Weber 
number 

1100 960 1050 1150 1200 1140 1050 

- 2000 2OQo 2000 

- 1150 900 820 

1.44 1.43 2.90 3.63 1.41 1.46 1.47 

3.3. Absorption from co- and counter-current gas flows 
With co-current gas flow the gas velocity ranged from 

0 to about 14 m/s. According to Hewitt and Hall-Taylor 
[14] the onset of liquid entrainment for this geometry 
occurs at a gas velocity of about lOm/s so most of the 
data is for the pure annular flow regime. A marked 
increase in KL due to interfacial shear was found. Figure 
8 shows the results for tap water at 25°C plotted in the 
normalized form K”/K,” vs si/zz where ri is the inter- 
facial shear stress calculated from pressure drop 

5r 
*er 

0 1830 
.,, 2490 
0 4920 

4- 06160 
.8030 .,9 

/ 

n 

' 1, 1, 15 1, I I, 
0 0.2 04 06 08 IO 12 14 

x-, /r; 

FIG. 8. Normalized plot of K,, as a function of ri for 
co-current tap water at 25°C. 

measurements using equation (7), and $, is the wall 
shear stress at zero gas velocity [rt = pg6’ with 6’ 
calculated from equation (4)]. In this form the data are 
well correlated by a simple linear relationship, 

KL 
KLo = 1~2.3% (11) 

for ReL in the range 1830-8030. The marked increase 
in KL with increasing gas velocity is attributed to more 
intensive turbulent mixing in the liquid phase near the 
interface due to vorticity generated by the interfacial 
shear. An attempt was made to theoretically predict 
the effect of interfacial shear on the mass-transfer co- 
efficient using an eddy diffusivity model, but the results 
were disappointing and the work will not be reported 
here. 

The results for co-current gas flow with ethylene 
glycol-water mixture of X = 0.12 are shown in normal- 
ized form in Fig. 9. These data are also well correlated 
by a linear relationship 

KL= 1+7.0;. 
GY r’, 

FIG. 9. Normalized plot of KL as a function of ri 
for co-current flow of ethylene glycol-water mix- 

ture (X = 0.12). 

For a Reynolds number of 2320equation (11) reduces to 

5 = 1 + 046Ctr,(N/m*) 
XL0 

(13) 

while equation (12) reduces to 

KL = 1 + @824ri(N/m2). 
XL0 

(14) 

Thus it is seen that the effect of interfacial shear on 
KL is greater for the ethylene glycol mixture than for 
tap water. The significant difference between the two 
liquids is their viscosities and hence the Schmidt num- 
bers, 1540 for the gycol mixture vs 485 for water. 
Thus the concentration boundary layer will be thinner 
for the glycol mixture, and hence more sensitive to the 
changes in turbulent mixing near the interface induced 
by interfacial shear. 

In order to develop a correlation for the constant 
of proportionality in the relation 

5& l+aG 
7w 

(15) 

a liquid of intermediate viscosity, ethylene glycol-water 
mixture ofX = 0.052, was tested. The results are shown 
in Fig. 10 where again the linearity is good, and 
CI = 3.8. The coefficient tl for the three liquids was 
correlated as a function of liquid kinematic viscosity 
to give 

a = 0.9+ 1.73 x lo’*(vm*/s)2. (16) 

A limited amount of data were obtained for gas 
absorption into tap water with counter-current gas 
flow. In Fig. 11 the results are shown in normalized 
form K,/Ki vs Ti/T$. It is seen that, in contrast to the 
situation for co-current gas flow, the normalization 
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FIG. IO. Normalized plot of KL as a 
function of fi for co-current Bow of 
~t~yleae glycol-water mixture (X =I 

0.052). 

FIG. 11. Normalize plot of rC, as a function of r; 
for counter-current flow of tap water at 25°C. 

does not remove ReL as a parameter, nor is there a 
simple linear relationship. As expected counter-current 
gas flow does reduce the mass transfer coefficient. The 
gas velocity was restricted to a relatively low value 
(@J m/s) owing to aforementioned liquid hold-up prob- 
lem, No quantitative conclusion is attempted due to the 
limited data. 

