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A study was made of the effect of physical properties and of geometrical and dynamical 
characteristics of several liquid-liquid extraction systems on the mass transfer coe5cients. 
The two-component systems studied consisted of the following solvents with water: 
cyclohexanol, methyl ethyl ketone, furfural, normal butanol, and nitromethane. The 
transfer studies were made in a horizontal glass pipe with the phaaes flowing counter- 
currently at velocities from 1,000 to 15,000 lb./(hr.i(sq. ft.). The transfer of solvents into 
the water phase and of the water into the solvent phase was measured. The film coefficients 
of mass transfer for a solvent through the water film and for water through the solvent 
film were correlated by new dimensionless equations which include interfacial tension 
and diffusivity. 

Since 1939 liquid-liquid extraction has 
assumed considerable importanw as a 
unit operation of chemical engineering, 
particularly :is a n  adjunct to  distillation 
in the manufacture of organic chemicals 
and the processing of crude petroleum. 
Liquid-liquid extraction has proved to  
bc valuablc in thc scparation of itzco- 
tropic mixtures arid in thc c:oncciitrrition 
o f  ehernicds from dilute solutions. For a 
long tinic liquid-liquid extraction was 
considered as the last resort for purifica- 
tion of chcinirals, but with t h r  iritroduc- 
tion of more efficient cquipnicnt designs 
rcceritly it has heeri winning f:ivor. Iri all 
the proccsscts nieritioncd in the literature 
(1 0') considerablc progress has bwn made 
in t.he devc,lopmcnt of suita1)le equipment 
and the :icquisition of the necessary 
opelatirig t4~hriiquc~s. Ido\vrvt~, this 
progress has I)wn the result of trial arid 
error in tlvsign and testing. More scientific 
design of (.xtraction :ippar:itus had to 
await dwc4opinc:nt of :t nictliod for the 
corrclatiori of the rate of extraction with 
the oporatirig viirinbles and the propertics 
of thc systcms involved. 

Quantitatively tlie rnerhanism of cx- 
traction ctnd the c l c ~ p c t n t l c " ~  of extraction 
ratcs upon pliysicd propertiw and dy- 
Iianiics involvctl have bwn assuiiicd to  I)(! 
analogous to  the siniilar, nim: vxten- 
sivdy tlcvc~lopcd vapor-liquid opcr:itions. 
The niitjor Imrtioris of tlie bask data  on 
liquid-liquid c:oiiktct cquipnic~rit have 
bwn concwned with t.he p(.rforrnnriw of 
sinall-sc:il(~ units with crnphtisis o i i  tlie 

the ~ n i i s s  tl:iiisfw cwtfficicnt.s. I~:xprc~ss:cvi 
in tcrins of over-:ill mtss tr:iiisfw coeffi- 
cic:nt.s, //TI,- or ov(~-a11 diffusioiial rc- 
sistanrcs rather t1i:in tlic iidividu:iI 

cffcrt of t . t I ( ~  flow ratt>s of l,Otll pll:lsc?s on 

J.  E. Lastovica in nitlr I)ow Ctirinirnl (hrrinnny. 
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v a l u ~ s  thtit arc more funtlamcntal and 
more widely useful for design purposes, 
the data are of valuc in the design of 
cquipmrnt for only thosc systems that  
have bccn invwtigtited cxperirntmtally. 

Fcw investigators (9, 8, 10) have 
attempted to sc?paratc the over-:ill co- 
efficients into the individual rtsistances. 
They iwrc able to do this only \vhen 
cttrtuin rcstrictions were applic?d to  their 
rnethod of rcsolution. The rostrictioris set 
forth (3) require that  thc valuc of the 
distribution eoefficiciit be unity and that  
either individual corfficicnt (-:in be 
affected by hoth fluid ratcs but not both 
together. Invariably all h:ive usc:tl tlie 
samr niethod of rrsolution, whcrctby the 
individual rc.sist:incc:s :ire :itldcd to  givc: 
the ovt?r-:tll resistance and a n  over-dl 
coefficient is obtaiiictf as a rwiprocal of 
the latter. Early data  indic:ate ( 1 4 )  that  
nites of flow of both phases a f h %  thc 
int1ividu:il extraction coefficients of both 
films and that  ncithw p l i u s t ~  may be said 
to  be controlling. In  view of this, it 
\vould not be possible to  break tiown the 
over-all coefficient into thc inclivit1u:il 
coefficients. 

