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Abstract-Mass transfer in horizontal two-phase gas--liquid wavy flow in the round duct has been 
investigated. 

Correlations of mass transfer coefficients for gas and liquid fiim resistances were obtained experi- 
mentally. 

The mass-momentum analogy, based on experimental wavy-surface friction factor data, was utilized 
to determine the mass-transfer coefficients. 

A comparison was made between mass-transfer coefficient experimental data and data obtained by 
the analogy method. 

Some experiments on wave tlow dynamics and geometry were also performed. 

NOMENCLATURE 

intersurface area [m2] ; 
heat diffusity [m’/h] ; 

M, 

P. 

width of water stream Cm] ; : 

specific heat [kcal/kg degree] ; l-1 
wave celerity [cm/s] ; t, 
diffusity [m2/h] ; u, 
diameter ; depth of water [m] ; W. 
eddy diffusity [m’,h] ; 
friction factor ; 2 

gas flowrate [kg/m’s] ; 
gravity, 9431 m/s2 : X, 
Henry’s constant [kmol/ atm m3] ; x, 
heat-transfer coefficient [kcal/m2 h r, 
degree] ; Y, 
overall mass transfer coefficient [kmoI/ 

molecular weight ; 
overall pressure [atm] ; 
partial pressure [atm] ; 
volume fraction ; gas constant: 
temperature [degrees] ; 
time [s] ; 
velocity [m/s] ; 
mass flux [kg/s] ; 
relative wave celerity [cm/s] ; 
liquid concentration, kg solute/kg sol- 
vent ; Lockhart-Martinelli parameter ; 
coordinate of flow direction ; 
mole fraction of CO, dimensionless ; 
gas concentration, kg solute/kg solvent ; 
coordinate normal to flow direction. 

m2 h cont. or pressure] ; Greek letters 
equilibrium constant ; a, pressure, factor [atm] ; 
partial mass transfer coefficient [kmol/ p, concentration factor [kmol/m3] ; 
m2 h cone or pressure] ; A, increment, refers to length ; 
liquid flowrate [kg/m2 s] ; 8, eddy viscosity [m’/h] ; 
length [m] ; x, wave number [cm- ‘1; 
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A, A’, wavelength, [cm] ; Baker factor ; 

Pv dynamic viscosity [kg/ms] ; 

V, kinematic viscosity [m’/h] ; 

P, density [kg/m31 ; 

:, 
surface tension [g/s21 ; 
Lockhart-Martinelli parameter, velo- 
city potential ; 

% central angle, radians ; Kropholler-Carr 
factor ; 

II/, Baker parameter ; 

0, circular frequency [s- ‘I. 

Subscripts 

A, refers to air-ammonia-water system; 
D, refers to carbon dioxide-water system : 

G, gas phase ; 
H, refers to mass flux ; 
h, hydraulic value, refers to equivalent 

diameter ; 

i 
i-th sample point ; 

0; 

liquid phase; 
inlet conditions ; 

p, refers to air; 
W, refers to water; 
BM, refers to inert mean value ; 
pX, refers to pressure-X concentration sys- 

tem ; 

PX. refers to pressure-x concentration sys- 
tem. 

Superscripts 
* , refers to equilibrium state ; 

-> mean-value. 

INTRODUCTION 

TWO-PHASE gas-liquid flow has been the subject 
of a great amount of research in the last 20 years. 

Generally, these studies covered the dynamic 
behaviour of two-phase flow mixtures flowing in 
vertical or horizontal closed ducts. During the 
last 10 years the number of heat-transfer in- 
vestigations of this system has increased because 
of thegreat importance oftwo-phase flow utilized 
as a coolant in power channels in the reactor 
core. 

Mass transfer in two-phase flow studies has 

not been so popular as heat transfer investiga- 
tions but now it is attracting more attention from 
investigators. 

Among the latest investigations on mass 
transfer in horizontal two-phase flow the fol- 
lowing works might be mentioned. 

