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CONVECTIVE MASS TRANSFER FROM PURE LIQUID STATIONARY 

DROPS TO A FLOWING LIQUID 

INTRODUCTION 

Research under the direction of professor lohn T. 

Clapp was carried on in the Oregon State Colleg . Chemical 

Engineeri ng Laboratory by the writer during the years 

19~0 and 19~ with the aim of finding some general laws 

governing rates of mass transfer between two liquid phases 

during the passage ot one liquid through the other in the 

form of drops. 

fhe need tor such a study became evident during a 

search ot the literature on liquid-liquid extraction, 

when 1 t was found that there was apparently no general 

correlation ot fundamental data ava1lablG wh1eh 'ffas suit

able tor direct application to the problem of determining 
i 

the mass transfer eoeftictent.s for liquid-liquid systems. 

It was thought that a tentative outline for a progl"am which 

might lead ultimately to generalizations in this field 

should begin as simply as possible with a study of the 

transfer ot material in the region exterior to single 'drops 

ot pure liquids ·- parallel to the work done on the evapora

tion of liquids into gas streams. (15, pp. 170-216; 42, pp. 

36-42} 

The subject of the present thesis deals with the de

velopment of an original method tor studying the mass trans

tar from single drops and the subsequent determination ot 
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the rates ot solution in 19ate:r ot drops ot t our liquid• 

as functions or the velocity ot the water, the size of the 

dropt and the pro perties of the liquids. fhe physical 

measurements w·ere ma<le oft single drops of n1 trob8nzene·, 

chloroform, phenol, and m-cresol held stationary at the 

encl of a tube in a streaa or wa.te1'. 
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HISTORY 

GENERAL 

L1qu1d-11qu1d extraction literature reveal d a number 

ot reports on overall performance or various types · of 

commercial and laboratory equipment for specific combina• 

tions of solvents and solutes. H.!.u.•s, plate etf1c1en

c1es, etc., have been calculated for the standard types ot 

countercurrent contacting equipment such as perforated 

plate towers (1, pp.· 361-384; 3?, pp . 695·70?; 44, pp. 

559·595; 52, pp•. 709-713), packed towers (1, pp. 361-384J 

2, pp. 451-459; 9, pp. 179-191; 10, pp. 143-177; 18, pp . 

228-236; 22, pp. 65-70; 25, pp. 439·455; 44, pp . 559-595; 

45, PP• 309-318; 4?, pp. 1144-1150; 55 , pp. 928-933), spray 

towers (2, pp . 451·459; 12, PP• 105-109; 38, pp. 162-163; 

44, PP• 55'9-595; 4?, pp . 1144-1150), and wetted wall towers. 

(6, PP• 6?9-713; 10 9 PP• 143-177; 13, PP• 491'-48t; 14, PP• 

369T-379T; 48, pp. 278-282; 491 pp. 50T~54T; 53, PP• 203· 

235) . Bergelin, Lockhart, and G. G. Brown report work on 

a horizontal tube liquid extractor fo .r which they calculate 

an "L.T.U." (4, pp. 1?3-200). !he variables studied by 

most of these authors have been the physical structures 

ot the particular equipment used and the process variables 

such as liquid rates. 

orello and Beckman, (35, pp. 1078-108?) have studied 
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temperature a;s a variable in a packed column anc! Chu, 

Taylor, and Levy (8, pp. 1157-1163) have used surface 

active reagents to study the effect of interfacial tension 

in packed columns . Geankoplis and Hixon (16 , pp. 1141-1151) 

report on an internal sampling technique used in their spray 

tower to obtain mass transfer coefficients throughout the 

tower . Geankoplis , ells, and Ha .k (17, pp. 1848-1856) 

report further data on another liquid system using the same 

technique . 

EXTRACTION FROM SINGLE DROPS 

Several 1ngen1oue methods have been used to study the 

extraction of solutes :f'rom single drops of solvent and thus 

to obtain mass transfer coefficients based on the kr~ n 

surfaces of the drops . (33, pr. 1151-1157; 47, pp. 1144· 

115'0; 57,. pp. 234-238) . The results obtained by Sherwood 

et al , (471 PP• 1144-115'0) and West et al (5? , PP• 234-238) 

on the system benzene-water-acetic acid do not agree, in 

spite of the fact that both used as nearly as possible , the 

same experimental setup. Drops ere formed at the tips of 

capillary tubes and allowed to rise naturally through the 

second solvent to the top of a column where the drops were 

collected tor analysis . Sherwood , et al , pointed out that 

the amount of material transferred from the drop was many 

times the amount calculated for the case of mol cular 



diffusion from a quiescent liquid sphere to the surface, 

even· it the concentration at the surface could be assumed 

to be zero tor all time -· equivalent to intinite transfer 

coefficient exterior to the sphere. (4?, p. 1146). From 

this 1t was interred a strong mixing action must take 

place within the drop. West , et al• (57,. P• 238) concluded 

from their data that the drop liquid must b$ stagnant, and 

mass transfer inside the drop occurt solely by molecular 

diffusion, They used the oalou1at1ons ot Higbie (20 1 pp. 

3?0-385') in an attempt to correlate their resultsl by 

adding a factor based on the relative viscosities of the 

drops and the continuous phase 1n order to arrive at an 
I 

estimate of the t i me during which the exterior and interior 

films are 1n contact. 

