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Abstract— Experiments are reported on the effects of liquid viscosity and interfacial shear on the liguid

side mass-transfer coefficient for turbulent falling films. CO, gas was absorbed into a liquid film formed

on the inside of a 2205cmID, 198 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 flow 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;
2, molecular diffusion coeflicient;
g, acceleration due to gravity;
H, Henry’s constant;
K;, liguid side mass-transfer coefficient;
P, pressure;
Re;, film Reynolds number, = 4T /pv;
Sc,  Schmidt number, = v/2;
u, velocity;
We, Weber number, = p,ui/o;
X, mole fraction of ethylene glycol.
Greek symbols
T, mass flow rate per unit width;
é, film thickness;
v, kinematic viscosity;
£ density;
o, surface tension;
1, shear stress,
Subscripts
b, bulk value;
g, gas phase;
i, liquid phase at interface;
L, liquid;
W, tube wall;
in, out, bulk values in inlet and outlet liquid,
respectively.
Superscript
0, zero interfacial shear.
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1. INTRODUCTION

NUMEROUS theoretical models for the prediction of
gas absorption into a turbulent falling liquid film have
been published; a good review of the work prior to
1969 has been given by Scriven [ 1]. The problem is a
difficult one owing to the complexity 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-half 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 CO, into water
at temperatures from 85°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

K, oc @ Red 7.
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They also concluded from their data that surface
tension had no effect on K;; 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 Oishi also attempted some
experiments with counter-current gas flow but the
scatter in their data precluded any meaningful con-
clusion.

2. Emmert and Pigford [3] absorbed O, and CO,
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
number dependence, but did show a transition to tur-
bulence at about Re, = 1200. They also noted differ-
ences in K; for absorption vs desorption but could not
explain this result.

3. Davies and Warner [4] investigated the effect of
surface roughness on the liquid side mass-transfer
coefficients for CO,, H, and He absorbing into water
flowing along an inclined plate, and found K; o @52,

4. Lamourelle and Sandall [5] absorbed He, H,,
O, and CO, into water at 25°C flowing on the outside
wall of a long vertical column. The Reynolds number
ranged from 1300 to 8300. Their data was well
correlated by

KLOC@0-537Re2‘837. (2)
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2. EXPERIMENTAL APPARATUS AND PROCEDURES

2.1, Apparatus

A schematic of the experimental apparatus is shown
in Fig. |. The system comprised of two main loops,
the liquid flow loop and the gas flow loop. The com-
ponents of the liquid loop were: circulating pump,
rotameter, activated carbon filter, absorption column,
liquid receiver, desorption tower and various valves,
fittings and connecting tubing. All components were of
stainless steel or glass construction. A closed liquid
loop was used for all liquids except tap water, in which
case the water was sucked into the desorption tower
and after flowing through the loop once was discharged
through a pump into a sink. The components of the
gas flow loop were: a gas blower, mist separator, gas

hose

Manometers

Discharge =
3 bag By-pass
valve
T
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F1G. 1. 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 K;. The data
presented here is of direct 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
2:05cm ID, 1-98 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 11 mm width of the slot was close
to the film thickness at the higher Reynolds numbers
used. Lamourelle and Sandall [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

p o x 10° c v x 10° 2 x 10° ¥(gp3/a?)L/®
(kg/m?) (N/m) (kg mole/m® atm) (m?/s) (m?/s) Sc¢ % 10°
Ethylene glycol-water mixtures at 25°C
X =000 997 72 0-0346 0-898 1-96 458 2:03
0-052 1015 65 0-0302 130 1-58 822 320
012 1036 61 0-0279 1-88 122 1540 495
0-20 1053 575 0-0270 275 1-02 2700 7-66
Tap water at various temperatures
T =40°C 992 69-6 0-0240 0-661 28 236 1-53
25°C 997 72 0-0343 0-898 1-96 458 2-03
14°C 999 735 0-0472 1171 1-44 813 261