O’Brien and Stutzmann [l] obtained the 
mass transfer data in stratified smooth horizon- 
tal flow. Nesterenko [2] and Smolsky and 
Sergeev [3] published data on mass transfer in 
stratified flow with respect to gas side resistance. 
Anderson et al. [4] and Bollinger [.5] investi- 
gated mass transfer during two-phase annular 
flow in a horizontal pipe for ammonia-air- 
water and carbon dioxide-water systems. 

Heuss et aI. [6] compiled data and correla- 
tions for horizontal froth flow of oxygen-water 
and ammonia-air-water systems. 

Wales [7] did research on the absorption 
connected with chemical reaction in annular 
horizontal two-phase flow of carbon dioxide- 
water and carbon dioxide-alkali solution sys- 
tems. 

Mass transfer in two-phase horizontal bubble, 
slug, plug and annular flow were the subject of 
investigations published by Scott and Hayduk 

PI. 
This short review of recent papers shows that 

the subject of most studies has been mass 
transfer in annular two-phase horizontal flow. 
Muenz and Marchello [9-113 studied mass 
transfer from a gas to the wave surface of water 
standing in a tank. They found the correlation 
for effective diffusity as a function of Schmidt 
and Reynolds numbers based on wave frequency. 

Goren and Mani [12] checked the results of 
Muenz and Marchello. They presented a relation 
between the density of current difference (effec- 
tive diffusity representative parameter) and 
frequency of waves (the authors used an elec- 
trolysis method for the mass-transfer prediction). 

The purpose of the research described here was 
to find the correlations for mass-transfer co- 
efficient in two-phase horizontal wavy flow and 
to verify the possibility of applying the mass- 
momentum analogy in this system. 
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~OR~CAL BACKGROUND 

Flow dynamics 
If a disturbance occurs on a free surface, it 

tends to produce a wave system. 
The free surface condition with respect to the 

velocity potential is 

(1) 

Assuming an ideal motion on the x-y plane, 
we can use the second potential equation 
(Laplace equation) 

a24, a2G 
=+2=o. 

ay 
(2) 

Introducing two terms, one independent of 
space and the other of time, whose product is 
equal to potential function #(x, y, t), we can 
solve equation (1) by using the Laplace equation 
also. By considering the boundary conditions 
at the free surface and introducing the additional 
boundary conditions at the bottom of flow in the 
case of finite thickness d of liquid, we obtain the 
potential function expression 

rf, = Acos(~x - ot)coshX(y + d). (3) 

Which represents the wave motion in the positive 
x direction with celerity 

Moreover, if we consider the effect of surface 
tension and liquid velocity (after dropping the 
density of gas pG in the density difference and 
sum and density ration pGjpL), we obtain the 
more general form of celerity equation in two- 
phase flow 

w=c-u~z[(~+~)tanhlld]‘. (5) 

For very short waves and ripples, equation (5) 
is reduced to the form 

ox + 
w= - 0 PL 

(6) 

but for waves moving on the surface of liquid 
with significant depth, equation (5) can be 
reduced to the expressions 

w = (g# for ratio A/d < 2 (7) 

w = (gd)+ for ratio Aid > 40. (8) 

The experimental results of investigations on 
wave dynamics in channels showed the difficulty 
of applying a highly developed theory of an 
ideal wave flow. 

Recent investigation are connected with the 
stability approach theory of small disturbances. 
This theory, based on relations introduced by 
Orr [13] and Sommerfeld [14] has been de- 
veloped in the last decade. 

Simultaneously in recent years the wave flow 
in channels has been the subject of much experi- 
mental research such as that by Hanratty and 
Engen [15], Hanratty and Cohen [16, 171, 
Hanratty and Lilieleth [lS, 191, Francis [ZO, 211, 
Keulegan [22], van Rossum [23], Del Bene [24], 
Ellis and Gay [25], etc. 