Licht and Conway (33t pp. 1151•1157) using a similar 

method with some variations, obtained data for the system 

methyl isobutyl ketone-water-acetic acid in agreement with 

that of Sher ood, et al. Kronig and Brink (26 1 pp. 142-154) 

have obtained a mathematical solut1on ·tor diffusion inside 

liquid spheres assuming 1rrotational vortex motion. Their 

solution gave valu&s for mass tran$fer coefficient consider· 

ab~Y higher than the solution for stationary spheres, though 

l) Higbie used the solution or a Four1er equation for 
the ease ot the plane held at some constant concentration 
with zero concentration oh one side of the plane at time 
zero. 
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tar lower than the values observed for the system benzene

water-acetic acid by Sherwood,et al, assuming in each case 

that the concentration at the int·erface was maintained at 

zero throughout the travel of the drop. 

All the work alluded to above involved at least three 

components• two solvents and some solute distributed 

between the solvents. No report was found for liquid•liquid 

systems paralleling the work reported here on the evapora

tion ot pure liquids from single drops, the results ot wh~h 

may provide an empirical relation for mass transfer 

exterior to the drop. The only data which might be compa~ 

directly to the results in this thesis appear to be from 

evaporat1on ot liquid drops or solid spheres into moving 

gas streams, though, by making appropriate assumptions, the 

work on single drops by the three authors mentioned above 

bas been compared to the results in the present thesis, 

EVAPORATION FROM SPHERES 

Topley and Whytlaw-Gray state <;o, p. 874) that 

Sresnewsky in 1883 was first to notice the rate of evapora

tion or spherical droplets in still air is proportional to 

the radius and not the surface. However , MOrse, in 1910, 

(36 1 p., 365) evinced surprise on finding that the rate ot 

evaporation from solid spheres of iodine placed on a 

balance pan in a glass walled chamber was proportional to 
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the diameter and not the 1surtaoe ot the spheres. Morse 
) 

also ' noticed (36, P• 367) ' ·that, 
, I 

/· "It has been invaria'bly observed that a measur
/ able time elapses before a s phere falls· into 
' 1ts regular rate o. t ~ evaporation. It begins 

l slowly, sometimes at not more than halt its 
1 tull rate, and seve1"al minutes elapse before 
.: it reaches its maximum value," 

/.~ '· ! 
Morse's work evid~ptly stimulated thought on the

1 
probl~m ot evaporat1on1from small spheres in quiet air and · 

Irving Langmuir (31, pp. 368-370) advanced a theory in 

1918, (based on work on heat transfer from spheres reported 
. 

by him in 1913) (30, p~. 299•332) to explain the results 

obtained by Morse. · e work ot ·Topley and Whytlaw-Gray 
I 

reportecl in 192~ was a more elaborate experiment along 

the general lines taken by ~rse in which the diffusion 

constant tor iodine in air was determined using a modified 

form ot the theoretical equation given by Langmuir, (5'0, p., 

875') 

All the above work has been concerned w1th d:ro ps in 

still e.ir; tor the cases where the drop has a velocity with 

respect to the main body ot the surroundings, the most 

recent work, that of Powel (42,. pp, 36-45') reports data tor 

the evaporation ot water trom vellum covered spheres 1nto 

moving air streams. Several studies of gas absorption by 

liquid drops under conditions •here the liquid film resist

ance was assumed to be negligible are reported, all involv

ing the tree tall or drops through a column or the gas 
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mixture ...... hence no constant velocity. The correla tiona 

given are purely empirical. (19, pp. 162-163; 25, PP

993·1001; 58, pp. 303-307) Frossling (15, pp. 170-216) 

bas made a study ot evaporation trom single drops of pure 

liquids suspended on tine glass rods and thermocouples in 

mo•ing air streams• thus being able to control the gas 

velocity with respect to the drop and, hence 1 the Reynolds 

number throughout a given run. Fressling ts correlation 

makes use ot the equation given by Langmuir tor drops at 

rest combined with a factor depending on the ReynoldS 

number and Schmidt number. An empirical correlation ot 

all the above data tor evaporation from spheres may be 

found in the Chemical Engineer's'Handbook (41, p. 546); 

the semi-empirical equation given by Frossling is plotted 

with the data. 
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THEORY 

INTRODUCTION 

A complete mathematical interpretation of diffusion· 

combined w1th convection along the lines of the work done 

by Kronig and Brink (26, J'lP• 142·154) is highly desirableJ 

however, the necessary assumptions involved in such work 

must stand the test of experimental verification to be 

useful. The assumptions made by these authors were logical 

enough J use was made of' Lamb's solution to the 1:r-rotat1onal 

spherical vortex problem (27, p. 601) to obtain the equa

tions tor the stream lines inside a drop. Assuming that 

mass transf r between stream lines takes place wholly by 

molecular diffusion and that th concentration is constant 

on any given stream line, a series solution was obtained, 

Perhaps these assumptions can be justified tor some systems, 

but it must be concluded that a theoretical interpretation 

ot the contl1ct1ng data ot Sherwood, et alt est, et a~and 

Licht and Conway is yet to be, :toun4. 

Insufficient data are presently available in the field 

ot 11qu1d•l1quid extraction tor the formulation of really 

general correlations. .Although the present work i .s more an 

exposition of a new technique which may be useful in obtain

ing data for a general solution of liquid-liquid extraction 

design problems, data have been collected and interpreted 
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tentat1V"elr• A ;r.ough empirical correlation has· been 

obtained with the use of dimensional analysis and the h•lp 

o.t correlations or si.m1lar data on evapora.tion into ga& 

streams,. . The ·theoretical aspects to be discussed aret 

a dimensional analysis ot the problem an.d the relations of 

the work to that ot othe,s. , 

DIMENSIONAL ANALYstS 

The ut:tl1ty ot dimensional analysis for the grouping 

of large numbe%*s of variables into a smaller number ot 

dimensionless groups more convenient tor study has long 

been known and is the basis ot the to:rm ot most of the 

empirical correlations now in usth Given the ·sGt ot all 

variables which might affect the mass transfer coett1e1ent, 

K, a great many different sets of dimensionless products 

~Y be t 'ound. , each of which may he a "complete set" • It 

should be noted that, having tounfl a suitable set ..... or 

any complete set -· the only inference to be drawn trom the 

results is that it some functional relation exists .among 

the dependent variable, and all the 1n4&pend.ent variables, 

some unspe·cttiecl tunct1onal relation exiets among the 

d1mene1on1ess products, provided all the 1m;portant vari• 

ables eontrolling a process have been :lneludedt and that 

changing the· size ot tb.e fundamental units of measurement 

?Jill ·not affect that functional relat1onship. 
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Langhaar states, (30, p. 20) 