5cm Hg absolute pressure by a vacuum pump through
which desorbed CO, and H,O vapor were exhausted
to the atmosphere. The outlet concentration of the
liquid leaving the tower, i.e. the inlet concentration of
the test column was about 0-008—0-015 g mole/l, which
is much higher than the equilibrium value at this
pressure and room temperature. By locating the tower
at the highest possible elevation in the laboratory, 3m
above the floor where the circulating pumps were
installed, smooth pump operation without cavitation
was obtained. The stainless steel centrifugal pumps had
magnetically driven impellers in order to eliminate con-
tamination or leakage problems. The rotameter was
calibrated with tap water and an ethylene glycol-water
mixture and agreement found with the manufacturer’s
density correction formula. The filter was made by
filling a 1-1 three mouth flask with activated carbon
pellets; the filter served to remove organic contami-
nants in the circulating liquid and it was found that
the gas absorption rate decreased significantly when the
carbon filter was not in use. The liquid temperature
was controlled by a heating tape and a single pass heat
exchanger with a refrigerant supply. The valves on all
liquid lines were contamination free forged bonnet
valves (Whitey Co. GNB58-316).

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.

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

enough to ensure no effect on titration process used
to measure CO, concentration. The ethylene glycol was
of reagent grade (purity of 98 per cent by mole) and was
mixed with distilled water to obtain the ethylene glycol-
water mixtures. The density, viscosity, surface tension,
CO; solubility and CO, molecular diffusivity were
measured by the techniques described in [6] and are
given in Table 1. The measured values compared well
with those published by Hayduk [7].

2.2.2. Absorption from a stagnant gas. The test liquids
were tap water at 14, 25 and 40°C, and ethylene glycol-
water mixtures with glycol mole fractions of X = 00,
0-522, 0-12 and 0-20. After leak testing and evacuating
the system it was purged three times with CO,.
Foreign gases in the liquid were desorbed by running
the system for about twenty minutes and any air re-
maining in the test section was purged by continuously
flowing excess CO,. The CO; supply was saturated
with the test liquid by a bubbler before entering the
column: The pressure in the test section was maintained
at about 10cm H,O above ambient pressure. The tem-
perature of the liquid was maintained within +0-2°C
of the desired value; for the tests with tap water at
14°C and 40°C the column was thermally insulated to
maintain isothermal conditions.

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 50cm® hypodermic syringes; usually
25cm? 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. CO, gas was always supplied in excess to purge,
as well as to minimize drag effects.

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 = 0052, 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 CO; as described in the
previous section. Sample gas was tested and titration
showed the mole fraction of CO, 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 CO,
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 K; was calculated from
the measured experimental data and system parameters
using

In 3)

pL R—4 ¢
where ¢; is the interfacial concentration of CO,, and
¢in and ¢,y are the bulk concentrations at the inlet and
outlet of the column, respectively. Equation (3) assumes
that K; is independent of z and that J is uniform. In a
turbulent falling film the species concentration profile
becomes fully developed within a short distance of the
inlet [8], 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 K calculated
from equation (3) is an apparent or superficial co-
efficient which contains the effect of the increased
transfer area.

The mean film thickness J was calculated from the
Brotz equation [9],

3% = 00672(v*/g)' *Rei . (4

The interfacial concentration of CO,, ¢;, was calculated
from Henry’s law.

¢ = Pco,/H {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 H,O vapor in the
CO, 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 CO, concentrations ¢, and co,, were determined
using a common wet chemistry technique. The CO,
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 hydroxide solutions were used in 20-50 pér cent
excess. Great care was taken to isolate the solutions
from ambient air.
The liquid side Reynolds number was defined by

Rep = 4T /pv (6)
and the superficial gas velocity V, was calculated based
on the column cross-sectional area. The interfacial
shear was calculated from

R—-6°/dP i
U=, TPl ) (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
(156 cm). In using 6° in equation (7) the thinning or
thickening due to gas drag was ignored.