Hanratty and Engen [15] introduced-- 
according to their observations--three types of 
wave profiles. If gas velocity is increasing, the 
first so-called two-dimensional wave regime 
changes to the second three-dimensional one. 
The wave crests in this case are broken. If gas 
velocity is increased even more on the intersur- 
face, the so-called roll waves, (moving ripples) 
are formed. 

surface bet ween phases 
Considered as if it were a sinusoidal wave 

profile, the expression of the intersurface is not 
very complicated, but the real wave profile 
differs appreciably from an ideal shape. In this 
case the surface between phases should only be 
defined as 

A = f bJ[(dx)’ + (dy)‘]. (9) 

Now assuming the wave surface place width 
in the tube to be constant and equal to mean 
value 8 (wave crests are below the tube axis) then 
equation (9) is 
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A = 6i ,&I + fdy/dx)2] _ dx. (10) 
0 

By graphical differentiation of real wave 
profile, the total intersurface can be then 
predicted. 

Mass transfer, gas film resistance 
Let us consider an element of intersurface area 

having length dl,. The lateral absorption rate 
is then 

dW, = K,M,&(Yi - Y*)6d& (11) 

where the pressure factor tLi is defined as 

Eii = (P- p,)Mp/M,. (12) 

Note that the mass-transfer coefficient KG in 
equation (11) is the so-called overall transfer 
coefficient. For the system discussed here it is 
approximately equal to the partial transfer 
coefficient k,(here gas phase resistance). 

We assume both coefficients to be equal the 
error discussion about this assumption is pre- 
sented in the Appendix. 

The mass balance equation is 

dW, = W,dY = 

Whereas the equations of 
operating lines are 

Y* = KX* 

and 

Y,= -;xi+ 

W,dX. (13) 

equilibrium and 

(14) 

YCI (15) 

in the case of cocurrent gas and liquid flow 

By introducing relations (13)415) into rela- 
tion (1 l), a differential equation is obtained. 
whose integration follows the expression for the 
mass transfer coefficient 

k, = 

x ln (16) 

where a is calculated according to equation (12). 
The values of the mean partial pressure pi in 

equation (16) can be derived as the arithmetic 
mean of values Of ITii and pi + l calculated with the 
aid of the relation 

- MPCYO - (L/G)Xif --___ 
pi =’ ii!!+--Mp[Yo - (L/G)X,]' 

(17) 

In order to estimate the value of the mass- 
transfer coefficient, parameters W,, W,, Y,, P 
and Xi are necessary and measurable. The width 
of the liquid stream ti and the length increments 
AI, can be calculated by using the actual length 
of the wave profile obtained by graphical 
di~erentiation of the filmed profile. 

Mass transfer, l~~~i~~lrn resistance 
If mass transfer takes place between a pure 

active gas and flowing liquid. the lateral mass 
flux can be expressed as 

d W, = k,P~o(X* - Xi) ~dli. (18) 

The equation of mass balance is 

d WD = w dX. 09) 

The equilibrium relation between concentra- 
tion in the liquid and overall pressure is 

x* L= 

P MD 

K,, -FM, (20) 

Integration of the above equation (18) in con- 
junction with equations (19) and (20) follows 
the basic relation for mass transfer coefficient 

kr‘ = /3A4Jzi+ ,6 
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We adopted the Kropheller and Carr [31] 
analogy. These authors introduced into the 
Reynolds analogy a specific factor cp. which 
corrects it. The relation for the factor 4p is 

(21) presented as a function of the Reynolds and the 

Parameters l4$, P and Xi can be measured 
Schmidt, or Prandtl numbers. 

experimentally. The values of Ali and Ei can be 
The form of the analogy is 

(23) 
predicted as fir gas film resistance: 

~~omentum-mass transfer analogy 
When the fluid is in turbulent motion, the 

lateral flows of momentum, mass and heat are 
connected by equations based on the analogy 
between these lateral fluxes. 

The equations representing the above analogy 
are the following 

f=;(s) =4&-$. (22) 

Viscosity and diffusity ratios are expressed by 
rather complicated relations predicted by 
Prandtl [26-J von K&m&n [27], ~artinelli 
[ZS], Boelter [29] and others, as functions of 
Schmidt, Reynolds and Prandtl numbers. The 
Reynolds [30] analogy assumes this function 
to be equal to unity. 

where 

f = f(Re,) and 40 = f(Re,,Sc). 

