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Experimental results are presented on the clreet of liquid viscos it y on absorption rate o f ca rbon 
dioxide into a liquid film flowing downward the vert ica l surface of expanded metal sheets. On basi s 
of these results the conclusion has been reached th a t the Hi ghbie model does not enable to pre
dict the effect of kinematic viscosity on liquid side mass tra nsfer coefficient k I ' The 111m-penetra
tion model has been proposed where the ex istence o f no n-mi xed region is assumcd at the inter
face with the thickness 9 a nd to it period ica lly incoming disturbances with thc length sca le 
of disturbance ). and characteristic Reyn o lds number o f di sturbance equa l to one. On basis 
of experimental data were evaluated the dimensionless thicknesscs of the Iilm and penetrati o n 
regions 9+ = 0·04 and ), + = 10·6. A good agreeme nt of the measured a nd calcula ted va lues 
of the mass transfer coefficient k1 were obtained for three types of expanded meta l sheets of verti
cal pitch diagonal 10, 16 and 28 mm and nine liquids with ki ncmat ic viscosities wit hin the range 

from 0·6 to 15 ·1 J-lm2 s - 1. 

In this study, which is close ly related to the last one l
, is studied the effect of viscosity 

on liquid side mass transfer coefficient at vertical film flow down ward the surface 
of metal mesh. Geometrical structure of expanded metal shee ts (Fig. 1 and Table I) 

is causing intensive mixing of the liquid film and con seq uently , the mass transfer 
coefficient is several times larger than on the smooth plate. Simultaneously tbe liquid 

film on expanded metal sheets is more stable a nd better di stributed than on the smooth 
vertical plate. Behaviour of the liquid film flowing on the metal mesh is in certain 
features similar to flow on artificially roughened plane surface, as is e.g. stated by Da

vies2 (wave interference flow) , Experimental studies on the effect of viscosity and 
liquid flow rate on coefficient k1 on expanded metal sheets with different geometric 

structure makes possible to understand the effect of geometry on hydrodynamics 
and mass transfer and to differentiate between different models of mass tran sfer 

mechanism into the liquid film . 
In the last study1 has been proposed , on basis of experimental data on absorption 

of relatively insoluble gases into water, to correlate the liquid side mass transfer 

coefficient by use of the Highbie model3 

(1 ) 
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862 Brot, Endrst : 

whi le the exposure time e has been expressed by rela tion 

e = "/v (2) 

where h is a half of vertical pitch diagonal of expanded metal sheets and v is the 
mean velocity of liq uid fi lm. 

TAIlLE I 

Expanded meta l sheets. Length dimensio ns are in mm 

Specification 

Vertical pitch diagonal 
Horizontal pitch diagonal 
Vertical mesh diagonal 
Horizontal mesh diagonal 
Metal thickness 
Rib thickness 
Thickness of expanded metal 
Plate width 
Length of liquid film 
R a tio of geometric plate surface occupied 

by metal 

o 

m, I !2h , - __t 
/' . " 

I, 

n ' l-J 
t3 

10 16 28 
stain less stainless 

steel steel steel 

211 10 16'5 28 '2 
4 5·5 8 

11/1 11 ·5 22 

11/ 2 2·2 3'3 5·7 

'[ 0'5 0· 5 0·8 

'2 1·0 1·2 1·8 

'3 1·6 2 2·1 
I 66 63 63 
H 530 640 640 

Aw/2H1 0·73 0·54 0~6 

FIG. l 

Detail of expanded metal 
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Effect of Liquid Viscosity on Liquid Side Mass Transfer Coefficient 863 