4. CONCLtiSIONS 

f. For absorption from a stagnant gas into d&i&d 
water at 25°C the miss-transfer ~e~cj~nts obtained 
were generally higher than those found in previous 
studies, and were correlated as 

&, = 1.22 x 1Q-hRe~~“7 m/s. 

2. The mass-transfer co~~c~c~t for seven test liquids 
could be correlated as 

G ___- = Ref:S(~-“2fCv(gu”/6”)“‘4) 

(vg)’ I3 

where the Reynofds number exponent n increased with 
viscosity and was correlated as 

ff = 2.08SC”‘095fVfgp3/03)l?4j0.277 

and ,f is a graphed function, 

5. A. P. Lamoureife and 0. C. Sandall, Gas absorption 
into a turbulent liquid. C&X. Effgrzg Sci. 27. 1035-1042 
119723. 
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7. 

8. 

9. 

IO. 

II. 

12. 

13. 

14. 

D. K. Chung, An experimental ~~~est~gati~n of gas 
absorption into a turbuIent liquid film with interfaciaf 
shear, Ph.D. Dissertation. School of Engineering and 
Applied Science, University of California, Los Angeles 
(1974). 
W. Hayduk and V. K. Malik, Density, viscosity, carbon 
dioxide solubiiity and diffusivity in aqueous ethylene 
glycol solutions, f. Cl%% Efzgn~ Darn 16. 14s- 16 (1971)* 
C. J. King, Turbulent liquid phase mass transfer at a 
free gas-Iiquid interface, I&. Engng Cherrr. 5, l--8 (1966). 
W. Briitz, Abet die ~orausb~re~bnn~g der Absorptions 
geschw~ndigkeit van Gasen in Str%men der Fussig- 
keitsschichten, C&m. Engny Tech. 26,470-478 (1954). 
J. T. Davies, Turbulenrr Phermmcnir, p. 260. Academic 
Press, New York ( 19723. 
G. J. Grits. A simple test for trace organic substances 
in water. Symposium on Analytic Methods with Em- 
phasis on Minor Elements, American Chcm. Sot. 
(September 1961). 
K. R. Chun and R, A&ban, Heat transfer to evaporating 
liquid films, J. Near Tran.$r 93, 391-396 (1971). 
1. G. Shekriladze, S. H. A. Mestvirishivill and A. PJ. 
Mikashavidze, Experimental study of the eftkt of con- 
densation on transition to tnrb~le~t flow in a descending 
liquid film with co-current gas Row, firal Trtitjsftir-- 
.%iet Rrs. 3, 1X--122 (197t). 
G. F. Hewirt and N. S. Gaul-Taylor. .&m&r Tttro-Phase 
Flow, p. 136. Pergamon Press, Oxford (1970). 

3. The Reynolds number for transition from wavy 
I~m~nar to turbulent flow ranged from 1000 to 1200: 
a criterion based on Weber number proved to be 
~nappropri~tc. 

4. With co-current gas Bow interfaciaf shear resulted 
in a marked increase in K,; this effect increased with 
Schmidt number. For tap water and ethylene glycol-- 
water mixtures K, could be conveniently correlated by 
a linear relationship of the form 

KL!‘Ki = I +T&tT~,t 

5. With count~r~cl~rrcnt gas flow at Iow velocities 
&& decreased with increasing gas velocity. 
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ETUDE E~PERI~~NT~L~ IDE ~ABS~R~T~~~ DE GAZ RANS DES FILMS 
T~R3~~~NTS TOMBAN~S D’EAU ET DE MELANGES D’EAU ET ~ETHYLENE-GLYCOL 