3. RESULTS AND DISCUSSION

3.1. Absorption from a stagnant gas

A comparison of the mass-transfer coefficient with
zero interfacial shear, K°, obtained for distilled water
at 25°C with the results of previous workers is shown
in Fig. 2. The present values of K are higher than those
of Lamourelle and Sandall [ 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 0:95cm OD 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 K were obtained
when the water was recycled without the charcoal
filter in the loop; it was only after high values of K
were obtained for once-through tap water operation
that the importance of complete elimination of con-
tamination was fully appreciated. In [ 5] the water was

10—
¢ | .o -
= - Distitled water {x=0)
5 k2122 x10°Re 7 Present work ) 2,
«” a4l ¢ &,
O e
B = 77 pe’(Kamel) o
o 3 )(L_A?v69xlo Re; A "/,

n
T

o
.,
A, A " L7 -7 , 0839
B p” / K=252 110 "Re, " (Lamoure!le)
il Z s .

t 2

A 1 ) I S | l_]
5 10
-3
Re, x10

FIG. 2. Comparison of K2 vs Re, for distilled
water at 25°C with other workers.
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Table 2. Values of a and n in K = aRef}, and
bin K2/2(v*/g)""® = bRe},Sc'"?

ax 1067

X (m/s) b x 10* n

Ethylene glycol-water mixtures at 25°C

0-0 12:2 127 0-67
0-052 40 49 081
G12 120 1-69 094
020 0224 039 114
Tap water
T°C
40 29-6 24:4 0:568
25 152 157 063
14 652 82 0717

recycled and no mention is made of a filter in the liquid
loop. In this regard the experiments of Orridge [10]
are pertinent. In that work gas absorption into a film
flowing over a roughened inclined plate was measured
for various concentrations of added surfactant; only
0-1 ppm surfactant was found to reduce K by 15 per
cent. A contamination level of 01 ppm is very low, but
is detectable by the Crits ring test [11]. 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 of ethylene 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 K7 is nearly constant in the wavy
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F1G. 3. K vs Re, for ethylene glycol-water mixtures
at 25°C with glycol mole fractions of 0:0522, 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 K in
both regimes, K? = N,/(¢c;~c;). This definition is ap-
propriate for the turbulent regime where the steep con-
centration profile ensures a value of ¢ at the “edge” of
the concentration boundary-layer close to ¢,. On the
other hand, in the wavy laminar regime at short contact
times the value of ¢ at the edge of the concentration
boundary layer is ¢, and the thicker concentration
boundary layer gives ¢, > ¢ia. The use of (¢;~c¢in) as
the driving force in the wavy laminar regime would
give lower values of K and a monotonic increase in
K? with Rey. Of course, N, itself increases mono-
tonically with Re,.
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F1G. 4. K vs Re, for tap water at 14, 25 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 liquids 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 K;? on molecular diffusivity,
the data is replotted as K?/2'? vs Re, in Fig. 5.
However for correlation 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)'"*; Rey; vigp’/a®)'4; 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 2 a correlation of the form

Ké) — R ns =12 3 3)1}4\ 8

oy~ ReiSe fivigp®/a®)'*] it

is suggested, and the function f'is shown in Fig. 6. Two
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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 v, and in Fig. 7(b)
as a function of the dimensionless groups Sc and
v(gp3/v3)14. Both are satisfactory for engineering use.
Correlations of n with Sc or v(gp?/’)''* alone were
found to be markedly inferior. Table 2 shows values
of a and n in data fits of the form K? = aRe}, and
(KP/2)(*/g)"? = bRe}; Sc'’>. The two correlations for
nare

n =695 x 10" 2(ym?/s)*'? 9)
or

n=20885c%3v(gp? /o407, {10)

-
G o ”
Koa Pei

rn  Actual
T
"\

o8
i A
o6l /
™
| \i i i i | I {1
o4 06 08 ) 12

n=695xI0 % (vm7s)

FiG. 7(a). Empirical correlation of Reynolds
number power dependence with kinematic
viscosity for seven liquids.
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FiG. 7(b). Empirical correlation of Reynolds
number power dependence with dimensionless
groups Sc and v(gp®/o*)'/* for seven liquids.