"The impression is created that the dependent
variable in a physical problem may be arb1· 
tra:rily equated to a product ot powers of the 
independent variables and a numerical co
•tticient. !his assumption 1s sometimes a 
legitimate approximation, particularly in 
problems ot heat transfer, but it is not an 
essential part ot dimensional analysis." 

there is no restriction on the type of functional relation-
I 

ship which must exist among the variables so tar as the 

dimensional analysis is concerned; the experimental data 

provides this information~ 

Langhaar has presented a matrix method tor obtaining 

a complete set ot dimensionless products from any set ot 

variables and fundamental dtmensions. (30, PP• 35-41) 

The present problem is to be restricted to finding some 

set ot dimensionless products tor use in eorrelation or the 

data obtained from solution of pure liquids , i,e . , where 

the resistance to mass transfer is wholly external to the 

drop. The dependent variable is obviously to be K, the 

mass transfer coefficient . !be following independent 

variables were thought to comprise a complete list of the 

most important criteria tor mass transfer in the equipment 

used: 

U velocity of the water (calculated at center of tube) 
~ interfacial tension 
D d1ffus1v1ty, volumetric 
~v viscosity
d diameter ot drop 
p mass densitJ 
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g acceleration or gravity
concentration (or difference in concentration) 

p coettieient r epresenting density change with eon
centration · · 

The diameter ot the glass. tube in which · the drop was sus

pended has not been i ncluded here, since it would add 

nothing new to the dimensional analysis to be madeJ its 

only a ppearance would probably be in the final result as 

an aspect ratio with the drop diamat r. 

Because ~C is a dimensionless product and 0 has the 

same ·dimensions as density, these two have not been included 

in the solution given below. C may replace density in any 

of' the dimensionless groups in which density i s found. 

Also, though, conceivablYt the viseosity or mass density 

ot each liquid phase ·has its independent ef fect on the 

results, the viscosity and density terms will be used only 

once each tor the obvious reason that no n results are 

obtained by using them twice Efxeept to arrive at the 

dimensionless ratios ot the corresponding terms in the two 

phases. All ratios such as the ratio or the viscosity in 

the drop to the viscosity in the water, the density ratios, 

etc., are to be added to the number ot dimensionless pro

duets to be found below. 

It will be found convenient to use the MLT system of 

fundamental units where Jl is mass, L is length, and 'T will 

represent time. Temperatur• is found not to be a variable. 

!be dimensions tor K, will be considered to be defined by 
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the equa t1onc 

(1) I • KAAC 

or 
T •.L

2 13 T 
L t 

wherea 

=moles or mass going into solution per unit time 
A. • area of surface o~er which mass transfer takes 

place
6C =concentration dltf'erenee between main body of the 

two phases (either molar or mass concentration 
to agree with the dimensions of' N. NOte that the 
end results tor the dimensions ot K, are the same 
either way, as long as I and C agree) 

W1 tb the dimensions ot K now defined, 2 the matrix ot 

dimensional exponents tor obtaining a complete set of' 

dimensionless products may be set up, the dinutnsions ot 

the independent variables given being obvious. 

DIMENSIONAL MATRIX 

1 2 3 4 s 6 7 8 

Variables 
Dimension 

K u cr Dv g A d p 

u 0 0 1 0 0 1 0 1 

L 1 1 0 2 1 ·1 1 •3 

T, -1 -1 -2 -1 •2 ..1 0 0 

2) It will be noted that the mass transfer coet. 
f1c1ent defined here (Kt, tor sake ot distinction) differs 
from the KQ used in gas phase diffusion problems so that · 
a dimensional factor must be introduced in order to 
compare the Kt as calculated above to the KG calculated 
from results of' evaporation of liquids into gases and 
plotted in the Chemical Engineers' Handbook (41, p. '46). 
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The three rowed determinant formed from the last 

three columns of the above matrix has a finite value, so 

that the rank of the matrix is three. Since there are 

eight colUirJ.ns, five dimens.ionless products are required 

to form a complete set. Solving tor the coefficients in 

the last three columns in terms ot the first five coef

ficient, the result is& 

~· ka =k1 k2 .. k 3 ... k4 ... 2k; 

k7 =kl • k2 + k3 ... 3k; 

k6 =-k1 - k2 -2k3 -k4 ·2k~ 

From these equati.ons, writing the matrix or solutions 

as shown 1n Langhaar (30, p. 36) by setting all the arb1

trary k's equal to zero except on$ in each ease, the one 

being taken as unity, there resultst 

MATRIX OF SOLUTIONS 

K u (j Dv g A 4 ;o 
11'1. 1 0 0 0 0 -1 1 l 

"'2 0 1 0 0 0 -1 1 1 

,3 0 0 1 0 0 ·2 1 1 

"'4 0 0 0 1 0 ·1 0 1 

0 0 0 0 1 -2 3 2·~ 
Prom the matrix, we have immediately a complete set ot 

five dimensionless products, each row furnishing the 

exponents tor one dimensionless group. 

http:colUirJ.ns
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""1. ¥ 
W2 • ~ =Reynolds number 

...3 • q:ge 
~ 

""4 • ~ = (Schmidt number)·l 

,, • ';2t2 
Since the above set is a complete set among the 

variables used, all other dimensionless product sets may 

be obtained as products among the members of th1s complete _. 

set. Three ot the products are more or less recognizable 

as they stand. ~5' would be the Grashotf number if the 

numerator were multiplied by the dimensionless product 8t. 