EXPERIMENTAL 

The horizontal test-section, shown in Fig. 1, 
was a 5 m long acrylic pipe 3 (see symbols in 
Fig. l), 20 mm i.d. and 30 mm o.d., with seven 
liquid concentration taps, two pressure taps (at 
the test-section inlet and outlet) for pressure 
and pressure drop measurements, and two gas 
~on~ntration taps. Each liquid and gas con- 
centration tap was fitted with a copper-con- 
stantan ~ermo~ouple. All thermocouples were 
connected with the twelve point ekBT recorder. 
2. The hot junctions of the thermocouples were 

To resptrator 

FIG. 1. Scheme of the test-apparatus l-separator, 2-recorder, 3---test-tube, 4--c& 
camera, S-mixer, &heaters, 7--interferometers 
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protected with the aid of small polythene 
sheaths, to avoid corrosion effects. 

Both phases--gas and liquid-passed through 
heaters 6, in which they reached the desired 
temperatures, and were metered to the test- 
section through rotameters. 

In mixer 5 gas and liquid were mixed and 
entered the test-section. 

The pipe calming section, in accordance with 
Kosterin’s [32] data, was about 50 times i.d. 
in length. 

Phases from the test-section were separated 
in separator 1 and passed out of the test section. 
A high-speed Pentaflex 16 camera 4 was installed 
in order to estimate wave profile, wave para- 
meters, and surface between flowing phases. 
The film speed was about 100 frames per s. 
the exposure time being l/l150 s. 

The experimental procedure was divided 
into three periods. During the first, the desired 
conditions of flowrates, temperature, inlet con- 
centration were achieved. In the second, in the 

4c 

30 

“0 
* 

20 4 

0 

3 

FIG. 2. Concentration (in kg per kg of pure solvent) distri- 
bution in gas and liquid phase along the channel. Ammonia- 

air-water system. 

zr / I I 
0 I 2 3 4 

L. m 

FIG. 3. Concentration (in kg per kg of water) distribution 
along the tube. Carbon dioxide-water system. 

steady state, the concentration liquid samples 
were taken, pressure drop estimated, concentra- 
tion gas (in the case of air-ammonia gas phase) 
measured and flow profile recorded. During the 
third period, the liquid samples were titrated. 
Fluid temperatures were recorded during the 
whole time of the experiments so as to be sure of 
isothermal conditions. The liquid samples were 
sucked in 10 m small glass containers and then 
immediately injected into acid or base solution 
in excess, which was later titrated during the 
third period of experiment to obtain the exact 
concentration of ammonia or carbon dioxide in 
liquid. 

While investigating ammonia mass transfer 
during the second period of the experiment, 
gas concentration was measured to check liquid 
concentration predictions. Gas concentration 
was measured by means of a M 110 gas inter- 
ferometer 7. Experimental data for mass transfer 
represent the concentration distribution in 
liquid along the pipe, under constant pressure 
and temperature conditions. Examples of this 
concentration distribution are shown in Fig. 2 
for an air-ammonia-water system and in Fig. 3 
for a carbon dioxide-water system. The dis- 
continuity of concentration curves in Fig. 3 is 
due to different conditions for mass transfer at 
the inlet of the test section. 

For the ammonia absorption experiments the 
ammonia was added to the air-water flow after 
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the mixer, at the inlet to the calming section, 
see Fig. 1. However, the two-phase carbon 
dioxide-water mixture was passed through the 
mixer. 

The point L= 0 in the case of the ammonia 
absorption corresponds to the inlet of the calm- 
ing section but in the case of the carbon dioxide 
absorption it corresponds to the inlet of the 
mixer. 

RESULTS 

Two-phase wavyflow dynamics. Surface prediction 
The first experiments dealt with the com- 

parison between the visually observed region of 
wavy flow and the predicted region according 
to Baker’s [33] flow pattern correlation. The 
accuracy of Lockhart-Martinelli [34] correla- 
tion in wavy regime was checked as well. 