3.2. Transition Reynolds number

Figures 2-5 show that the transition from wavy
laminar to turbulent flow occurs rather sharply at
Reynolds numbers of 1000-1200. 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 [ 12] 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 We? = p,u}/oc with u,
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.
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Table 3. Reynolds numbers for transition from wavy laminar to turbulent film flow

Ethylene glycol-water mixture Tap water
X=00 X =002 X =012 X=02 40°C 25°C 14°C
Present work 1100 960 1050 1150 1200 1140 1050
Kamei and
Oishi [2] - ~ — . 2000 2000 2000
Chun and
Seban [12] ~ - — - 1150 900 820
Weber
number 1-44 1-43 290 363 141 1-46 1-47
3.3. Absorption from co- and counter-current gas flows o e, o
With co-current gas flow the gas velocity ranged from o laao ez m;mz)
0to about 14m/s. According to Hewitt and Hall-Taylor . -
[ 14] the onset of liquid entrainment for this geometry X i
occurs at a gas velocity of about 10m/s so most of the XA
data is for the pure annular flow regime. A marked | 79
increase in K; due to interfacial shear was found. Figure ° K k= 1x10lr/Tg)
8 shows the results for tap water at 25°C plotted in the 2t /
normalized form K*/K? vs 1;/1° where 1, is the inter- &
facial shear stress caliculated from pressure drop 0O ol 02 03 04 05 06 07 08
T,/7,

Re,

o 1830
52490
04920
af- © 6160

#8030

T
o(/
| | P B | | 1 )
0 02 04 06 08 1-0 12 14
v/T,

F1G. 8. Normalized plot of K, as a function of z; for
co-current tap water at 25°C.

measurements using equation (7), and 19 is the wall
shear stress at zero gas velocity [7% = pgé® with §°
calculated from equation (4))]. In this form the data are
well correlated by a simple linear relationship,

KL Ti
i 1423 o
for Re, in the range 1830-8030. The marked increase
in K 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

(1D)

(12)

FiG. 9. Normalized plot of K; as a function of 1;
for co-current flow of ethylene glycol-water mix-
ture (X = 0-12).

For aReynolds number of 2320 equation{11) reduces to

K,
—% = 1+0-4601,(N/m?) (13)
Ky

while equation (12) reduces to
K,
—E = 1408241,(N/m?). (14)
Ky

Thus it is seen that the effect of interfacial shear on
K, 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

K T;
Yé =1+a @ (15)
aliquid of intermediate viscosity, ethylene glycol-water
mixture of X = 0-052, was tested. The results are shown
in Fig. 10 where again the linearity is good, and
o = 3-8. The coefficient « for the three liquids was
correlated as a function of liquid kinematic viscosity

to give

a=09+173 x 10'2{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 /K? vs 7;/1%. It is seen that, in contrast to the
situation for co-current gas flow, the normalization
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for counter-current flow of tap water at 25°C.
does not remove Rey 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
(0-3m/s) owing to aforementioned liquid hold-up prob-
lem. No quantitative conclusion is attempted due to the
limited data.

4. CONCLUSIONS

1. For absorption from a stagnant gas into distilled
water at 25°C the mass-transfer coefficients obtained
were generally higher than those found in previous
studies, and were correlated as

Ky = 122 x 107%Ref " mys,

2. The mass-transfer coefficient for seven test liquids
could be correlated as
O

K7 >
WS = Re} Sc™12f {v(gp3/oH)*)

where the Reynolds number exponent # increased with
viscosity and was correlated as

1= 208 860-895{V(gp3f0.3)1,14}0177

and f'is a graphed function.

3. The Reynolds number for transition from wavy
laminar to turbulent flow ranged from 1000 to 1200:
a criterion based on Weber number proved to be
inappropriate.

4. With co-current gas flow interfacial 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

Ke/KP = P x(ty/15)
o= 09+ 173 x 10" un?is).