By way of analogy, then, •5' would be an important factor 

in mass transfer tor eases of large density differences 

with concentration, so~e ~~rt of dimensionless product 

being used to take this into aceount. This factor baa not 

been used in the present paper because insufficient data 

are available yet to make a correlation 1n the very low 

Reynolds number regions where density current convection 

makes an important contribution. Because "'1 is not a 

familiar tormt it should be divided by •2 to obtain K/U. 

It can be shown that tor reasonably dilute solutions K/U 

is a fair equivalent ot the more familiar form used in 

the gas phase, Ka/Gu· •3 is also untamiliart but, if the 

square root of w3 is divided by •2, the inverse of the 

eber number is the result. With the above changes and by 
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making the proper inversions, the form of the complete 

set ot products which are to be used is as follo•sa 

"'l. • K/U 

"2 • UdP~ (Re) 

w3 • U/(tr / dP)'h. ( ) 

"'4 • JJif>v P (So) 

"5'. •· gd3p 20,2 (not used) 

To this et must be added the 'Variables which were 

not included in the above derivation because the dimensions 

are identical with those of some variable included. The 

various aspect ratios, such as the ratio of the diameter of 

the drop to the di meter of the glass tube or to the dia

meter of the bubble tube are ratios ot this type. !he 

ratio of the properties of th dro p· liquid to their 

counterparts in the continuous phase will complete the 

list of dimensionless products which ill be assumed to 

control the mass transfer rate completely. The follo ing 

is the list to be considered• 

"6 • dl/d2 

"? • dl/d3 ..• 
" 

"8 • )Jl~ 

"9 •P]./1'2 
Subscript one refers to the drop. Subscript 
two refers to the continuous phase except d2 
is diameter of glass tube 'a'nd d3 is diameter 
ot bubble tube. 
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Other groups could conceivably have an effect, e. g., 
C2/P2 and C1/C2, but will not be considered in this paper. 

It, in the dimensionless products ~ through w;, the proper

ties are those ot the liquid exterior to the dro p, the 

results of the dimensional analysis give the equation: 

(2) K/U • fi(UQ.~/p2 , U/(cr/dP2)t, JJ2/D\'P2 , J\/}'2 , P11P2 , 

dl/d2' dl/d3) 

or 

K/U • fi(Re, W, Sc, JJ 1/JJ.2, P1!p2 , d1/d2, d1/d3) 

The set of dimensionless products which forms the 

basis for correlations of' the results includes the Reynolds 

number, the Schmidt number,, and the Weber number. The _ 

quantities familiarly found in these groups include, in 

the case of the Reynolds and eber groups , length terms 

usually expressed as a diameter. Since the volume, not 

the diameter, was the variable measured, the quantity 

computed was a nonlinear function of the cube root of the 

volume. This function actually bears little relation to 

an actual length in the drops under consideration, because 

the shape of drops with a given volume changed with both 

a change in velocity of the water and a change in the 

composition ot the drop. However, in order to have a 

proximate value tor a diameter, a spherical shape was 

assigned to the drops for the purposes of calculation; 

-then a shape factor in the form of the Weber number was 
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introduced emp1r1cally, wh1ch brought the data together 

fairly well, It is probable that there was some velocity 

tor eaeh drop when the shape actually was very ne rly 

spherical. 

The calculation of the velocity or the drop with 

respect to its surroundings presented a vexing problem. 

The question arose as to whether th1 would more logical~ 

11 be taken to be the average. velocity in the eight milli

meter flow tubet or something more, The presence of the 

drop itself caU$ed up to perhaps twenty~t1ve percent 

restriction of the tree area of the glass tube.! Besides 

this, the Reynolds numbers were less than one thousand tor 

the glass tube even at the highest rates of flow. · This 

would indicate that the flow was viscous, with parabolic 

velocity distribution and hence the maximum velocity below 

the bubble at the center ot the tube as 200 percent ot 

the average. This quandry was resolved arbitrarily by the 

decision to use 1;0 percent of the average veloQ1ty. 

Should this guess prove to be far wrong, correction ot the 

data will be simple because only a constant factor is 

inyolJtCJ .• 

~) on the basis of spheres only about 18 percent.
<3.•> /82 =o.1s. 
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COMPARISON ITB EVAPORATION 

It has already been stated that K/U is approximately 

the equivalent to KQ/G ; the exact relationship will now 

be shown• . The dimensions of 1Q as defined by Perry in 

the Chemical Engineers• Handbook are moles/TL2 (mole trac

tion). The mole fraction in the denominator is a mass 

transfer driving force expressed as mole traction, or 

rather, difference in mole . rractions. Now, if C be taken 

to have the dimensions moles/t3, it .is seen that the 

dim~ns1:onless mole fraction, moles A/moles A. .;. moles B, 

may be writtenr CA./CA. • CB• For gases, c1 • CB is 

approxi~,t111 constant at a constant total pressure and . ' 

temperature for all values of c1• Por this case the mole 

traction difference ap pearing in the denominator ot Ka 

can be written CA/C1 • Ca 1 with which the dimensions of 

Ko become: moles <c1 • c8)/TL2AC. Comparing this result 

with the dimensions of Kt, moles/TL2A it is seen thatc1 

the ·only difference is the (CA • c5) in the numerator of 

Ko• Since most ot the .emp1r1cal correlations are based 

on the assumption of the val1dity of the perteet gas law, 

the above approximation seems justified in the case of 

gases. For liquids , however, the sum of CA • CB will in 

general not be constant over a finite range. or concentra

tion of component A, hence the validity ot comparing KG 
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with KL (CA • CB) will dep nd on the range of values 

CA • Cs takes on in the problem under consideration, ith 

the possibility or ide variation in the eases or liquids . 

