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Prediction of the liquid side mass transfer coefficient kl at vertical liquid flow on the expanded 
metal packing is based on the penetration model according to Higbie . The experimental value 
of mass transfer coefficients kl at absorption of sparingly soluble gases with differing diffusivities 
in water (propane, carbon dioxide and helium) are in a good agreement with the predicted values 
in a wide range of linear wetting densities . Interfacial area is determined by the chemical method 
and is correlated by an empirical relation . 

In design of separation units, it is necessary to know the interfacial area between the 
liquid and gas (vapour) and the liquid and gas side mass transfer coefficients. These 
quantities are determined for individual types of separation units empirically and 
their values depend predominantly on the way the interfacial area is formed. Here 
are considered separation units in which the interfacial area is formed by downward 
liquid flow on the geometric surface of internals. The relation is looked for between 
the hydrodynamics of liquid flow and liquid side mass transfer coefficient k1• As 
internals were frequently used stacked or dumped packings. Thus there exists a con
siderable volume of experimental material on the liquid side mass transfer coefficients 
kl and on the specific interfacial are a. Both quantities kl and a are usually presented 
graphically for the given geometric form, size of packing and physical properties 
of the liquid in dependence on the wetting density or are correlated by empirical rela
tions. Their generalisation or even theoretical prediction is prevented by the complex 
nature of hydrodynamic liquid flow conditions determinating both quantities. 
Hydrodynamic studies of liquid flow on random packings have given a number 
of useful informations on the magnitude of the total, dynamic and static holdups, 
on characteristics of flow in the core of the packing and in the vicinity of walls of the 
column, on residence time distribution of liquid in the packing etc., but they have 
also demonstrated that the studied quantities are dependent on more parameters 
such as the ratio of packing size and diameter of the column, shape of the packing 
and its arrangement, contact angle and others. These studies contributed first of all 
to the understanding why the attempts for a more general and theoretically founded 
correlation have not been very succesful. The complexity and variability of hydro-

Collection Czechoslov. Chern. Commun. [Vol. 45] [1980] 



3090 Broz, Endrst : 

dynamics of liquid flow on the surface of the packing is obviously caused by three
dimensional arrangement of random packings which allows the liquid flow "too 
many degrees of freedom." Considerable freedom in the direction and also in the 
flow characteristics (in a form of a film or streams) is manifested as the tendency 
to a nonuniform flow on the packing. 

The experimentator has very few possibilities to observe the flow phenomena in the 
packing or to affect it and to study the consequences resulting from changes of hydro
dynamics on the mass transfer coefficient k l • This evaluation of random packings 
holds obviously quite generally, but it much depends on actual conditions of geometry 
of the packing and equipment, physical properties and liquid or gas flow rates. 

The packing internals in which are to a considerable degree suppressed the unwant
ed properties of random packings is the one formed by vertical paraHel sheets of ex
panded metal. In case of a suitable arrangement there is no overflow of liquid bet
ween the sheets and on the walls of the unit, liquid flowing on the ~heet is in a suffi
ciently wide range of linear wetting densities well distributed, flow on the packing 
can be observed visually and so considered its hydrodynamics. In the above given 
sense the hydrodynamics 9f liquid flow on the packing made of expanded metal 
can be considered simpler that with the random packing. The expanded metal 
packing is interesting also from the practical point of view of its application in separa
tion units. High values of the liquid side volume mass transfer coefficient kla were 
determined at laboratory! and pilot plant unitz·3 conditions. 

In this paper the liquid side mass transfer coefficient and interfacial area in rela
tion to liquid flow hydrodynamics on the expanded metal packing of various geo
metries is studied. Experimental determination of interfacial area is used for expres
sion of the liquid side mass transfer coefficient kl from the volumetric coefficient kla. 
These experimental values of kl are then being compared with the values predicted 
in the theoretical part on basis of concepts on hydrodynamics of liquid flow on the 
vertical expanded metal packing. 