It is the purpose of this invrstig:rtion 
to  study t.he properties nfToc:ting the film 
coefficients of mass tr:insfer and to  
attempt to  obtain :i correlation of thc 
propcrtics of the systom t i r i d  of the 
opclatioiid v:iri:ihles n.1iic.h will c?n:iblc 
one to  prc1tlic.t :ipproxiin:itoIy tlic v:ilucs 
of tht. cBot4Ticitmts. 

INDIVIDUAL TRANSFER COEFFICIENT 

In 1934 (;illil:ind :ind Shc,r\voorl (9) 
proposed tlic following c.orrclatioii for 
their results on the (wipomtion of water 
into :iir streunis in a \rrtted-~vall toivcr: 

The ratio of the inside diameter of the 
column to tile thickness of the stagnant 
layer was shown to be a f u n h o n  of the 
Reynolds and Schmidt numbers. The 
values of the constnrits, c ,  n, and m, were 
found to  l)c 0.023, 0.83, and 0.44 rcspec- 
tivrly. This is apparently the earliest 
application of dimensional aiialysis to  
tlic study of film behavior during mass 
transfer. 

Ily analogy therefore t o  relationships 
developd for heat transfer, (;illiland 
and Yherwood proposrd the first correla- 
tion of t.hc individual m:tss transfer co- 
efficients with tht: pliysicul properties of 
the fluids and the flow characteristics of 
thc systcnis. In 103.5 Fallah, Hunter and 
Sash ( 7 )  stutlictd the transfer of phenol 
b c t w r n  \v:itc.r and keroscne in a wetted- 
~vall coluriin and found that  the data  for 
the korosenc film when kcrosrnc was the 
core liquid could be corrchtcd by the 
following equtitiori: 

0.40 kd 
D 

In 1043 I3rinsniade :ind Bliss (3) re- 
ported on the rxtraction of acetic acid in- 
methyl isobutyl ketone with water in a 
wcttcd-w\.all tower. 'I'hey separated thc 
ovcr-all filni rosisttincc into individual 
film rc,sistanccs whic+h w r c ?  correlated by 
the following cqu:itioiis: 

for the (WIT fluid (kctow) : 

arid for the wnll fluid (water): 
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TABLE 1. SUMMARY OF PHYSICAL PROPERTIES FOR THE SYSTEMS USED TO EVALUATE 
CORRELATION EQUATION 

Interfacial 
Diffusivities, Viscosities tension Densities, 

System (sq.ft./hr.) X 10-5 lb./(ft.)(hr.) lb./hr.2 X lo6 Ib./cu. ft. 
Water with Dw Da PW PS U PIC P a  

Cyclohexanol 0.409 3.79 2.13 72.5 3.22 62.19 59.0 
Nitromethane 2.01 6.45 2.13 14.7 1.63 62.19 70.7 
n-Butanol 5.33 4 90 2.13 5.56 0.544 62.19 50.4 
Furfural 8.32 4.73 2.13 3.56 1.345 62.19 72.0 
Methyl ethyl ketone 32.3 4.57 2.13 0.92 0.286 62 19 50.1 

1.2 CHECK VALVES 
0s-1.2 CALUING SCREENS 

6-1 PRESSURE GAGE 
Y-I.L,3,4 ORIFICE METERS 
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" - , T O 7  "4LVES 

FIL-I DIW rurm 
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OGHT P H A S E  WAW RUSE N A V Y  RUSE LlOHT PHASE 
9ECEIVER FEED RECEIVER FEED 

Fig. 1. Flow sheet for horizontal tube extractor. 

TABLE 12. SUMMARY OF CONSTANTS FOR CORRELATION EQUATION 

. . . Some day this mobility effect will be 
properly expressed in a function of the 
physical properties of the two phases. . . . 
This group has not yet been formulated. 
It seems to me that it would contain only 
the physical properties of the two ad- 
jacent films, such as densites, Viscosities, 
and interfacial tension." 