Actually• for the systems studied, using water as tha 

component B in every ease, CB was large eo pared to cA, 
and in the worst case, phenol, the change in the sum 

c1 + c8 in the diffusion film was under eight percent . 

For m-eresol 1 th change is less than 2t percent and tor 

the rest the change is less than 1 percent~ 

The next problem is the relation between KL/t1 and 

KaiG•. Looking at the latter dimensionless ratio,. it is 

seen that, if we may replace KQ by KL (CA • CB) and Gy 

by its equivalent UP/MB the result is the approximation 
K ~ C)(3) K /G - . L A • '"•

G ~~ - UP . B 

From the previous discussion it will be observed that 
"' \this approxima~ion depends on the assumption that c1 • CB 

is constant. If the concentration of A is small enough 

(or, if the molecular weights of A and B are nearly the 

same) another approximation suggests itself' by multiplying 

numerator and denominator by the molecular weigh of B, JB; 
thus 1t CA is .small enough to be ignored, the dens! ty of 

B occurs in both the numerator and denominator (CB ! =P ) 

and KL/U is an approximation to KG"GM. 

(4) Ka;GM z Kj 

This is the basis tor the comparisons which are to be 
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made bet ~een this work and the work of others on the 

evaporation ot liquids. It 1s interesting to note that 

if the P in wl on page fifteen is replaced by its dimen

sional equivalent (CAMA • CBM.s) and the result divided by 
0

w2 , or Re, "1 becomes ltt(CA14A • B ) • u.,.o 
COMPARISONS WITH EXTRACTION DA!A 

In terms of the commonly used mass transfer coef

ficients, the K herein reported is really an individual 

film coefficient rather than an overall coefficient. 'l'he 

experimental data tor liquid•liquid extraction has usually 

been reported with overall coefficients for one phase or 

tbe other. If the distribution coetf'icient for the solute 

bet een the t o solvents is unity, the overall ss trans

fer coefficients for the two phases are equal, h1le the 

individual film coefficients may be nearly equal to each 

other and hence t ice the value of the overall coefficientsJ 

ort more probably; the individual coefficients will differ 

trom each other, being more or less independent functions 

ot the properties of the two phases 1nvo1Yed. lt the 

distribution coefficient differs from unity, the ratio of 

the two overall mass transfer coefficients is the same 

as the distribution coett1c1ent or its reciprocal. The 

individual film coetti~ients are probably independent ot 

the value of the distribution coefficient, with the 
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overall mass transfer co~fticiant for the phase in which 

the solute is less soluble becomi ng more nearly equal to 

the individual film coefficient tor that phase as the 

distribution coefficient grows larger . Inasmuch as no 

experimental study ot the film mass transfer ooefti.cient 

inside a drop was found, it was assumed that the relation

ship postulated for the outside film might be used for 

the inside of the drop for the sake of making comparisons 

ot the present data ith data where the resistance to 

diffusion as ir.lportant inside the drop. Future experi

ments may not justify this procedure, but it ould seem 

reasonable on the basis of the thicltnes of the diffusion 

film (with the order of magnitude being 10-4 centimeters) 

if it may be assumed that there is no velocity discon

tinuity at the interface. This vie point is sup rted 

at present by the agreement of the data ot Sher ood, et al, 

and that of Licht and Conway on the system methyl-ethyl 

keytone-water-aeet1c acid. Lieht and Conway reversed the 

drop and continuous phases and obtained a mass transfer 

coefficient tor the key-tone phase about twenty percent 

higher than that obtained by Sherwood, et al, if the 

extraction during drop formation is subtracted. 

Given the overall mass transfer coefficient and the 

physical properties of the liquids and solute the problem 

was how to arrive at the values for the individual film 
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coefficients. The defining equation for K, bether for 

individual titms or overall is the same: 

(1) K :;: I AC 

For actu 1 ~xtractions• ~must change as th · extrac

tion procGeds , and the simple form given by equation one 

cannot be used. !he value of N experimentally measured 

is an average value, being th integral oi' NdT divided 

by T. It K, the distribution coefficient, and the liquid 

volumes remain constant, the integral average value ot aa 
that must be used in place ot AC in equation one can be 

sho n to be the logarithmic mean ot IC at the beginning 

and end of the drop 's travel. The form of equation one 

used then iss 

( '5) K ~ av j AACl.m. 

For a given extraction run, N and A are ixed .and the 

value of K is seen to epend on th numerical value or 
.AC1.m. used . There are four possibilitios with t o 

overall mass transf' r coef:t'iciehts and two individual film 

coefficients. It one ov rall eoe ieient is given the 

other ay b calculated from it if the distribution eoet• 

f'icient is nown. From the def'1n1t1on of the logar thm1c 

mean, a constant multiplier to AC1 and ~2 is a factor for 

their logarithmic e n. Hence the values of the overall 

ss trans er coefficients calculated tor the two phases 

vary inversely as the distribution coefficient for the 
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solute between the two phases. 