In both cases a good agreement was found 
between the predicted and experimentally ob- 
tained values of flowrate regime and the 
Lockhart-Martinelli parameters (for turbulent 
flow in both phases). Figure 4 shows the Lock- 
hart-Martinelli curves and experimentally pre- 
dicted points. 

I 1 

FIG. 4. Comparison between experimentally obtained data 
of pressure drop and Lockhart-Martinelli correlation 
(tt-refers to turl;ulent motion in both phases; tv-refers 
to turbulent motion in gas phase and laminar in liquid 

phase). 

An analysis of the wave profiles recorded on 
the films enabled us to determine the enlarge- 
ment of the flat surface in the presence of wave 
disturbances and to predict some relations 
between flow and wave parameters. Generally, 
the intersurface increase proved not to be 
significant. In a few cases only the so-called 
increase surface ratio Al/l, which was defined 
as the ratio (in per cent) between difference of 
length along wave curvature and length of pipe 
to length of pipe, was higher than 6 per cent. 
The length ratio was taken as a mean value of 
some profile set data for the same flow condi- 
tions. 

FIG. 5. Length increment ratio vs gas flowrate. 

Figure 5 shows the plot for air ammonia- 
water data. Dash lines represent the limit of 
the wave region and terminate at the onset 
of other regimes of two-phase flow. It can be 
observed that only a very small change in gas 
velocity causes significant variation in the 
length ratio. 

Generally, with the increase of the Baker 
two-phase flow ratio nlt,bL/G, and the length 
of wave 2, the length ratio Al/l decreases, as 
observed in Fig. 6. 
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FIG. 6. Length increment ratio against wavelength 

The margin of Al/l ratio for lower values of 
wave lengths and flow ratios increases very 
markedly, thus achieving a 6 per cent value at 
the lowest flow ratio Y$L/C equal to 85. 

The verification of the type of wave regions 
based on scrupulous analysis of flow patterns 
showed a very good agreement with wave 
regimes observed and defined by Hanratty 
and Engen [ 153. All tbree types of waves were 
observed in experiments. 

Figure 7 shows the plots of wave variation 
celerity against the Reynolds number for air--- 
water and carbon dioxide-water systems. This 

f 
I 9 1 

FIG. 7. Wave celerity as a function of gas Reynolds number. 
Dashed lines correspond to air-water system, continuous 

lines to carbon dioxide-water system. 

!O 

FIG. 8. Wave celerity vs. wavelength Dashed lines: an- 
water system, continuous lines: carbon dioxide -water 

system 

variation can be divided into two parts One 
corresponds to the so-called two-dimensional 
waves with significant wavelength, the other 
corresponds to the tree-dimensional waves. 
For the highest values of the Reynolds number 
the latter curves pass through roll-wave regime 
and terminate at the onset of slug flow regime. 
The same trend of variation can be observed in 
the celerity vs. wavelength plot of Fig. 8. 

The curves (dashed for air-water system ; 
continuous for carbon dioxidewater system) 

*SC Expermental curve 

I I 1 / , / / , / 1 / / / , 

I IO loo 

h ,cm 

FIG. 9, Comparison between experimentally obtained and 
theoretically calculated data of celerity vs. wavetength 

relation. 



H.M. 

FIG. 10. Wave celerity determination 
on film frames. 
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a correspond to two-dimensional long waves and 
b to three-dimensional and roll-waves. 

The qualitative comparison between experi- 
mentally obtained variation of celerity against 
wavelength is shown in Fig. 9 in semilogarithmic 
coordinates: the trend of both curves is very 
similar and one for selected equivalent depth 
(i.e. 06 cm) of water the difference between 
curves is not very great for celerity but it is for 
wavelength values in the short wave region. In 
all cases, the celerity of waves was predicted as 
a ratio of distances between moving tops of 
wave crests on the two neighbouring film frames 
and the time constant of film velocity (-001 s) 
as shown in Fig. 10. 