Bergelin, Lockhart and Brown (6) used 
a horizontal extraction tube to study the 
transfer of isopropyl alcohol between the 
tetrachloroethylene and water phases. 
They observed that the over-all transfer 
coefficient passed through a minimum 
when plotted against the velocity of the 
water phase, at  constant velocity of the 
tetrachloroethylene phase, with the mini- 
mum located where the phase velocities 
were equal. This minimum did not occur 
when the transfer coefficients were 
plotted against the velocity of the tetra- 
chloroethylene phase a t  constant water 
velocities. By photographs of the flow 
pattern when dye was injected into the 
stream, they showed that two types of 
currents were introduced, one caused by 
density changes as extraction proceeded 
and one by the effect of velocity of flow 
of one phase on the other. They observed 
that the direction of the color stream in 
the water phase was reversed and pulled 
along the interface in the same direction 
as the tetrachloroethylene phase. This 
portion of fluid must return at  a high 

Mass transfer 
coefficients 

kW 

k a  

k, 
k, 

dG, 

or 

As originally calculated 

A a b C e 

0.672 0.779 0.274 -1.47 -0,022 
5.66 X l O I 7  -1.07 -9.78 -4.03 0.923 - 

0.552 0.670 
2.66 x 1017 -1.012 

As reevaluated 
0.254 -1.46 0.00 

-10.0 -4.17 0.927 

Brinsmade and Bliss retain the same 
three dimensionless groups proposed by 
Fallah, Hunter, and Nash (7), revising 
them to fit the operating conditions. 

The correlations reported show that 
the individual mass transfer coefficients 
have been genemlly recognized as a 
function of the Reynolds and Schmidt 
number (10, 17). However each relation- 
ship seems to vary the functions of the 
dimensionless group, possibly because of 
the differences in the nature of the 
systems and the condition of operation. 

In review of calculation methods for 
extraction, invofving mass transfer in 
solid-liquid and gas-liquid systems, as well 

velocity in the upper portion of the tube 
and thus, they say, causes turbulence. 

Colburn and Welsh (4), by using a 
two-component two-phase system of 
isobutanol and water in a packed tower, 
avoided the difficulty of evaluating film 
coefficients, for in this case the over-a11 
coefficient of transfer of one component 
into the other is also the film coefficient 
for that transfer. They observed that the 
H. T. U. for transfer of the discontinuous 
phase was independent of the flow rate 
of the discontinuous phase but that this 
was not the case for transfer of the con- 
tinuous phase as plotted against the 
flow rate of the continuous phase. Pike 
( I S )  claims that this system had too high 

0.398 
.0.080 

0,397 a mutual solubility. 
0.00 

as in liquid-liquid systems, Pike ( I S )  dis- 
cusses the two-film theory. On the bases 
that diffusion is the controlling process 
and that the resistances to diffusion 
reside in two liquid films adjacent to the 
interface, he attempts to develop a con- 
sistent mathematical picture. From the 
literature he summarizes the effects of the 
Reynolds, Schmidt, end-effect, and Gras- 
hof numbers. He then presents the idea 
that some other factor is affecting the 
transport of matter in the liquid-liquid 
systems. This effect is ascribed to the 
presence of the mobile interface. '(This 
factor is logically related to the physical 
properties of the two contacting phases. 

EXPERIMENTAL 

The experimental approach to the 
problem may be summarized as follows. 
Using a horizontal tube to permit reason- 
ably accurate evaluation of the inter- 
facial area and using several two-com- 
ponent, two-phase systems, one can 
measure the value of the mass transfer 
coefficients of one component into the 
other phase a t  different mass velocities. 
By use of dimensional and statistical 
analysis, the correlation equation of the 
coefficient of mass transfer with the 
measured properties of the system was 
evaluated. Certain flow behavior and 
correlation behavior are discussed, and 
future studies are suggested. 

Page 452 A.1.Ch.E. Journal December, 1956 



Equipment and Procedure 

The equipment used is shown schematic- 
ally in Figure 1. The extraction tube is an 
8-ft. length of 1%-in. Pyrex-glass tube. 
At  each end of the extraction tube double- 
flanged spool pieces provide for attachment 
of the necessary feed inlets and return taps. 
Inlet and return lines of %-in. tubing are 
provided for the streams to and from the 
extraction tube. 