The individual film coefficients may not be calculated 

trom the knowledge solely ot overall coefficients, except 

under unusual circumstances, e.g. where the distribution 

eoetf1eient is very large and where there is reason to 

belie\Te that the two t1lm coefficients are not tar differ

ent. Where neitber indiVidual coetticient is known, some 

sort of assumption must be mad$ about their relative magni.. 

tudes. Assuming that a correlation fitting the data out

side the drop may be applied inside, the ratio of the two 

film transfer coE!1'tic1ents can be calculated from the 

physical properties of the s·ystem. It k1 and k8 are th 

interior and exterior film mass transfer coefficients 

respectively, 

(6) k1AC1 : keACe• 

Let l.tC 0 ebe the ove·rall concentration difference based 

on the continuous phase then, it H is the distribution 

eoett1cient Ce/C1, 

( 7) H~1 " N:,e : beoe 

or 

ACe : bCoe - H6C1 

Substituting the value ot AC1 from equatio six into equa

tion seven, there results• 

(8) ACe • AC0 e/(l " Hk8/ki) 

Equation eight gives the factor 1 • Hke/ki to be 



multipltea by the o\ferall eoett1cient based on th.e 

continuous phase to obtain the mass transfer coett1eient 

t ·or the 11qu:t.d film exterior to the drop. 

(9) ke : (1 • Hk81kt)K06 
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EXPERIMENTAL 

MATERIALS 

Five liquids ware chosen to represent a fairly wide 

range both in viscosities and interfacial tensions against 

water. As it happened, rathar wide range of solubilities 

in water was also obtained. Two ot the liquids were 

obtained from the Oregon Forest Products Laboratory. 

Phenol crystals ot u.a. P. grade wEare added to a beaker ot 

distilled water to produce a saturated solution ot water 

in phenol. Technical grade nitrobenzene was also obtained 

from the Oregon Forest Products Laboratory. Meta cresol 

and carbon disulfide ot technical grade were obtained from 

the chemistry department. No analysis was given tor the 

nitrobenzene, m-cresol, or the carbon d1sult1de. The 

chloroform of U .s.P. grade obtained at the chemistry 

department contained about one percent alcohol, but ex

traction with water should have reduced this to a negl1• 

g1ble amount. 

The water used was Corvallis city water stored in a 

galvanized can used as a reservoir. On occasion this 

water was not too clear• but it was assum·ed t his would 

have little or no effect on the solubilities ot the drops. 
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APPAR TO'S 

Genertl• A number of experimental techniques have 

been used to measure rates of evaporation of liquids and 

solids into air with various ingenious devices being used 

to measure the loss trom. the drop .at various intervals. 

A very accurate weighing device utilizing a quartz fila

ment . spring upon which the drop was suspended was satis

factory tor evaporation into still a1r. (;o, p. 874) 

Frossling photographed his drops repeatedly and measured 

the dimensions ot the drops on the photographs. In air 

this pOsed no particular optical problem; since the drops 

were plaQed .1n a rectangular wind tunnel a plane window 

could be installed. It was thought that this kind of set

up would need to be extremely elaborate to get reasonably 

accurate .data with liquids and that a simpler setup might 

be devised to get prac~ical results sat1sfaetory for a 

preliminary investigation. !he equipment was designed so 

that the drop could be suspended from a "bubble tube" 

placed on the central axis or a glass. tube through which 

the second liquid could be passed at constant velocity. 

Figure one is a general view ot the equipment as it 

was used except tor the reservoir, which was overhead on a· 

balcony. Water was delivered from the reservoir to the top 

ot the tloat chamber taken from a earburator which, with 

its float operated needle valve, maintained a constant 



FIGURE 1. GENERAL VIEW OF EQUIPMENT 



29 

level in the ohamber. A thermomet$r was held in the 

float chamber with a clamp attached to the copper inlet 

tube. This assembly appears in the upper left hand corner 

of figure one showing the sliding bracket with which the 
. . 

assembly is mounted on a vertical .tive-e1ghtbs inch rod. 

With this arrangement any effective head from zero to 

several teet could be maintained on the water passing 

through the glass tube.. Water trom the float chamber 

left f'rom the copper tube brazed to the bottom ot the 

chamber over a bole drilled into a passage where tlow 

was controlled by a seeond adjustable needle valve con

veniently provided by the manufacturer of the carburator. 

Tb1s provided a second means of control tor the rate of 

wate·r flow. A long loop of rubber tubing connected the 

outlet for the reservoir to a glass stopcock shown just 

above the waste bucket ln figure one; this was U$ed to 

start and stop the water tlow for a ~un• . Above this is 

a glass T containing a thermometer to measure the water 

temperature as it enters the glass flow tube with the 

bubble tube at 1ts top. The top of this glass tube with 

the accompanying water distributo-r and bubble tube assembly 

1s shown in figure two, Figure one shows a third thermo

meter taped to the glass flow tube with the bulb insulated 

w1th paper and placed close to the drop. 

Referring momentarily to figure- two and figure three, 
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FIGURE 2. WATER DISTRIBUTOR AND BUBBLE TUBE 
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the copper water outlet pipe can be seen next to the 

micrometer head; the rubber tube attached to this can be 

seen in figure one to lead to a piece of glass tubing 

clamped at a level considerably lower than that of the 

bubble and delivering to a glass beaker. · The water . 

delivered to the beaker was eighed to determine the rate 

of flow. · The low outlet level was important to keep the 

pressure on the water side of the bubble lo er than 

atmospheric so that the bubble liquid could not rise in 

the bubble tube from capillary action. 