Physically thi s means the assumption that complete mixing of liquid from the region of inter
face with the bulk of liquid takes place a fter a length equa l to one ha lf of the vertica l pitch diagonal 
of the expanded metal sheets is passed. This assumpt io n has be.:n based on visua l obs.:rva tion 
of the character of film now. It has been observed tha t water flowing downward from the nei gh
bouring ribs of the mesh of metal into the common point is ca usi ng turbuli sa ti o n of liquid within 
the mesh of the met a l. In the cited study a measurement has been performed of th.: ;lbsorption 
rate of three hard to dissolve gases i.e. of helium . carbon dioxide a nd propane int o wa ter a t 25°C 
on three geometric dimensions of met a l sheets. One pla te of expanded metal with the width 
63 or 65 mm was s ituated in the a bsorptio n cell while the length of liquid fi lm was a t ma ximum 
670 mm. At high linear wetting densi ty the water film ha s coven:d the whole geo metric surface 
area of the expanded metal sheet while at low wetting densities the mesh of ex pa nded metal 
were filled only partia lly and liquid was flo wing mostly on the ribs of ex pa nded metal. Therefore 
beside measurements of physical absorptio n of gas int o wa ter meas uremen ts of interfac ial a rea 
by the chemical method were also perfo rmed . Carbon dio xide was abso rbed a t lowered pressure 
into aqueous solution of sodium hydroxide under the condi tions of pscudo lirst order kinetics. 
Measured interfacial liquid a reas A were expressed as the ra tio 0: of geometric areas of both 
sides of the metal sheets 

0: = A /(2111) . (3) 

The ratio 0: increases with increas ing linear we tting density from 0: = 0'4 to 0: = 1- 1'08, whell 
the surface of expanded metal is covered by a continuous liquid film . From indepe nden tly mea
sured values k I 0: and 0: was ca lculated in the last study the coeffic ient k I ' Compariso n of meas ured 
with calculated values has revealed that for the case of gas a bsorptio n into watcr relations (J) 
and (2) are satisfactorily describing the dependence of mass transfer coeffic ien t on linea r we tting 
density, diffusivity a nd dimensions of expanded met a l sheet s. 

EXPERIMENT AL 

Experimental unit and lIIeasuring procedure for the mass tra nsfer coeffic ient was described 
in detail in the last study I . Here is briefly cha racte ri sed the used experimental unit and are 
described the made changes. In between the upper and lower vessels circulated abo ut 60 to 100 
liters of liquid. According to recommendations by Ch ung a nd Mills4 a filter was fixed into the 
circulation loop with active carbon for removal of surface active compounds. Degassin g of liquid 
in preceeding the experiment lasted four hours and was performed by spraying liquid at 5 kPa 
into the upper vessel. Before the measurement all liquid had been pumped into the upper vessel 
from where it was nowing at atmospheric pressure by free fa ll over a rotameter int o the absorp
tion cell having the dimensions 80 X 16 X 750 mm. One sheet o f expanded metal was s ituated 
in the absorption cell a nd liquid from the cell o utlet was flowing through an overflow into the 
lower vessel. The absorption rate has been calculated from now rate of humidified carbon di oxide 

measured by labora tory gas flowmeter a nd gas burette. 

Physical properties of used liquids are summarised in Table II. Density a nd kinematic viscos ity 
of solutions of ethyleneglycol in water at 25°C were measured by digita l densito meter DMA02C 
of Co Paar and viscometer Ubbelohde. Density, viscosity and surface tension of water a t dif
ferent temperatures were found in tables, from original studies of various a uthors were taken dif
fusivi ty5 -11 ,12 and solubility 13. For aqueous solutions of ethyleneglycol with yarying mole 
fraction was the surface tension found in Tables l4 or taken from original st udies

4
. Solubility4. 1 5 

and diffusivity4,1S ,I6 from original studies of different authors were plotted into a graph in de-
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I I 
T ABLE II 

Physical properties of used liquids, empirical constants a, b (Eq. (6) and minimum Reynolds numbers 

Water, OC Mixture ethyleneglycol-water at 25°C X, mol /mol 
Quantity 

45 25 13 0·082 0·11 0'21 0·30 0·54 0·97 

v . l06 m2 S-1 0·605 0·896 1·204 1'53 1-86 2·84 3·93 7·71 15· 1 
Q kgm- 3 990 997 994 1026 1035 1056 1072 1094 1 107 
a.l03 Nm- 1 6% no 73·6 63 61·5 57'5 54 49 45 
.rt' .10- 7 Pa 26'2 16·6 11 '7 16'4 16·3 14'9 1H 9·58 4·89 
D.I09 m2 S-1 3-03 1·95 1-40 1·45 1·30 1·00 0·80 0·60 0'32 