THEORETICAL 

Liquid side mass transfer coefficient kl depends on the mechanism of transport 
of the dissolved gas from the interface into the bulk of liquid. The basic models 
on mechanism of mass transfer lead to the film4, penetration5 ,6 and film-penetra
tion models 7 with various exponents on diffusivity in the range from 0·5 to 1. 
Selection of the suitable model could be made on basis of knowledge of hydro
dynamics of liquid film flow on the expanded metal. The verified detailed descrip
tion of hydrodynamics and thus of the transport mechanism from the interface 
is not available. As valuable proved visual observation of the liquid flow character 
on the packing and their comparison with the consideration on which the individual 
mass transfer models are based . The visual observation can be summarized as foHows. 
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At high linear wetting densities r the whole geometric surface of the expanded metal, 
the mesh inclusive, is filled with uniformly flowing liquid film. Interfacial area is thus 
equal or close to the double of geometric surface area Ag = 2HZ. In each mesh of the 
expanded metal (Fig. 1) is visible an intensively stirred region , formed obviously 
by the downward flow of liquid streams on neighbouring ribs into the common 
point. We assume that at each process of downward flow a stirring of the liquid 
takes place from the interfacial area with the bulk of the film. From the geometry 
of the expanded metal (Fig. 1) results that the distance between individual stirrings 
of the interface with the bulk of the film should equal to one half of the vertical 
pitch diagonal. If we further assume that this process is repeated at time intervals e, 
which are so short that the film can be considered the semi infinite space from the 
point of view of diffusion, this assumption leads to the penetration model according to 
Higbie4

• The liquid side mass transfer coefficient kl obtained by solution of the 
unsteady state equation of diffusion into the semiinfinite space is given by equation 

(1) 

The exposure time e is the parameter of the model and it is possible to assume that 
it is equal to the ratio of the length h after which the liquid mixing takes place and 
of the mean velocity of the liquid film v 

e = h/v. (2) 

2h 

FIG. 1 

Detail of Expanded Metal 
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FIG. 2 

Experimental Arrangement for Measure
ment of Interfacial Area 
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The average velocity of the liquid film is calculated from the linear wetting density r 
and the total liquid holdup per unit of geometric area of the expanded metal z 

v = rlz. (3) 

After substitution of Eqs (2) and (3) into Eq . (1) the relation is obtained 

k] = (4Dr/(nhz))1/2 (4) 

including the characteristic dimension of the expanded metal , gas diffusivities in li
quid, linear wetting density and total liquid holdup. For the total liquid holdup 
Tesar ad Kolar8 have proposed the relation 

(5) 

based on the Nusselt's9 relation for the thickness of film at vertical liquid flow on the 
flat plate. Relation (5) holds for the case when the holdup is not affected by gas 
flow. The effect of geometry of the expanded metal is included into the empirical 
coefficient cp. By substitution ofEq. (5) into (4) the relation is obtained 

(6) 

TABLE I 

Expanded Metal Sheets. All length dimensions are in mm. 

10 X 5 16 X 6 28 X 8 
Specification stainless steel stainless steel steel 

Vertical pitch diagonal 211 10 16·5 28·2 
Horizontal pitch diagonal 4·5 5·5 
Vertical mesh diagonal m 1 7·5 11·5 22 
Horizontal mesh diagonal m2 2 3·3 5·7 
Thickness of metal 11 0·35 0·5 0·7 
Thickness of ribs t2 1·6 1·2 1·5 

Thickness of expanded metal t3 1-6 2 2·1 

Plate width I 65 63 63 
Coeff. in Eq. (5) rp 44·6 16·9 8·61 
Coeff. in Eq . (9) rx oo 1·05 1-075 0·925 

0:0 0·3 0'35 0·3 

P 12 8-4 
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Comparison of relation (6) with the experimental kl values is made in the experi
mental part of this study. The effect of viscosity, specific density and surface tension 
has not been studied systematically. 

EXPERIMENTAL 

For measurements, three expanded metals were used with the geometric dimensions given in 
Fig. I and Table I. The interfacial areas A have been measured by the chemical method and 
klA by physical absorption of sparingly soluble gases with various diffusivities in water (propane, 
carbon dioxide and helium). Both measurements were performed in the same rectangular co
lumn 80 X 16 X 750 mm on the same plates made of expanded metal. The liquid side mass 
transfer coefficients kl were calculated under the assumption that the interfacial area A determined 
by the chemical method for the given linear wetting density is identical with the value at physical 
absorption. Specifications of the arrangement of the apparatus for measurement of interfacial 
area and physical absorption rates are also given. 