The streams entering a t  each end of the 
column pass through a calming section of 
screen that covered the full cross-sectional 
area of the entering phase. The accurate 
cross-section area of each phase was 
0.00614 sq. ft. and since the distance be- 
tween ends of the separating partitions was 
96 in., the interfacial area was exactly 1 
sq. f t .  An exception was the system n-buta- 
nol-water (Table 2), which was tested in a 
2-in. tube 4 ft. long. For this system the 
phase cross sections were 0.00345 sq. f t .  

In the experimental program material- 
transfer studies were made with two-com- 
ponent systems composed of solvent and 
water. In one series'of experiments the 
water-flow rate was held as constant as 
possible and the solvent rate waa varied 
from 1,000 to 15,000 lb./(hr.)(sq. ft.) in 
steps. In another series of determinations 
the water flow was varied over the same 
range while the flow rate of the solvent was 
held as constant as possible. The tempera- 
ture of the fluids was kept at 80.6" to 
84.2"F. (27.0" to 29.0"C.). The pressure 
required to force the liquids through the 
extractor was furnished by regulated, com- 
pressed air delivered to the top of the feed 
carboys a t  9 lb./sq. in gauge pressure. 

The interface between the phases was 
maintained a t  the center line of the entire 
length of the tube. A slight slope was 
necessary to  keep the interface at the center 
of the tube over its full length, but this 
slope was not measured. After a time 
equivalent to six changes of the slowest 
moving phase through the tube, samples 
were taken simultaneously, over a short 
period of time, of both the solvent and 
water return streams. 

Analysis of the samples taken was made 
by use of a Zeiss-Abbe refractometer. The 
refractive indexes of known solutions of the 
various solvents in water and of water in 
the various solvents were determined and 
are reported elsewhere (15). The procedure 
followed was that recommended by the 
American Society for Testing Materials (I). 

Chemicals 

The chemicals used were technical-grade 
n-butyl alcohol, purified cyclohexanol, 
purified furfural, 99% methyl ethyl ketone, 
technical-grade nitromethane, and Blacks- 
burg well water. 

The required physical properties of these 
chemicals were measured and found to 
agree with published values. Solubility in- 
formation between the solvents and water 
were measured and are reported elsewhere 
(15). Viscosities, densities, and interfacial 
tensions were measured (12) and plotted 
for use in correlation of the results obtained. 
The values of diffusion coefficients were 
estimated by Wilke's method (19). Table 1 
is a summary of the values of the physical 
properties of the systems as used in this 
investigation. 
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Experimental Results 

Mass transfer data and calculated results 
for the tests made are presented in Tables 
2 through 6.* The quantities of each solvent 
and water edtering and leaving the extrac- 
tion tube were determined from the flow 
rates and compositions of the inlet and 
outlet streams. The quantities of solvent 
transferred into the water and of water 
transferred into the solvent phase were 
found by taking the difference between the 
quantities of each material in the inlet and 
outlet streams of the opposite phase. The 
concentration differences were calculated 
from the solubility limits and the experi- 
mentally determined composition of the 

'i , , , 
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Fig. 2. Variation of Kw with mass velocity 
of the solvent phase, for the system furfural- 

water at 27°C. 

entering and leaving streams (18). The 
average concentration 'differences are loga- 
rithmic when the ratios of these differences 
are more than 1.8. 

Correlation of Results 

Since previous attempts to correlstte 
transfer coefficients with physical prop- 
erties and with geometrical and dynam- 
ical characteristics of the systems have 
been criticized for omitting the interfacial 
tension and diffusivity, a new correlation 
equation was developed by dimensional 
analysis. This analysis resulted in an 
equation of six dimensionless groups, 
assembled in the following forms ( 1 1 ) :  

This set of dimensionless groups 
separates the effect of the phase mass 
velocities (Reynolds numbers), the vis- 
cosity ratio, and the interfacial tension. 
Evaluation of the constants enables one 
to  evaluate each effect. This correlation 
equation reduces to that of Fallah, 
Hunter, and Nash (7) when the viscosity 
ratio and the interfacial-tension groups 
are assumed part of the constant. 

*Complete tabular data (Tables 2 through 1:) 
may be obtained as document 5059 from the Amen- 
can Documentation Institute, Photoduplication 
Service, Library of Congreas, Washington 25, D: C., 
for $5.00 for photopnnts or $2.25 for 35-mm. micro- 
film. ' 
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Each dimensionless group for each 
system was evaluated, and these values 
with their logarithms are given in 
Tables 7 through 99 inclusive. 