~ Sc - 200 453 860 1055 1430 2840 4910 12 850 47190 

~ 
~r a, expanded metal 10 0·555 0'544 0'519 0· 585 0·601 0'604 0'652 0'664 0·685 

( 
16 0·387 0'328 0'387 0·363 0·363 0'363 0'363 0'383 0'383 
28 0'306 0'306 0·306 0'306 0·306 0'306 0·306 0·306 0·381 

! b, expanded metal 1 0 0-466 0'460 0'466 0'450 0·427 0·426 0'409 0·396 0'386 
16 0'491 0·508 0·491 0·490 0·490 0·490 0'490 0·475 0·475 

~ 28 0'498 0'498 0'498 0'498 0'498 0·498 0-498 0'498 0'448 
? 
b' Re(rJ. r-.I 1), expanded metal10 700 510 360 240 180 100 70 30 10 
3 16 1200 700 530 330 290 140 125 60 20 

~ 28 1600 980 820 650 470 300 200 85 40 

'< OJ 

~ ~( 
~ m 

::> 

i ~ I 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



Effect of Liquid Viscosi ty on Liq uid Side Mass Transfer Cocfficit'n t 865 

pendence on mole fraction of ethyleneglycol and from them were for the corresponding composi
tions read off the average values given in Ta blc I I. 

J'vfass transfer coefficiellt k t CY. was calculated by use of rela tion 

(4) 

It was verified by testing experiments that degassing of liquid was sufficicnt and thus for the inlet 
concentration cb l = 0 was substituted into relation (4). Moreover plug flo w of liquid was as
sumed a nd independence of k I and CY. along the liquid film. Details on determination of the outlet 
concentration cb2 and concentration on interface C w are described in the last study l. 

For determinatioll of the mean velocit), of liquid film r, needed in Eq. (2) an independen t 
ex periment has been proposed . From the difference of mass of the wetted and dry plate of ex
panded metal sheet hanged on a balance, liquid densi ty and plate dimensions was determined 
the mea n thickness of liquid film 0 and this was substituted into relation (5) for calcula tion of the 
mean liquid fi lm velocity 

v = T/«(lo) . (5) 

Measured thickness of liquid film was correlated in the form 

(6) 

In Table 11 are given empirical constants a a nd b and also minimum values of Reynolds numbers 
for which, on basis of visual observations of the number of not fi lled mesh of metal plates, there 
holds CY. ;;;; 0·95. The Reynolds number has been defined in the usual manner 

Re = 4T!Jl. (7) 

Definition of the linear wetting density T and film thickness ,5 res ult from Eq. (8) and Fig. I 

T = Qo /(2/). (8 ) 

So selected definitions enable comparison with film thick nesses a nd coefficient k J obtained on the 
smooth plate. In both cases are numerical values of interfacial area on expanded metal and 
on the smooth plate identical (when IX <V 1). Measuring procedure, results and discussion of hydro
dynamics of vertical liquid film flow on expanded metal is for wider range of physical properties 

of liquid presented in the next paper of this series. 

RESULTS 

Penetration Model by Highbie 

Measured mass transfer coefficients of individual liquids are compared in Figs 2 
to 4 with values calculated from equation based on penetration model 

(9) 
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Eq. (9) has been obtained by substituting the values from Eqs (2), (5), (6), and (7) 
into Eq. (1). In Fig. 2 are plotted experimental data of all nine liquids summarised 
in Table II. In Figs 3 and 4 were plotted for simplicity experimental points of only 
five liquids with kinematic viscosities v = 0·605, 0·896 (water at 45 and 25°C), 
2'84, 7·71 and I5'11! m 2 

S - l (mixtures of ethyleneglycol with water). From these 
figures is obvious that measured values of kl for low viscosity liquids and expanded 
metal sheets 10 and 16 mm are in a good agreement with values predicted according 
to Eq. (9). This is in agreement with the earlier obtained results1 of absorption 
of gases into water at 25°C. Moreover here are for film thicknesses used directly 
measured values instead of the earlier used values which were calculated from the 
correlation relationS for a pack of parallel plates. With expanded metal 28 mm the 
calculated kl values even for water are significantly lower than those measured. 
Better fit would be obtained by choosing a lower value of h in Eq. (9). For liquids 
with higher kinematic viscosity are the calculated values of coefficient k1 systematical
ly higher than the experimental values for all used dimensions of expanded metal. 
As the half of vertical pitch diagonal of expanded metal h is defined by geometry 
of expanded metal, relation (9) does not contain for k1 any adjustable parameter. 