Figure tour is an exploded view of the bubble tube 

and water distributor apparatus. on the lett, vertically 

from the bottom in the order of assembly, are: the glass 

tube 9 the collar and screws which attach it to the water 

distributor, a rubber ~asket to seal the joint, the lower 

half of the water distributor, gaskets to seal the joint, 

the upper half ot the water distributor, and the ount1ng 

bracket. On the rightt starting at the bottom, ares the 

bubble tube , piston return spring, the three pistons con

structed with the final version on the right and the first 

on the left, an extension to the piston, a bushing to 

center the piston rod extension, rive spacers to fit 

between micrometer head and the piston rod extension for 

standard drop size formation, and, finally, the micrometer 

bead and attachment device. 
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FIGURE 4. APPARATUS DISASSEMBLED 
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FIGURE 5. NI TROBENZENE DROP - NO FLOW 

-· -IGURE 6 . NITROBENZENE DRO P - WATER FLOWING 



Figure three shows all the parts in a section v.1ew 

as they would appear dur'ing a run. !t will be seen that 

the bubble tube torms part. of the smooth curve to·r the 

water distributor . The ·purpose for this design was to 

forma symetrical discharge tor the glass tube so that 

as little 0nd disturbance as possible should bf'J felt by 

the bubble . To this end , the water outlet space was made. 

as large as pos,sible. ln the interest ot clarity, the 

clearance indicated between the two halvas o t the wa tar 

distributor is shown much larger than it aetually was. 

The opening into the water outlet spaee was deliberately 

made small to minimize the effect ot the unsym.etrica.l 

watar outlet in the form of a single opening at the top 

of the water outlet spa.ce.- The whole assembly was made · 

air tight so that the pressure at the end or the bubble 

tube could be controlled by the height of the end of the 

discharge tube connected to the water outlet . 

bl21!1t ~ Sl§!?i£m., !he design of the bubble tube 

was dictated partly by practi'eal considerations of con

struction difficulties and partly by desire for versa... 

tility, as well as by the .size drops chosen to deal with . 

In order that the drops should project below the water 

distributor and be visible, and also that the drops might 

be as far as possible from the disturbing influence of 

the water discharge from the glass tube , it was decided 
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that the bubble tuba proper should be in the neighborhood 

ot two inches long. Since it appeared to be impractical 

to try to drill a two inch hole l 1th a diameter smaller 

than one sixteenth of an inch using the equipment at 

hand , a sixteenth inch drill was used. 

Tho rough hole was honed with a long series of rods 

machined to increasingly larger size. each time. Each rod 

~as annointed lith a paste of very fine carborundum 

.powder and cutting oil then rotated in the bubble tube 

until cutting became negligible. This as continued until 

all the visible imperfections from the original drilling 
I' 

were removed. ~n~ hole was very slightly tapered from 

the honing , but not to the extent of a quarter of a 

thousandth of an !neb. ~1e diameter after completion ot 

honing was approximately 0.073 inch, the value actually 

used for calculating purposes being 0 .07275 inch. The 

bubble tube , solid black in figure three, will be seen 

to consist of essentially two parts. The lower half is 

the bubble tube proper, which 1s a tube two inches long 

with 0.0?3 inch i.d. and one eighth inch o.d. at the 

center tapering very slightly to the forty-five degree 

bevel at the bubble end and merging into the curve of the 

ater distributor at the upper end. The upper half serves 

as a housing and guide for the piston return spring and 

piston rod extension, as a means for mounting the micrometer 
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bead to measure the travel ot the piston, and as a means 

tor mounting the whole bubble tube assembly on the axis 

ot the glass flow tube. 

P~§$on "'esigp. 1'he first attempts to build a piston 

which would get reliable results were unsuccessful. A 

rod ot uniform diameter about one half t housandth smaller 

than the hole was machined with a one thirty-second of an 

inch wide groove cut about fifteen thousandths of an inch 

trom the end of the rod. Neoprene .rings were cut to fit 

the groove, but these would soften and become useless in 

contact with aromatic compounds. Polyethylene is quite 

resistant to most solvents--even the aromatics--and has 

some elasticity, so a method was devised tor fitting 

polyethylene into the groove. !his was done by punching 

·out small disks from a sheet and 4r1111ng a small hole 

in the center of the disc with a twist drill. These 

could be stretched over the end or the rod, but in the 

process some permanent set was introduced. A bot soldering 

iron touched to the end of the rod caused the polyethylene 

to partially ruse and shrink into the groove. The rod 

was then chucked in a three jawed Jakobs dr111 chuck and 

the polyethylene ·machined to size with a razorsharp tool. 

This scheme probably could be made to work if an 

extremely smooth and accurate hole could be constructed. 

It would appear that the hole in the bubble tube did not 
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meet this requirement, tor after considerable trial -with 

nitrobenzene, .it was deeided that too much leakage as 

taking place and an entirely new approach seemed to be 

indicated. A preliminary calculation showed that if a 

liquid wets the metal ith a reasonably small contact 

angle, a relatively loose-fitting piston with a shdulder · 

on the baek side as shown in figure three would not allow 

liquid to pass the shoulder, even with several inches ot 

liquid head, t>rovided the surface tension were more than 

fifteen dynes per centimeter. · 

A tr.ial piston was machined with a diameter of 

o.072$ inch over a length ot about o.o4; inch. !he piston 

rod shown in figure three provided sufficient space between 

the bubble tube walls and the piston rod so that the 

bubble liquid would not climb above the piston by capillari

ty. The piston rod was kept centered by a guide machined 

to fit the bubble tube bore. This guide was machined on 

the p!ston rod one and two-tenths lnches from the shoulder 

behind the piston, thus leaving approximately an inch tbat 

the piston could be moved without the guide's coming in 

contact with portions ot the wall wetted by the bubble 

liquid. The top or the piston rod •as lett large and 

titted with threads to screw into the extension. 