MASS TRANSFER 

As mentioned above, the mass transfer co- 
efficient in an air-ammonia-water system was 
calculated according to equation (16) after the 
substitution of measured parameters such as: 
flowrates, pressure, intersurface length, con- 
centrations. Calculations were performed on the 
EMC-Gier computer. About 500 values of gas 
film mass-transfer coefficient were obtained for 
Reynolds numbers ranging between 2500 and 
8000. 

In order to estimate the correlations of 
dimensionless mod&, Sherwood, Reynolds and 
Schmidt numbers were calculated. 

The de~nitions of these numbers are as 
follows : 

The Sherwood number 

Sh _ kAxeuRTd,e 
h-- L&P 

where pBM is the logarithmic mean of inert 
partial pressure and the equivalent diameter is 

(25) 

The Reynolds numbers 

ReG = (UC - %k&ti (24) 
PG 

and 

Re 

F 
=L: @G - hkd,e 

fiG ’ 
(27) 

The Schmidt number 

(28) 

The mean central angle (pL of water stream 
width on the intersurface was determined 
simultaneously with the intersurface analysis 
of profile frames. Values of Sherwood and 
Reynolds numbers calculated in this way were 
used to predict the correlation for gas film 
mass-transfer coefficient by means of the least 
squares method. 

As a result of calculations performed also on 
the EMC-Gier computer, we obtained : 

the so-called slip*‘correlation 

Sh, = 0.289, 10e4 ReG1’615. SC”’ 

which is given in Fig. 11 and 
the slip-wave correlation 

(29) 

Sh, = 0.3. 10s4 Re,1’46. SCO.~. (30) 

The value of Schmidt number power (@5) 
was taken from literature data [35,36,37 etc.] 

The correlation between dimensionless num- 
bers for liquid film mass-transfer coefficient was 
obtained in a similar way. 

For mass-transfer coefficient determination, 
equation (21) was used and all measured para- 
meters were substituted in it (flowrates, pressure, 
liquid concentrations actual length of the inter- 
surface). 

The definitions of Sherwood and Reynolds 
numbers are 

with equality 

cpe = 27t - PpL. 
S& = !$ 

L 
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loo 

SO- 

80 - 

m- 

60 - 

so - 

FIG. 11. Mass-transfer data for ammonia-air-water system 
Correlation of Sherwood and Reynolds numbers. 

where equivalent diameter d,, was calculated 
awarding to equation (25) after the substitution 
of dentral angle (pr, and 

(32) 

In the case of liquid film resistance, nearly 300 
values of mass-transfer coefficient were obtained 
from the 12W2400 range of Reynolds numbers. 
The correlation was obtained by means of the 
least squares method carried out on the EMC- 
Gier computer. 

The Schmidt number power was estimated 
by experiments carried out at various tempera- 
tures ; the temperature range was 15--30°C. The 
final equation is the following 

Momentum-mass trarwfer analogy 
The analogy between mass and momentum 

fluxes was only applied to gas film mass- 
transfer resistance analysis. 

In order to estimate the Sherwood number in 
this way [according to expression (23)], the 
values of friction factor f on the rough wave 
surface were required. Smith and Tait [38] and 
Hanratty and Cohen [17] reported the experi- 
mental data about this factor as a function of 
gas velocity and Reynolds number. At first, the 
friction factor increases with gas velocity up 
to the point where it starts becoming constant. 

Both the above mentioned data were used to 
calculate the Sherwood numbers for corres- 
ponding Reynolds numbers of gas flow. 

Figure 12 shows the curves representing 
relations calculated with respect to mass momen- 
tum analogy. Line d corresponds to Smith and 
Tait data, line a to Hanratty and Cohen data, 

-I 
3x03 4x105 5x10= 6x10' 7x0' Bxd Id 

ffe, 

FIG. 12. Comparison between data of mass transfer obtained 
in experiments and predicted by means of mass-momentum 

analonv for air-ammonia-water svstem. Sh, = 090413 . Re,0’916 . SC*‘~. (33) ~~_._~__, ” 
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whereas line f is related to equation (29) and 
line e to equation (30). In Fig. 12 there are also 
plotted correlation curves for stratified two- 
phase flow [39] and the well known van 
Krevelen, Hoftijzer [40] and Gilliland and 
Sherwood [41] correlations for wetted wall 
columns (lines b and c). 