FlO. 2 

Comparison of experimental and calculated 
from Eq. (9) values of k1 for expanded 
metal 10 mm. v (11m2 s -1): 0 0'605, () 0'896, 
ED 1'204, CD 1' 53, 8 1'86, () 2'84, e 3'93, 
~ 7'71, • 15'1 

FIG. 3 

Comparison of experimental and calculated 
from Eq. (9) values of k 1 for expanded 
metal 16 mm. v (11m2 s - 1): 0 0'605, () 0'896, 
()2'84, ~7' 71, .15·1 
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Effect of Liquid Viscosity on Liquid Side Mass Transfer Coefficient 867 

From Figs 2 to 4 is thus obvious that the penetration model is no t predicting cor
rectly first of all the effect of kinematic viscosi ty of liquid on coefficient k l • Some 
idea on how large should be the distance of "full liquid mixing" from the region 
of interface with the bulk of liquid for different values of Reynold s number and liquid 
viscosity can be obtained by arranging Eq. (I) into the form 

(10) 

The calculated value healc must be now considered as an adjustable parameter of the 
penetration model. Its dependence on Reynolds number is presen ted in Figs 5 and 
6 for expanded metals 10 and 28111111. At low values of kinematic liquid viscosity 
the calculated values hellle correspond to expected values and they do not depend 
on Reynolds number at all or very little. At the ri se of kinematic viscosity also 
increases the value healc ' "Complete mixing" thu s takes place at a greater vertical 
distance than is half of vertical pitch diagonal of expanded metal h. The shape 
of dependence of heale on Reynolds number of liquid is complex a nd depends not 
only on viscosity but also on dimensions of expanded metal. For example for ex
panded metal 28 mm decreases heale with increasing Reynolds number practically 
at all viscosities. For expanded metal 10 mm at very low and high liquid viscosities 
heale does not depend on Reynolds number, at the mean liquid viscosities it at first 
decreases and then increases with increasing Reynolds number. It is obvious that 
it is not possible to expect existence of a simple corrective function for the dependence 
of heale on Reynolds number, liquid viscosity and expanded metal dimensions. 

FIG. 4 

Comparison of experimental and calculated 
from Eq. (9) values of k] for expanded 
metal 28 mm. Experimental points are de
noted as those in Fig. 3 
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]n Fig. 7 are given dependences of the liquid side side mass transfer coefficient kl' 
adjustable parameter heale a nd film thickness on Reynolds number for individual ex
panded metal sheets at kinematic viscosity v = 2,84.10 - 6 m 2 

S-I. Solid lines 

represent experimental points , actually measured coefficients 1<1 as experimental 

points are plotted e.g. in Figs 10-12. Empty points on curves denote minimum 
Reynolds numbers at which the value rx ~ I has been reached according to visual 

observations. It is obvious from fig. 7 that coefficients "1 increase with the Reynolds 
number for expanded metals of 16 and 28 mm in the whole range of Reynolds 

numbers while with expanded metal of 10 mm the maximum is reached with fol

lowing slow decrease of coefficient k l . For comparison is also plotted the dependence 

obtained by Chung and Mills4 on smooth plate at absorption of carbon dioxide 
into solutions of ethyleneglycol in water with kinematic viscosity v = 2,75.10- 6 m2 

• 

. s - I. This dependence has for smooth plate at Re = 1200 a characteristic transition 

regime of laminar wavy flow into the turbulent flow. According to relations recom

mended by Bakopoulus6 and Brauer7 for coefficients "\ of smooth pipe in the lami
nar, transition and turbulent regions has been plotted line 5 with transitions between 

the regions at Re = 280 and 1 600. from fig . 7 results that all expanded metals 
have, due to their spatial structure, larger values of k\ already at low Reynolds num

bers for liquid which is as regards the practical application especially advantageous . 