Inter/acial area. Interfacial area has been determined under the conditions of fast pseudo first 
order reaction at the absorption of pure humidified carbon dioxide at lowered pressure into solu
tions of sodium hydroxide in the apparatus given in Fig. 2. Into absorption column 1 has been 
inser ted a strip of expanded metal 2 equipped with slotted distributor 3 and was stretched by ten
sion toward the lower flange so that it has not been in touch with the walls. The length of the 
film H of liquid flowing on the expanded metal could be fixed according to the height of liquid 4 
in the column by use of a movable external overflow 5. From the overflow the liquid was flowing 
into the 100 I storage tank 6. The bellow pump 7 was used for pumping the solution into the upper 
storage tank 8 and for its circulation. The solution was thermostated 9 and degassed by spraying 
through a jet 10 which lasted for about four hours at the pressure 5 kPa. The liquid flow rate 
was measured by callibrated rotamers 11. The inlet and outlet temperatures 12 and the composi
tion of solution 13 were measured. Carbon dioxide from the pressure flask 14 after- pressure 
control 15 passed through the needle valve 16 and after humidification in the thermostated 
washing flask with the sintered glass distributor 17 entered into the gas burette 18 having the 
volume 1750 ml. The excess of unabsorbed gas (about a half) was measured by the gas burette 19 
(volume 500 ml) and left through the intermediate tank 20 into the vacuum pump 21. The pres
sure in the intermediate tank was controlled by mercury manostate with the memory 22 by use 
of the solenoid valve 23. Pressure in the apparatus was measured by the mercury manometer 
24. Pressure in the outlet burette was controlled by the waterfilled U-manometer 25. Tempera
ture of the gas in the outlet burette was approx. equal to the mean temperature of liquid in the 
column. The gas flow rates through the burettes were measured by the stop watch. Partial pressure 
of carbon dioxide was computed from the pressure in the apparatus and partial pressure of water 
va pour above the solution at the given temperature and was approx . equal to IO kPa. Concentra
tion of sodium hydroxide in the solution was approx. cB = 700 mol m - 3 and the conditions of the 
regime of fast pseudo-first order reaction were satisfied 10. At these conditions for the rate of ab

sorpt ion the relation holds 

(7) 

where A' = A + 0·0012 m2 is the sum interfacial areas of the liquid film on the expanded metal 
and the liquid surface at the outlet. Solubility of carbon dioxide in the solution, rate constant 
of reaction and diffusivity were taken from literature lO together with usual corrections on the 
effect of ionic strength of solution. Analysis of the solution prepared from distilled water and 
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sodium hydroxide analytical grade reagents was performed by the titration method according 
to Warder for determination of hydroxides and sodium carbonates. 

The results of measurements of interfacial area expressed in the dimensionless relative inter
facial area 

(8) 

are plotted in Fig. 3. For the expanded metal sheets denoted as 16 X 6 are given average values 
of repeated measurements for two film lengths H = 0·37 and 0'67 m. It can be seen from this 
figure that differing lengths of the film do not have any effect on the relative interfacial area (x. 

For further evaluation, the experimental dependence was approximated by the empirical rela-
tion 

(9) 

The values of parameters (xco' (Xo and p are given in Table I. For expanded metal sheets 10 x 5 
and 28 X 8 are given in Fig. 3 only dependences according to Eq. (9). The asymptotes (xco = \'05 
and 1·075 for large values of for expanded metal sheets 10 X 5 and 16 X 6 are in agreement with 
the increase of interfacial area due to the existence of waves on the fully covered geometric surface 
at the used wetting densities. 

Physical absorption. Physical absorption of individual gases into the de-gassed water at approx. 
25°C was performed at atmospheric pressure. The arrangements of the apparatus are obvious 
from Fig. 4 and they concern the measurements of flow rates and composition of the absorbed gas. 
Gas from the pressure flask 14 after pressure control 15 passed through the solenoid valve 24 

" 

0·8 

0'4 

o 0·2 r 

FIG. 3 

Relative Interfacial Area in Dependence 
on Linear Wetting Density 

1 Expanded metal 10 X 5; 2 expanded 
metal 16 X 6, oH= 0'37m,eH= 0'67m; 
3 expanded metal 28 X 8. 

f-_____ .-___ -t12 

25 

33 18 

26 

14 

FIG. 4 

Arrangements of Experimental Device for 
Measurement of Physical Absorption 
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and needle valve 16 into the thermostated washing bottle with sintered glass distributor 17 
and into the rubber bulb 25. Photolectric sensor 36 controlled the gas inlet into the bulb by use 
of the solenoid valve 24. Volume of the gas burette 18 was chosen according to solubility and 

TABLE II 

Diffusivity and Solubility of Propane, Carbon Dioxide and Helium in Water at 25°C 

Properties of gases Propane Carbon dioxide Helium 

Diffusivity D . 109 , m2 S-l 1-16 (ref. 11
•
12) 1·92 (ref. I 3) 6'28 (ref.13

) 

Mole fraction of gas X. 104 in water 0·270 (ref.14) 6'111 (ref.14) 0'07046 (ref. 14.1S ) 

at pressure P = 1·01325. 105 Pa 

Henry law constant (calc) 3'749 
H. 10- 9 , Pa 

r 

FIG. 5 

Dependence of klrY. and k( on Linear Wetting 
Density at Absorption of Carbon Dioxide 
in Water on Expanded Metal Sheets 16 X ~ 6 
and on Smooth Plate 