DISCUSSION 

Comparison between curves plotted in Fig. 12 
shows a very good agreement between experi- 
mentally obtained values of Sherwood numbers, 
calculated on the basis of mass-momentum 
analogy. 

For high Reynolds numbers the experiment- 
ally predicted curves pass almost exactly 
between two lines obtained from friction factor 
data. Moreover, in this part of the plot the slope 
of mentioned curves is almost identical. For 
lower Reynolds numbers (3OO&4000 ) the values 
of Sherwood numbers are almost equal to 
values obtained experimentally by Buzek [39] 
-correlation line g in Fig. 12-in the case of 
the stratified two-phase flow. 

In this region two-phase wavy flow had the 
form ofvery long (about 15 cm), two-dimensional 
smooth waves. The roughness of their smooth 
wave surface did not differ greatly from the 
roughness of a water flat surface. Thus, the 
values of mass-transfer coefficient and the 
Sherwood numbers should be almost identical 
for both the wave and stratified regions. The 
lines related to wetted-wall column data by 
van Krevelen and Gilliland pass through the 
central part of the plots obtained in our research. 
The difference of Sherwood numbers for both 
ends of the above plots is due to the different 
mechanism of wavy flow in the case of horizontal 
and vertical flows. It consists of different types 
of originating waves ripples and so-called 
horizontal shallow-water waves) and water 
stream depths. But this difference is not so great 
as appears from van Krevelen or Gilliland 
data. For ammonia absorption in a wetted-wall 
column, Ramm et al. [42] recently reported a 
correlation with the Reynolds number power 

equal to 1.32 (being the slope of the correlation 
line) in comparison with our predicted value 
equal to 1.5-1.6. 

Data obtained for liquid film mass-transfer 
resistance do not differ very much from 
stratified flow data [43], but are about five 
times lower than wetted wall column data. 
Table 1 gives the comparison between cited 
[43] data and our predicted data, 

Table 1 

Reynolds number* 1400 1600 1800 2000 2200 

K~ predicted [m/h] 0060 0070 0.076 0.084 0092 

K~ cited [43] [m/h] 0049 0057 @059 @063 0.067 

K,_ calculated for d,, = PO08 m. 

Muenz and Marchello [ 1 l] found that effec- 
tive diffusity increases 1030 per cent with 
respect to flat surface diffusion if the frequency 
of waves being originated on the surface 
increases by 400-1000 cycles per min. In our 
research the frequency changed from 150 to 
1500 cycles per min. As observed in Table 1 
the difference between our mass transfer co- 
efficient data and reported flat surface data [43] 
varies from 20 per cent (Re = 1400, frequency = 
150) to 37 per cent (Re = 2200, frequency = 
1500). There seems to be a rather good agree- 
ment between Muenz-Marchello’s and our 
data. 

CONCLUSIONS 

As a final result of this research, the following 
conclusions can be drawn : 

1. Two-phase wavy horizontal flow pattern 
and pressure drop can be predicted with good 
agreement by the Baker [33] and Lockhart- 
Martinelli [34] correlations. 

2. The presence of wave disturbance in the 
intersurface usually causes a small percentage 
increase of surface area. 

* Reynolds number is calculated from equation (32). 



1212 JANUS2 W. CIBOROWSKI and RAJMUND M. RYCHLICKI 

3. The mass-transfer coeffkients for both 16. T. J. HANRATTY and L. S. COHEN. Genrations of waves 

cases of mass-transfer resistances can be esti- 
mated with the aid of correlations (29) and (33) 17, 
predicted in this research. 

4. The presence of small wave disturbances 18, 
on the intersurface essentially intensifies lateral 
mass flux for both cases of mass-transfer 
resistances, 19, 

5. A good agreement was found between 
expe~mental~y obtained results and results 20. 

calculated by momentum-mass analogy based 2,, 
on ex~rimenta~ friction factor data [17, 38-j. 