The correlation regression equations 
were written in the linear logarithmic 
form 

9 1 l * , , 0.01 CYCLOHEXANOL 
awe 
awe 

16oowQo 3ooouxH) enm1oooDpoo m&loo 
G8, LB/HR-SQ FT 

Fig. 3. Variation of Kw with mass velocity 
of the solvent phase, for systems nitro- 
methane-water and cyclohexanol-water at 

27°C. 

By use of the method of least squares and 
the data of Tables 7 through l l* ,  which 
represent a total of 210 tests, a set of five 
equations was obtained for k,  and simi- 
larly for k.. The constants in each set of 
equations were evaluated by the Abbre- 
viated Doolittle Method, and are given 
in Table 12. 

An analysis of correlation coefficients 
between kd/D and the logarithms of the 
Reynolds numbers indicates that the 
effect of the Reynolds number of the 
solvent phase is insignificant with respect 
to k, and of the water phase is with 
respect to  k,. That is, these groups do not 
contribute significantly to the calculation 
of the specified transfer coefficient. The 
Reynolds number of the solvent phase 
may be dropped from the equation for 
k ,  and of the water phase for k,. After 
these groups had been removed, the 
original constants were modified and are 
also presented in Table 12. 

The statistic F ,  which in this case is 
the ratio of the variance due to regression 
to-the error variance, was cal&lated for 
both regressions and found to be highly 
significant. It indicated that the type of 
equation used in this paper can explain a 
significant amount of variation. The 
multiple correlation coefficient between 
the measured and calculated values of the 
logarithms of k,d/DW is 0.9066 and for 
the measured and calculated values of 
the logarithms of k,d/D, is 0.539. The 

*See footnote in column 2. 
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low value in the latter case signifies that 
the correlation is not very good and that 
some other factors which are not included 
in the equation may be affecting the 
values of k,d/D,. 

Flow Characteristics in Horizontal lube 

In  extraction processes, where moving 
partially miscible liquids are brought into 
contact for the purpose of transfer of a 
substance from one liquid to the other 
across the phase boundary, the diffusing 
substance must pass through various 
portions of the fluid that may be in vis- 
cous or turbulent flow. Strang, Hunter, 
and Nash (16) and Brinsmade and Bliss 
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Fig. 4. Variation of Kw with mass velocity 
of the water phase, for the system methyl 

ethyl ketone-water at 27°C. 
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Fig. 7. Variation of Kw with mass velocity 
of the water phase, for the system n-bu- 

tanol-water at 27°C. 

(S), for purposes of interpretation, con- 
cluded that for wetted-wall columns, the 
flow of the wall liquid is laminar and _that 
of the core liquid turbulent. They offer 
no proof of these conclusions and since 
it is well known that mass transfer in- 
vestigations involving the wetted-wall 
type of equipment have not in all in- 
stances given results that are in complete 
agreement, the postulates presented by 
Strang, Hunter, and Nash and by Brins- 
made and Bliss, cannot serve as a basis 
for analyzing the patterns of fluid flows 
in the horizontal tube. 

Calculated values of the1 Reynolds 
number have been used to establish the 
character of the flow of each phase as 
either laminar or turbulent. From visual 
observation during countercurrent flow 
in a horizontal tube, it appears that the 
flow rate of one phase has an influence 
upon the degree of turbulence in the 
other phase. When the mass velocities 
of the two phases are equal in magnitude 
and opposite in direction, the velocity 
a t  the interface is close to zero. When the 
mass velocities are not equal in magni- 
tude, a layer appears in the slower 
moving phase which apparently moves 
in the direction of the faster moving 

001 
1ooo 2000 ~ ~ 0 4 0 0 0  ( Y X I O ~ ~ D P O O  wpm 

h, W R - S Q  FT 

Fig. 5. Variation of Kw with mass velocity 
of the water phase, for the system nitro- 

methane-water at 27°C. 
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Fig. 8. Variation of Kw with mass velocity 
of the water phase, for the system furfural- 

water at 27°C. 