1 k{1. expanded metal 16 X 6, film length 
H = 0'1 m <D, H= 0'24m e, H = 0'52m 
<l, H = 0·67 m 0; 2 k( expanded metal 
16 X 6; • H = 0' 67 m; 3 k( rY. smooth plate. 
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r 5 

FIG. 6 

Dependence of k) on Linear Wetting Density 
on Expanded Metal Sheets 10 X 5, Film 
Length H= 0·37 m 

e Propane, () carbon dioxide, 0 helium. 
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diffusivity of gas in water (Table II). For the absorption rate on infinitesimal interfacial area IX dAg 
holds relation 

(10) 

By integration at the assumption of zero concentration of the absorbed gas in liquid at the inlet 
cbl = 0, plug flow ofliquid, constant values cW ' IX and k( along the height, relation results 

(I 1) 

The accuracy of determination of k(IX depends first of all on the accuracy with which the ratio 
cb2 / cw is determined. The outlet concentration cb2 was calculated from the volume flow rate 
of the absorbed gas V by gas burettes. The equation for cb 2 has the form 

(12) 

Mole fractions of inert gas (air) and water vapour in the gas flowing in the burettes were measured 
by the Zeiss interferometer 27. As the standard gas was used the continuouS' supply of dried 
gas from the pressure flask on silicagel 29. Gas from the three way cock 30 was sucked into the 
measuring chamber of interferometer by the injection syringe 31 or directly 32 or over drying 
silicagel 33. 

Concentration of the absorbed gas on interface Cw was calculated from the Henry's law 
constant 

(13) 

for the average liquid temperature and composition of gas in the column. In the gas sample 
withdrawn from the column 1 and dried by silicagel 34 was determined the mole fraction of inert 
gas. The content of water vapour was calculated from the water vapour pressure at the given 
temperature. The content of inert gas in column 1 depended on the degree of degassing of water. 
Degassing of water was performed also at 5 kPa for about four hours . 

RESULTS 

The averaged values of repeated measurements of k(IX of absorption of carbon 
dioxide on the expanded meatal sheets 16 x 6 calculated from Eqs (11) up to (13) 
are given in Fig. 5 and are compared with the results obtained ea.rlier on the smooth 
plate2

• Solid lines are curves drawn through experimental points . The effect of the 
film length on the value k(IX was studied at two linear wetting densities r = 0·065 
and O' 32 kg m -1 s -1. A significant effect of systematic errors on k(IX was not found 
for film lengths H = 0,1; 0'24; 0·37; 0·52 and 0·67 m. In Fig. 5 is also given the li
quid side mass transfer coefficient k( calculated from k(IX and the relative interfacial 
area IX by use of empirical relation (9). At small values of linear wetting density, the 
coefficient k( is larger than k(IX because IX is smaller than one as is obvious from Fig. 3. 

Similar dependences were obtained for other gases used and all expanded metal 
sheets. In Figs 6 to 8 are given values of the coefficient k( for individual gases in com
parison with solid lines calculated from Eq. (6). The measurements on the expanded 
metal sheet 10 x 5 (Fig. 6) were performed only for the length of the film H = 0·37 m. 
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The agreement of the measured and calculated values is very good first of all at larger 
values of linear wetting densities. For smaller values the ratio Cb2 /CW is close to one 
and results in a larger spread of the values k]. Thus in the case of absorption of he
lium, which has a large diffusivity in water, the measurements at small wetting densi
ties are not given. Measurements of the expanded metal sheets 16 x 6 (Fig. 7) also 
demonstrate a good agreement with the estimates for propane, carbon dioxide and 
helium. In the case of expanded metal sheets 28 x 8 (Fig. 8) the experimental values 
of the coefficient k] are higher by about 20% than the estimated values. From quan
tities appearing in Eq. (4) and having the effect on k] the holdup was calculated from 
empirical relation (5). The length h, on which the liquid was completely mixed 
from the interface with the bulk of liquid, was taken as one half of vertical pitch 
diagonal of the expanded metal sheets. The made assumption on the length h can 
be also considered by arrangements of Eq. (4) and by evaluation of the empirical 
parameter hemp from experimental data by use ofEq. (14). 

r 

FIG. 