I I -

- ) --' ) - ) - -(J- ;) 

10" '-=.c--__ ~-'i --'-I _I'-'-' wi '-'-~~: ~--,-_,-I -,I_(_.~I (-,-" -,-,I I_:~ 
10' Re 10' 

FIG. 5 

Adjustable parameter heale (Eq. (10)) in I e
pendence on Reynolds number for expanded 
metal 10 mm. Experimental points are de
noted as those in Fig. 3. Solid lines were 
drawn through experimental points 

~' I i. 

10 ' -- ~.~~ 

• i " , ~I 
10' 

Re 
10' 

FIG. 

Adjustable parameter heale (Eq, (IO» in de
pendence on Reynolds number of expanded 
metal 28 mm. Experimental points are denot
ed as those in Fig. 3. Solid lines were drawn 
through experimental points 
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Effect of Liquid Viscosity on Liquid Side Mass Transfer Coefficient 869 

Character of dependence of the coefficient k I on Re of the smoo th plate in t he region 
of laminar wavy fl ow is the closest dependence for expanded metal of 10 mm. or all 
expanded metals the one of 10 mm is closest to the smooth plate also as regard s 
the geometric st ructure and hydrody namics of fi lm flow. Its large number of mesh 
of small dimension s and large part of geometrica l area occupied by metal A J l lll 
(Table I) results in greater thickness of liquid film (j (Fig. 7) at the sa me Heynolds 
number. More frequent di sturbances caused by individual meshes have obviously 
a smaller amplitude and for visco us liquids also a smaller probability to penetrate 
toward the interface and to mix the liquid from the bulk to interface. By this procedure 
it is possible to ex plai n qualitatively the dependence both of coeff"icient k I as we ll as 
of the adjustable para meter " ca lc on Reynolds number of liquid , viscosit y a nd di men
sions of expanded metal sheet s. As has been already mentioned it is not adv isable 
to substitute for the geometric dimension" in the pcnetration modcl (vertica l pitch 
diagonal of expanded metal) the adjustable parameter " c al c du e to its obviously 
complex dependence on dimensions of ex panded metal, viscosit y and Reynolds 

number of liquid. 

Film -Penetration Model 

Above made evaluation of experimental data on coefficient k I based on the pene tra
tion model has led to the idea on possible use of the film-penetration model ror 
description of the mass transrer mechani sm rrom the moving interrace int o the bulk 
of liquid phase. In literature can be round experimental proors on dumping effect 
of liquid interface on disturbances arriving rrom the bulk orliquid phase7

•
8

• Let us 
thus assume that the interface behaves as semirigid and that period ically arriving 

I I I I i I ' ] );: ;, 

~/J 
3.10" f---- --'----- ------ - ---! 

FIG. 7 

Coefficient k l , adjustable pa rameter hca le 

and liquid film thickness <5 in dependence 
on Reynolds number for kinematic viscosity 
v=2·84 .1O- 6 m 2 s- 1 . 1 Expanded metal 

5.1 0" 
004 

/~: 
10 mm, 2 16 mm, 3 28 mm, 4 Chung and h,., 
Mills4 measurement on smooth pipe II = 2·75 
.10- 6 m2 S-1, 5 Brauer? and Bakopoulos6 

correlation for smooth pipe . 0 value of Rey
nolds number for liquids at IY. >:::: I 

'~ 
0 '01 I 1'1:, . I I I ' I " ! 