phase. The faster moving phase “shears 
off” a layer of the slower moving phase 
and causes it to flow in the direction of 
the faster moving phase. When the mass 
velocities of the two phases are equal in 
magnitude, the “plane of zero velocity” 
is at or near the interface between the 
two phases and as the velocity of one 
phase is increased this plane of zero 
velocity moves into the slower moving 
phase. In  these studies, where a velocity 
ratio of 10 to 1 of the faster moving 
phase to the slower moving phase was 
the maximum, it was observed that the 

plane of zero velocity was as much as 
in. in the slower moving phase from 

the interface. The movement of the plane 
of zero velocity depends on the relative 
densities of the two phases and on the 
interfacial tension, which is a measure of 
the rigidity of the two-phase boundary. 
Thus with water and trichloroethane, 
the plane of zero velocity will move into 
the trichloroethane only a very small 
distance even at very rapid flow rates 
of the water phase. 

Some visual observations of particles 
floating in the streams and of flow pat- 
terns observed with dyes introduced at  
various levels show the flow patterns very 

Gw, W H R - S Q  FT 

Fig. 6. Variation of Kw with mass velocity 
of the water phase, for the system cyclo- 

hexahol-water at 27°C. 

well. The character of flow in the region 
between the interface and the plane of 
zero velocity usually is laminar, but at  
extremdy high velocities [above 11,000 
lb./(hr.)(sq. ft.)] there is a rolling tur- 
bulence in this layer. This agree.; with the 
observations of Bergelin, Lockhart, and 
Brown (2) and of Eargle (6). 

These observations lead one to the 
conclusion that the transfer coefficient 
for one of the components into the 
opposite phase cannot be completely in- 
dependent of the mass velocity (or 
Reynolds number) of the parent phase. 
At the lower velocities this is the observed 
behavior, but Figures 2 and 3 indicate 
that such is not the case at higher 
velocities where the turbulence intro- 
duced results in a sharp rise in the values 
of the transfer coefficients. 

Behavior of Mass Transfer Coefficients 

Since the systems involved are two- 
component, two-phase, in which one of 
the components is the transferrd mater- 
ial, the over-all coefficient is equal to the 
individual coefficient; that is, Kw = k ,  
and K ,  = k,. 

When k,, is plotted against G, a t  con- 
stant values of G,, for any single system, 
as in Figures 2 and 3, one finds, after a 
region where k ,  is a constant for a range 
of values of G,, a region of sharp, linear 
increase. In  the first region the transfer 
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of solvent into the water phase is inde- 
pendent of the velocity of the solvent 
phase. This condition holds up  to  a par- 
ticular value of G. (which (kpends on G,,), 
when apparently the value of k ,  be- 
comes dependent on G8 and independent 
of C,r. This hrcak is ascribed to  the tur- 
bulence of the solvent phase agitating 
the intcrface film of the watcr phase. 

It is interesting to  note that  the curves 
of k, 1‘s. C. in the turbulent region [C, 
greater than 11,000 lb./(hr.)(sq. ft.)] for 
all systcms in which this break was 
observed fall almost together. No relation 
between Reynolds number and the break 
point choultl be found. The Reynolds 
number for cyclohexanol at the break 
point was 17.3; for nitromcthane, 96.8; 
and for furfural at C,: 3,000, 380; at 
C, : 6,500, 489; and at G, : 9,000, 540. 

Figures 4 to  8 show the relation between 
k, and G, for separate systems. For  
values of G. from 2,000 t o  10,OOO Ib./ 
(hr.)(sq. ft.) the values should fall along 
the line shown, but if C, is more than 
10,OOO the value of k ,  will fall above this 
line. Thus for furfural. Figure 8, if G, 
is 3,OOO, the value of k,” will be about 
0.015 lb./(hr.) (sq. ft.), unit concentration 
difference for G, of 2,000 to  10,000. I3ut 
a t  G, of more than 10,000 the values of 
k ,  fall on a vertical line, as shown. The  
correlation equation does not include 
thcse data, since any values of k ,  for G, 
above 10,000 aerc  discarded h f o r e  the 
correlation was made. 