Dependence of k] on Linear Wetting Density 
on the Expanded metal 16 X 6 

Propane 
Carbon dioxide 
Helium 

H = 0'37 m 0·67 m 

e '" 
(J 

o 
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FIG. 8 

Dependence of k] on Linear Wetting Density 
on Expanded Metal 28 X 8 

Propane 
Carbon dioxide 
Helium 

H = 0·37 m 0·67 m 

e '" 
() (J 

o • 
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In Fig. 9 are plotted for individual expanded metal sheets the averaged values 
hemp for all absorbed gases. This is possible because, as from Figs 6 - 8 results, 
the experimental data of individual gases comply with the penetration model ac
cording to Higbie Eq. (1) with the dependence of the coefficient k( on diffusivity 
with the exponent equal to one half. From Fig. 9 and Table I results that, at high 
linear wetting densities r is the calculated empirical parameter hemp equal or slightly 
smaller than one half of the vertical pitch diagonal. In the case of expanded metal 
sheet 28 x 8 is closer to one half of the mesh diagonal. At high values of r were 
obviously best satisfied the assumptions made in the theoretical part of this study. 
At small values of r the value hemp increases. On the expanded metal sheets the hydro
dynamics is affected, the relative interfacial area IX considerably decreases, distribu
tion of flow becomes eventually irregular and deviations from the assumption 
of plug flow appear, the value of the substituted holdup becomes uncertain, and devia
tions from the assumption on equality of interfacial area at chemical and physical 
absorption can be encountered. Without further experimental material a detailed 
analysis of the obtained dependences has no sense. The data on absorption of carbon 
dioxide on smooth plate are for illustration evaluated in a similar manner in Fig. 9. 
The calculated values of hemp are for the smooth plate considerably larger. Special 
shape of curves obviously results from the existence of laminar, transition, and turbu
lent regimes. In all figures the linear wetting density r was purposely used as the 
independent variable even though it is possible to use the Reynolds number. The 
effect of physical properties of liquids is considered in the next study of this series. 

100 

h.m , 

50 

10 

The valuation of experimental data on absorption of sparingly soluble gases with 

o 

FIG. 9 

Dependence of Empirica l Parameter hemp 

on Linear Wetting Density 
1 () expanded metal 10 X 5; 2 Q expanded 

metal 16 X 6, 3 • expanded metal 28 X 8, 
4 0 smooth plate1. 
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differing difusivities into water film on expanded metal sheets of various dimensions 
proved that the liquid side mass transfer coefficient can be predicted on basis of ex
perimental data on hydrodynamics and penetration model according to Higbie5

• 

Another of the known penetration models such as e.g. the Danckwert's surface 
renewal model6 leads to the relation 

(15) 

The empirical parameter - intensity of surface renewal s evaluated from Eq. (15) 
cannot be so easily hydrodynamically interpreted as the time of exposure e according 
to the Higbie model. 

LIST OF SYMBOLS 

specific interfacial area (m - I) 
A interfacial area on the expanded metals sheets (m2

) 

A' interfacial area on the expanded metal sheets liquid surface at the outlet inclusive 
(m2 ) 

D 
9 

H 

.Yt'= Pix 
k\ 
I 
M 
P 
R 
R 

T 

v 

geometric surface area of the expanded metal sheets (m2) 

concentration (mol m - 3) 

diffusivity of gas in liquid (m2 s - J) 

gravitational acceleration (m s - 2) 

half of vertical pitch diagonal (m) 

length of liquid film (m) 
Henry law constant (Pa) 
liquid side mass transfer coefficient (ms - J) 

width of expanded metal plate (m) 
molecular mass (kg mol - 1 ) 

total pressure (Pa) 
gas law constant (8' 314 J mol-I K -1) 
absorption rate per unit of interfacial area (mol m - 2 S - J) 

intensity of surface renewal (s - 1) 

absolute temperature (K) 
mean velocity of liquid film defined by Eq. (3) (m s - J) 
volumetric flow rate of gas through the burette (m3 s -1) 

x mole fraction of component in liquid (- ) 
Y mole fraction of component in gas (- ) 

total holdup (kg m - 2) 
relative interfacial area defined by Eq . (8) (-) 

CXo relative interfacial area a t F = 0 (-) 
cx"" relative interfacial a rea, asymptote at F -+ co (-) 
P empirical coefficient in Eq . (9) (kg - 1 m s) 
r linear wetting density (kg m - 1 S- I) 
rp empirical coefficient in Eq. (5) (- ) . 
f.l dynamic viscosi ty (kg m - J S - 1) 

specific density (kg m - 3) 
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Subscripts 

A carbon dioxide 
B hydroxide ions 
b bulk 
emp empirical 

inert (air) 
liquid 

v water vapour 
w interface 

inlet 
outlet 
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