10' Re 10' 
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disturbances with the linear scale A penetrate only up to a distance 9 from the inter
face. Let us also assume that the region of liquid with thickness 9 is not exchanged 
with the bulk liquid and that steady diffu sion there takes place. Disturbances with 
linear dimension A coming from the liquid core remain at the boundary of this 
region for the time equal to the time scale of di sturbance T and during that time an un
steady mass transfer takes place. This is the usual scheme of film-penetration me
chanism of mass transfer. From the model by Kolal'9 describing the interfacial heat 
and mass transfer in turbulent flow is used the assumption on relation between the 
length and time scale of disturbances in the transition regions. According to the made 
assumption the Reynolds number of disturbance is equal to one 

Rei. = vJjv = 1 (11) 

and the characteristic dimension of the disturbance is equal to the magnitude of this 
region. For the time scale of disturbance then results the relation 

{I 2) 

The film-penetration model then has the form 

(13) 

which for {) = 0 corresponds to the penetration model 3 and for A = 0 to the film 
model I 0. Let us also assume that the dimension of regions {) and A depends on {he 
friction velocity 

(14) 

similarly as with the single phase flow in the channel the relations 

(ISa,b) 

include dimensionless thickness of regions 9+ and A +. The shear stress on the wall 

of expanded metal Tw results directly from relation 

(16) 

in which Aw represents total surface area of the metal plate with the plate width 1 
and length H. Eq. (I3) can be written in the form 

(17) 

Collection Czechoslovak Chern. Commun. [Vol. 48] [1983] 
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or a fter substitution for friction ve locit y 1/ * int o the fo rm 

(IS) 

In Fig. 8 is plotted the dependence of coefficient k I o n friction velocity 11 * given 

by Eq . (i 7) for two kinematic liquid viscosities and individual dimensions of ex

panded meta l. Straight lines passing thro ugh the o rigin were calculated by use of para

meters 9 + = 0·04 a nd ), + = 10·6 evaluated la ter o n. Lower va lues of frict ion ve loci 

ties u* < 0·05 cannot be reached beca use at small va lu es of Reynolds number 

significantly decreases the value of IJ. below the va lue 'Yo >=:::: I . It is obvious tha t agree-

ment with rela tion (17) is good . 

Dimensionless hydrodynamic parameters of the model ,'} + and X' can be ob tained 

from experimental data by arranging Eq. (J 7) int o the form 

4 -

2 . 

006 u' 01 

FIG. 8 

Coefficient k 1 in dependenc: 6 on 2 fr~~tion 
velocity u*. 1 v = 0·896. 10 m s , 2 
v = 2·84 _ 10- 6 m2 s -1. 0 expanded metal 

10 mm, () 16 mm, e 28 mm 

Collection Czechoslovak Chern. Commun. [Vol. 48] [1983] 

/ 
:/ 

/;': 

002 

FIG. 9 

/ 
/ 

(19) 

/ 

:/< 
/ . 

Evaluation of 9+ and }. + from experimental' 
data. Slope of strai ght line }, + = 10·6. 
I ntercept with y-axis: 1 9+ = 0·08, 2 9+ = 
= 0·04 and 3 9+ = o. - - Expanded 
metal 10 mm , - - - - 16 mm , ... ... 28 mm 
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From Fig. 9 is obvious that experimental data of, all dimensions of expanded metal 
form a unique dependence through which can be plotted a straight line with the slope 
A + = 10·6 and y-axis intercept 9 + = 0·04. In this figure are also plotted two other 
straight lines 9 + = 0 and 9 + = 0·08 which approximately form a lower and upper 
limits of experimental data. 

In Figs 10-12 are given experimental data of the mass transfer coefficient kl 

in dependence on Reynolds number of liquid. Solid lines are calculated from Eq. {I 8) 
after substitution for ,9 + = 0·04 and A + = 10·6, dashed lines are calculated for two 
viscosities according to Eq. (9) of the penetration model. It is obvious that Eq. (I8) 
fits well the dependence of kl on Reynolds number and on viscosity for all dimen
sions of expanded metal. 

DISCUSSION 

Relations (9) and (18) derived for the liquid side mass transfer coefficient kl on basis 
of the penetration and film-penetration models differ first in parameters characterising 
expanded metal geometric structure and second in numerical values of gravitatio
nal acceleration, kinematic viscosity, Schmidt and Reynolds number exponents. 

10" ..----r---r--;--rrrrn---,---,--,.-rn-rrr---,-, 
'. 1 " 1 I ' 'I 

-oC~ 
I __ -",:~()-() . 

2 -- J-f'~---t---t-'11 

~~ -::~ 
k .. 