A first sight it may appear queer that  
the slope of the curve for k ,  vs. G,,, at 
G, from 2,000 to  10,000, is shown in 
Figures 4 to X as about 1.0: whereas, the 
method of least. squares, for all the  data  
for all systems, shows an exponent for t.he 
Reynolds number dC,Jp, of 0.4. If one 
should plot the data for all the systems on 
one graph, the curve through the points, 
HS determined by the method of least 
squares, would have a slope of 0.4. As 
has been pointed out, this scat.tering of 
points results in poor correlation when 
the data  for all systems are combined. 

No such interesting curves could be 
obtained from tho data  collected for k,  
plottrd vs. C, at  constant G.. The data  
‘was too scattered to permit location of 
any curves. However, statistically it was 
shown tha t  k, could bc considered inde- 
pendent of the Reynolds number for the 
water phase. This means there should 
have been a horizontal portion to the 
curves. l’he scattcwd data  is attributed 
t o  the higher transfer coeficients of 
water into solvent as compared with that  
for the solvcant into water and to the 
necessity for more careful sampling and 
analysis. 

LIMITATIONS OF THE METHODS 

l’he equation proposed for calculation 
of mnss transfer coefficients can at its 
present, state of dcvclopment be used 
only for calculatioiis for mass transfer 
through the interface of a horizontal tube 

extractor. For any other type of extractor, 
no means of evaluating the  area of the 
interface have been accepted. Frrrther- 
more, the length t w m  in t h e  Reynolds 
number, d ,  the diameter of the tube, 
must be interpreted arid defined for other 
types of extractors. At  prcscnt this 
method of attack is only one approach t o  
the determination of the effect of various 
factors on the film coefiicicnts. 

The  next step would be the application 
of the equation to  extraction in the hori- 
zontal tube of three-component, two- 
phase systems, where a solute is trans- 
ferred from one phase to  the other. Then 
the equation could easily be applied t o  
cvperiments using the wetted-n.al1 towers. 
Finally the more difficult step will be to  
find a means of using the prediction 
equation with packed spray and baffle- 
type columns. 

CONCLUSIONS 

By use of a horizontal tube evtractor 
and five two-phase, two-componcnt sys- 
tems, data  have becn collected for 
transfer of one component into the other. 
These data  have been correlakd as a 
series of dimensionlws groups, related in 
exponcntial form. The  constants for the 
equations have been determined. The 
data have been analyzed statistically. 
The value of the solvent-film coefficient 
for transfer of water into the solvent has 
becn found to  he indcpentlent of the 
mass velocity of the water phase hetwren 
2,000 and 10,000 ll)./(hr.)(sq. ft.). The  
value of the water film coefficient for 
transfei of solvent into the water has been 
found to  be independent of the mass 
velocity of the solvent phase 1)ctween 
2,000 and 10,000 Ib./(hr.)(sq. ft.). Above 
a mass velocity of 10,OOO lb./(hr.)(sq. ft.) 
the  valurs of the logarithms of k . d / D ,  
and of k,djD, vary as a straight-line 
function of t h r  logarithms of G,, and G., 
respectively, independently of the values 
of G, or G,, resprctively. 
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NOTATION 

A = total interfacial area of contact, 

A = constant 
a = constant 
6 = constant 
C = conccntration of solute in solution, 

Ib. moles,/(w. ft. 
c = constant 
1) = diffusivity, sq. ft./hr. 
d = diameter of extravtion tube, or in- 

e = constant 

sq. ft. 

side tiinmeter of tower, ft. 

f = constant 
G = mass rate of flow, lb./(hr.)(sq. ft.) 
g = acceleration of gravity, ft./hr.* 
K = ovcwill mass transfer coefficient, 

lb. nioles/(hr.)(sq. ft. of unit con- 
centration difference) 

k =t= film coefficient of inass transfer, lb. 
moles/(hr.)(sq. ft. of unit concen- 
tration difference) 

?n = constant 
iV = moles solute transferred, lb. moles 
?E = constant 
u = velocity, ft./hr. 
z = thickness of filni, ft. ’ 

Subscripts 

e = core fluid 
s = solvent phase 
w = wall fluid or water phase 

Greek Letters 

A = finite change or difference 
8 = time elapsed, hr. 
u = interfacial tension, lb./hr.* 
p = viscosity, lb./(ft.)(hr.) 
p = density, lb./cu. ft. 
I’ = weight rate of flow per unit peri- 

phery, lb./(hr.)(ft.) 
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