R&m&-Des expiriences sent prtsentbes sur I’effet de la viscositt du liquide et du cisaillement B 
I’interface sur le coefficient de transfert de masse c&b liquide dans I’icoulement en film turbulent. Le 
gaz carbonique btait absorb& par un film liquide form& sur la paroi interne d’une tube vertical de diamt!tre 
inttrieur 2,05cm et de Iongueur 1,98m. II a 36 trouvC que la loi puissance qui fixe la dkpendance du 
coef%cient de transfert de masse sur le nombre de Reynolds dtpend fortement de la viscosit8. La transition 
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entre le mouvement laminaire ondulatoire et le mouvement turbulent se situe a des nombres de Reynolds 
allant de 100 a 1200. Dans le cas d’un ecoulement de gaz dans le mCme sens, une augmentation lineaire 
tris marquee du coefficient de transfert de masse est trouvee, tandis que dans le cas dun icoulement 

de gaz a contre-courant le coefficient diminue. 
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EXPERlMENTELLE UNTERSUCHUNG EINES TURBULENTEN RIESELFILMS 
AUS WASSER UND GLYKOL-WASSER-MISCHUNGEN 

Zusammenfassung-Es wird iiber Untersuchungen des Einflusses der Viskositat der Fhissigkeit und der 
Scherkrafte an der Phasengrenzflache auf den Stoffiibergangskoeffizienten auf der Fliissigkeitsseite eines 
turbulenten Rieselfilms berichtet. Gasformiges CO2 wurde von einem Rieselfilm, der an der Innenseite 
eines vertikalen Rohres (Innendurchmesser 205 mm, Lange I,98 m) herabstromte. absorbiert. Der 
Exponent der Reynolds-Zahl zur Bestimmung des Stoffiibergangskoeffizienten ist stark abhdngig von 
der Viskositht. Der Ubergang vom wellig laminaren zum turbulenten Rieselfilm stellte sich bei einer 
Reynolds-Zahl von 1000 bis 1200 ein. Bei Gegenstrom von Gas und Rieselhlm wurde ein deutlicher 
und linearer Anstieg des Stoffiibergangskoeffizienten festgestellt, wihrend sich dieser bei Gleichstrom 

verringerte. 

3KCITEPMMEHTAJIbHOE HCCJIEAOBAHHE FA30TIOFJIOIIJEHI4JI 
TYP6YJIEHTHbIMkl I-IAAA~II&iMH TIJ-IEHKAMM BOHbI H 

3THJIEHI-JTHKOJIb-BOAHbIMM CMECIIMM 

iiHHOTBUHR--pHBOAfiTCR 3KCllepHMeHTaJlbHble pe3ynbTaTbl II0 3@@KTaM BnHIlHHR BRJKOCTH 

~WAKOCTW A Mex@asHoro cAswra Ha Kos@@iUeeHT hiacconepeHoca ~HAKOCTA Ann TypGynenrnbrx 
nanatomnx nnenox. YrneioicnbrP ra3 nornomancrr XWAKOB nneexoi, 06pa30BaHHOk BHYTPU sepTw 

KWlbHOit Tpy6br C BHYT~~HHME~ AHaMeTpOM 2,05 CM II AnliHOit 1,98 M. HafiAeHO, 910 CTeneHHax 

3aBHCEiMOCTb K03@$WUWeHTa MaCCOIIepeHOCa OT 'iL%Cna PekHOnbACa CHnbHO 3aBBCBT OT BI13KOCTA. 

nePeXOA OT BOnHWCTOrO naMEiHapHOr0 K Typ6yneHTHOMy IlOTOKy HMen MeCTO lIpli YllCnaX Peti- 

Honbnca OT 1000 no 1200.npHCnyTHoM nOTOKera3a 06HapyXCeHO 3HaWTenbHOenBHefiHOeyBenH- 

4eHHe KO3+&WieHTa MaCCOIIepeHOCa, B TO BpeMR KaK 3TOT me K03+&iUUeHT yMeHblUaeTCR IlpH 

TeSeHnA rasa B npoTwiononoxHoM HanpaBnewiH. 