• 
~~ 

FIG. 10 

Coefficient kl in dependence on Re for 
expanded metal 10 mm. Experimental points 
are denoted as those in Fig. 3. -- Film
-penetration model Eq. (18), --- pene
tration model Eq. (9). 1 v = 2,84.10- 6 m2 . 

. s-l, 2 V= 15·I . 1O- 6 m2 s- 1 . On x-axis 
are denoted points having ex ;:::;; 1 

• • • Cl 

Re 10' 

FIG. 11 

Coefficient kl in dependence on Re number 
for expanded metal 16 mm. Used symbols 
are the same as those in Fig. 10 
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Effect of Liquid Viscosity on Liquid Side Mass Transfer Coefficien t 873 

In the case of Reynolds number the difference between the exponents accordi ng 
to the penetration and film-penetration models is small. This result s from the fact 

that the numerical value of exponent b in rel a ti o n (6) for the thickness o f the 
liquid film is within the range b = 0,386-0,398 (Tablc ll) and thu s the calculated 

values of exponents (1 - b )/2 and b/2 difTer very little. This is obvious a lso from 
comparison of slopes of dependences of the coefficient k 1 o n Reyno ld s number 
demonstrated in Figs 10 and 11 for kinematic vi scosities \' = 2,84. 10 - 6 and 

15'1.10- 6 m 2 
S-1 by solid and dashed lines. The exponent of dependence 1.:1 

on Reynolds number thus does not enable to di stinguish both mode ls. 

Difference between exponents of the dependence of coefficient k 1 o n kinematic 
viscosity is very significant. Exponent of the dependence according to the penetrat ion 

model has the value equal to 2/3 and according to the film-penetra tion model to 1/3. 
Their effect on coefficient k 1 is obvious from Figs 10 a nd II from comparison of values 
given by the dashed line (penetration model) and by the so lid line (film-penetration 

model). 

In Fig. 13 is plotted the dependence of dimcn sionless mass transfer coefficient 

kt/u* on Schmidt number for dimensionless hydrodynamic parameters .9 + and 
}. + calculated on basis of Fig. 9, i.e. for }, + = 10·6 a nd dinerent values of 8 + = 0, 

0·04 and 0·08. For the value 8+ = 0 the straight line has the slope equal to -1 /2 
which is characteristic for the penetration model. From the curved dependence for 
:1 + = 0·04 and 0·08 of the film-penetration model result s that the exponent of the 

dependence of kl on Schmidt number depends both on values of 8 + and A + as well 

as on the value of the Schmidt number and the exponent is within the range -1/2 to 
-1. Our experimental data could not prove the dependence in Fig. 13 as the change 
in Schmidt number were reached by changing the liquid viscosity on which depended 

both the gas diffusivity in liquid as well as the hydrodynamics of the film flow (Ta-

FIG. 12 

Coefficient kl in dependence on Re number 
for expanded metal 28 mm. Experimental 
points are denoted as those in Fig. 3. -
Smooth pipe, measurements by Chung and 
Mills4. 1 v = O·661.1O- 6 m2 s- 1

, 2 V= 

= 2'75.10- 6 m2 S-I. -----smooth pipe, 
correlation by Brauer 7 and Bakopoulos

6 

3 v;"' ·O·661.1O- 6 m2 s- 1, 4 v=2·75 . 
. 10- 6 m 2 S-1 
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874 Broz, Endrst : 

ble II). It was also not possible to study the exponent of the effect of gravitational 
acceleration . 

As results from Fig. 13, effect of dimensionless thickness of the non-mixed region 
9 + on coefficient kl is significant especially at high values of Schmidt numbers. 
For value of parameter A + = 10·6 are given in Table III the calculated ratios of coeffi-

TABLE III 

Ratio k 1(8 + = 0)/k l (8)+ in dependence on Schmidt number 

Sc kl(S + = 0) /k 1(8+ = 0'04) k l (8+ = 0)/k1(8+ = 0'08) 