5. With counter-current gas flow at low velocities
K decreased with increasing gas velocity.
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ETUDE EXPERIMENTALE DE L’ABSORPTION DE GAZ DANS DES FILMS
TURBULENTS TOMBANTS IYEAU ET DE MELANGES D'EAU ET DETHYLENE-GLYCOL

Résumé—Des expériences sont présentées sur l'effet de la viscosité du liquide et du cisaillement &
I'interface sur le coeflicient de transfert de masse coié liquide dans I'écoulement en film turbulent. Le
gaz carbonique était absorbé par un film liquide formé sur la paroi interne d'une tube vertical de diamétre
intérieur 2,05cm et de longueur 1,98 m. I a été trouvé que la loi puissance qui fixe la dépendance du
coefficient de transfert de masse sur le nombre de Reynolds dépend fortement de la viscosité. 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 & 1200. Dans le cas d’un écoulement de gaz dans le méme sens, une augmentation linéaire

trés marquée du coefficient de transfert de masse est trouvée, tandis que dans le cas d’un écoulement
de gaz a contre-courant le coefficient diminue.

EXPERIMENTELLE UNTERSUCHUNG EINES TURBULENTEN RIESELFILMS
AUS WASSER UND GLYKOL-WASSER-MISCHUNGEN

Zusammenfassung —Es wird {iber Untersuchungen des Einflusses der Viskositit der Fliissigkeit und der
Scherkrdfte an der Phasengrenzfliche auf den Stoffiibergangskoeflizienten auf der Flissigkeitsseite eines
turbulenten Rieselfilms berichtet. Gasformiges CO, wurde von einem Rieselfilm, der an der Innenseite
eines vertikalen Rohres (Innendurchmesser 20.5mm, Lange 1,98 m) herabstromte, absorbiert. Der
Exponent der Reynolds-Zahl zur Bestimmung des Stoffiibergangskoeffizienten ist stark abhéngig von
der Viskositdt. Der Ubergang vom wellig laminaren zum turbulenten Rieselfilm stellte sich bei einer
Reynolds—Zahl von 1000 bis 1200 ein. Bei Gegenstrom von Gas und Rieselfilm wurde ein deutlicher
und linearer Anstieg des Stoffiibergangskoeffizienten festgestellt, wihrend sich dieser bei Gleichstrom
verringerte.

OKCIEPUMEHTAJILHOE UCCIIEJOBAHUE T'A3ONOIJIOIEHUSA
TYPBYJIEHTHBIMHU NAJAIOIIMMU ITJTEHKAMU BOObLI M
STUJIEHITTUKOJIb-BOOJHBIMU CMECAMMU

AnHoTauns — [TpUBOAATCA 3KCMEPUMEHTANBHbIE Pe3yNbTaThl NO 3PdexTaM BIHAHHKA BAKOCTH
KHAKOCTH M Mexda3Horo capura Ha x03hPUHUKEHT MAacconepeHoca KUAKOCTH I/l TYpOYyJIEHTHBIX
NaJaoUMX IIEHOK. YTJIEKHCIbI Ta3 TOTIOILANICH XHAKOHK IieHko#i, 06pa3oBaHHONM BHYTPH BEpTH-
KanbHOU TPYOBI ¢ BHYTPeHHMH nuamMerpoM 2,05 ¢cM u mnmuoit 1,98 M. Haiineno, ¥To crenexHas
3aBHCHMOCTD KO3(duumresTa MacconepeHoca oT Yucna PeifHONbAcAa CHIIBHO 3aBHCHT OT BS3KOCTH.
Tlepexoa OT BOJNHMCTOrO JaMHHAPHOro K TYPOYJIEHTHOMY MOTOKY MMEJI MECTO HpH uucnax Pei-
Honpaca ot 1000 no 1200. Ipu cnyTHOM MOTOKE ra3a OOHAPYXEHO 3HAYUTENBLHOE JIMACHHOE YBETH-
yeHue xodddHuMeHTa MACCONEPEHOCa, B TO BPeMsl Kak 3TOT ke KO3pOHLMEHT YMEHBINAETCA NPH
TEYeHHH Ta3a B TIPOTHBONOIOXKHOM HANIPABIEHHH,
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