6. The application of wetted-wall vertical 22. 

column transfer data for horizontal two-phase 
wavy flow is rather unsuccessful. 

23. 

24. 
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APPENDIX 

It was observed in previously published data that liquid 
film resistance in the case of ammonia absorption in water 
is rather significant. Because of this, we estimated the error 

made by introducing the assumption of negligible liquid 

phase resistance. Diffusion properties of carbon dioxide and 
ammonia in water are almost identical, for instance : at 20°C 
diffusities and Schmidt numbers for CO1 and NH3 are as 
follows 

D NHJ = 0,637 m’/h, SC = 568 

D coz = 0.634 m’/h, SC = 570. 

From the above, the liquid transfer coefficient for both 
absorption systems should be nearly the same. 

The overall mass-transfer coefficient is defined 

(A.1) 

where H = c/p. 

For extreme cases of ammonia-air-water system 
dynamics, experimentally estimated values of k,, and k, were 
introduced into the equation for K,, and the maximum error 
(second group of the right-hand side of equation (Al) was 
found to be only 7.7-8 per cent of K, value), 

TRANSFERT MASSIQUE DANS UN l?COULEMENT BIPHASIQUE GAZ-LIQUIDE A SURFACE 
ONDULI?E 

Rbum&Le transfert massique dans un Ccoulement biphasique gaz-liquide dans un tube circulaire fait 
I’objet de cette Ctude. 

On obtient les coefficients de transfert massique pour des rCsistances de film gaz et liquide. 
L’analogie masse-quantitC de mouvement baste sur des rCsultats exptrimentaux de coefficient de frotte- 

ment en surface ondulCe est utilisk pour determiner les coefficients de transfert massique. 
Une comparaison est Waite entre les coeficients de transfert massique expkrimentaux et les rtsultats 

obtenus par la m&hode analogique. 
Quelques exptriences sur la dynamique et la gComttrie de I’tcoulement avec ondulation sont aussi 

conduitcs. 

STOFFfjBERGANG IN ZWElPHASIGER GAS-FLUSSIGKEITS-WELLENSTRGMUNG 

Zusammenfassung-Die Stoffiibertragung bei horizontaler Zweiphasen-Wellenstriimung (gasfiirmig- 
fliissig) im runden Rohr ist Gegenstand der vorliegenden Untersuchung. Es wurden experimentell 
Beziehungen fiir die Stoffiibergangskoefizienten fiir Gas- und Fltissigkeitsoberfllchen ermittelt. AuBerdem 
wurde die Analogie zwischen Staff- und Impulsaustausch benutzt, urn die Stoffiibertragungskoefflzienten 
zu bestimmen, wobei experimentelle Daten von Schubspannungen fiir die wellige Oberfliiche zugrunde 
lagen. 

Es wurden die experimentellen Werte der Stoffiibergangskoetlizienten mit den Werten der Analogie- 
methode verglichen. Ausserdem werden einige Experimente fiber die Dynamik und Geometrie der Wellen- 

striimung durchgefiihrt. 

MACCOOBMEH B ABYX@ABHOM I’A304KI4AKOCTHOM 
BOJIHOBOM TEqEHBLI 

hUiOTiqliR-HpefiMeTOM MCCJle~OBaHHH 6~n MaCCOO6MeH Melrcgy rOpH3OHTaJIbHbIM RByX- 

@a3HbIM ra30-HWAKOCTHbIM BOJIHOO6pa3HO~BkiHCyIQAMCR IlOTOKOM l5 KpyNlOt Tpy6Oi. 

aKClIepHMeHTaJIbH0 nOJly=leHbl KOppeJIRqHR KO3+@fqMeHTOB MaCCOO6MeHa WIH COIIpOTAB- 

JIeHIlR ra3a II iK&iJ(KOti IIJIeHKH. Am 0Ilpe~eJIeHW-i KO3~~H~~eHTOB MaCCOO6MeHa IICIIOJIb30- 

Banacb aHanorm Memay nepeHocom MaCCbI II KOJlIlYeCTBa ,I(BUFKeHMH, OCHOBaHHaK Ha 
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