102 1·043 1'085 
103 I-l4 1'27 
104 1-43 1-85 
105 2·35 3'69 

TABLE IV 

Effect of Reynolds number on ratio 8/0 and ;" /0 for expanded metal sheet 10 mm 

Re 

10 
100 

1000 

8/0 

0'018 
0·0037 
0·00079 

4·7 
0'99 
0·21 

FIG. 13 

Ratio kdu* in dependence on Schmidt 
number for ;,,+ = 10·6. 1 8+ = 0, 2 8+ = 
= 0'04, 38+ = 0'08 
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cients kl (9+ = 0) and kl (.9 + = 0·04) or kl W'· = 0·08) and it is obviou s that 
higher value 9 + is causing decrease of hI. What is the "actual" thickness of the 
non-mixed region 9 can be evaluated by substituting the friction velocity 11* int o 
Eq. (15a). But most advantageous is to express ,9 as the ratio in relation to the thick
ness of the liquid film b. At use of Eq. (6) and (1 5a) for the ratio 9/ (5 the relation is 
obtained 

(20) 

Similarly it is also possible to obtain the relation for }'/6. From calculated values 
given in Table IV results that the thickness of the nonmixed region 9, in which is 
assumed the existence of steady diffusion , forms a relatively small part of thickness 
of liquid film 8, especially at large values of the Reynolds number of liquid. Contrary 
to values 9/8 are the ratios },/8 rather too high. At small Reynolds numbers, when the 
ratio ),/8 is the highest, physical interpretation would suggest to consider distorted 
disturbances which have longer axis directed parallel to interface rather than across 
the liquid film thickness 8. Certain improvement is obtained, when the existence 
of only one disturbance in the bed of liquid with thickness 28 is assumed. The dis
turbance with the characteristic dimension I, would be then limited on both sides 
by the thickness of the non-mixed region of the film 9. 

The film-penetration model represents similarly as the penetration model a certain 
simplified description of mechanism of mass transfer from the interface into the bulk 
of liquid. Its advantage is an elementary mathematic description of the given physical 
conception and simple interpretation of experimental data. Two adjustable para
meters of the model 9 + and }, + represent dimensionless thicknesses of defined hydro
dynamic regions and enable to correlate all experimental data in a wide range of flow 
rates and physical properties of liquids and geometrical structures of expanded 
metal sheets. 

LIST OF SYMBOLS 

empirical constant in Eq. (9) (- ) 
A interfacial area on the expanded metal sheet (m

2
) 

Aw geometric surface area of metal on the expanded metal sheet (m
2

) 

b empirical constant in Eq. (6) (- ) 
cb concentration in bulk of liquid (mol m - 3) 

C w concentration at interface (molm - 3) 

D diffusivity of gas in liquid (m2 s -1) 

g gravitational acceleration (m s - 2) 

h half of the vertical pitch diagonal (m) 
/zeale adjustable parameter in Eq. (10) (m) 
H length of liquid film (m) 
.Yt' Henry's law constant (Pa) 
k 1 liquid side mass transfer coefficient (m s - 1) 
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I width of expanded metal sheet (m) 
Q volumetric flow rate of liquid (m3 s - I) 

Re Reynolds number of liquid film ( - ) 
Re;. characteristic Reynolds number of disturbance (- ) 
Sc Schmidt number (- ) 
u'" friction velocity defined by Eq. (/4) (m s - 1) 

mean velocity of liquid film defined by Eq. (5) (m s - 1) 
v). velocity scale 0 f disturbance (m s - 1) 

x mole fraction of ethyleneglycol (- ) 

relative interfacial area defined by Eq. (3) (- ) 
r linear wetting density defined by Eq. (8) (kg m- 1 S-I) 

c5 mean thickness of liquid film (Fig. 1) (m) 
e exposure time according to the penetration model, defined by Eq. (2) (s) 
[) thickness of the non-mixed region at interface (m) 
9+ dimensionless thickness of non-mixed region, Eq, (15a) (-) 
A length scale of disturbance (m) 
A + dimensionless length scale of disturbance, Eq. (I5b) (- ) 
Il dynamic viscosity (kgm- 1 S-I) 

kinematic viscosity (m2 S-I) 

density (kg m - 3) 

(f surface tension (N m - 1) 

time scale of disturbance defined by Eq. (/2) (s) 

T w shear stress on the wall of expanded metal sheets (N m - 2) 
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