The piston rod extension was machined with a shoulder 

having an easy sliding tit 1n the bore of the upper halt 
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of the bubble tube. the shoulder furnished a seat tor 

the piston return spring, and also provided a guiding 

function. The extension projected above the bubble tube 

and was pressed against the micrometer by the piston 

return spring. 

TECHNIQUE 

~· The data taken consisted or time of run, 

temperatures during the run, weight rate of water flow, 

and micrometer readings before and atter the J;"un. The 

time of run was, as nearly as poss1ble, the exact length 

ot time during which the bubble, or drop, was out eon

current with the water flow. At the beginning, while the 

overall experimental aeeuraey was low, the only temperature 

measured was that in the float ehamber. When it was dis

covered that errors in temperature measurement during room 

temperature changes were possibly as large in their ef'f'eets 

as other experimental errors than being made, a glass ! 

with a thermometer was inserted in the circuit just below 

the glass flow tube and another check ther~omater placed 

with its bulb against the glass flow tube as near tha 
I 

bubble as possible. For runs previous to run number 81, 

the temperature recorded is an average temperature in the 

float chamber; for all other runs the temperature recorded 

was that in the glass T. Tb obtain the weight rate of 
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tlow, the water collected over some de·f1n1 te interval ot 

time was weighed in the collecting beaker. Conslderable 

difficulty was experienced 1n working out a technlque tor 

getting micrometer read1ngs · w1th the liquid surtaee in the 
same position each time. !he attempt was made to take the 

micrometer reading when the liquid interface was flat 

across the end ot the bubble tube, 

!ln1wlat1on. Most ot the runs were conducted as 

tollowst The level chamber and its needle valve were 

adjusted in a preliminary run to obtain the approximate 

rate ot flow desired. The bubble tube was slipped out 

ot the water c11stributor and the rubber outlet tube 

quickly clamped to prevent the loss ot its water. After 

emptying the bubble tube, its tip was wiped clean with a 

square of paper towel, then dipped in a bottle of the 

liquid to be tested which bad been previously saturated with 

water. !he bubble tube was quickly tilled with a predeter• 

mined amount of liquid--controlled by t he setting of the 

micrometer. The bubble tube was t hen withdrawn, the micro

meter backed up a few thousandths and the tip wiped clean 

ot the surplus liquid adhering to the outside. the 

bubble tube was then replaced and enough water was run 

through the equ1Plllent to remove any air bubbles that 

might have accumulated in changing the bubble liquid. 

A tare weight was obtained on the beaker and recordedJ 

a micrometer reading and temperature reading were taken 
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and recorded J next the drop was formed by pushing the 

piston rod down by hand followed closely by starting the 

water flow with the stop cock and starting the stop 

watch or timer clock. Although these latter two opera

tions were done in sequence instead of' simultaneously, 

the time required was less than one second, which was 

insignificant tor most runs, where total time was be• 

tween 25'0 and 1'00 seconds. J'or phenol, with runs as 

short as 60 seconds, help was obtained so that all three 

opera tions could be done nearly simultaneously. 

The temperature was read several times during the 

run, at least tor the longer runs, and the water was 

collected and weighed to determine the exact f'low rates . 

'!'he runs were ended by stopping the wa.ter flow and wi tb

drawing the drop into the bubble tube as nearly as possi

ble simultaneously, after which the m1erometer was adjusted 

until the liquid interface was again f'lat at the end ot 

the bubble tube . fhe final temperature and mierometer 

readings were t hen reeorded. 

The method tor determining the point at which the 

liquid interface became flat was rather crude, but effective. 

In figure one, e. light is seen to have been placed behind 

the apparatus and slightly lower than the bubble . Clamped 

in front ot the bubble was a slender aiming tube (a spoiled 

bubble tube) which served to orient the eye in the same 
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place for each reading. The aiming tube was placed very 

slightly below the tip of the bubble tube. On looking 

through ·the aiming tubet the reflection of the light could 

be seen to flash at one point as the liquid interface was 

moved down from inside the bubble tube by screwing down 

the micrometer. This point was taken to be the place 

where the interface was flat, that 1s, when the surt~ce 

changed from concave to co~vex and the image or the light 

suddenly grew very wide. the method was quite cons1stant, 

the reading being reproducible to o_oool inch over short 

tim$ intervals, particularly immediately after the end 

of the bubble tube had been wiped clean. After a con• 

s1derable period of immersion, irregularities ere liable 

to develop such that the interface could never become quite 

flat all the way across, but errors in readings could 

nearly al ays be assumed to be only a few thousandth of 

an inch. Longer runs were used to minimize this effect , 

by producing larger differences in micrometer readings. 

frftl1m1ntrY tYDI• The preliminary work was done with 

n1trobezene when most of the· experimental details were 

worked out. The first forty.six runs were all of 250 

seconds duration. The next eight runs were twenty-five 

minutes . All these were made with the first piston design 

using plastic piston rings to hold the liquid . During 

these runs a technique was worked out to distinguish 



changes in the liquid 1nte:rta·ae when the micrometer head 

was mo1fed as littlf) as 0.0001 inch. !his was only two 

or three pereent ot the changes being recorded 1n micro

meter .readings for the Shorter ·runs,, but the results were 

so 1nconsist~nt that longer runs were tried -to see 1:t' the 

accuracy could be improved tbereby. i'he ·results appeared 

to be no better . 

The inconsisteboies Wffl''e tound to stem from two 

sourcest first, surfaeo changes along the solid liquid 

boundary at the tip of the bubble tube whteb over a period 

of time would ohange the shape or pos! tion which the 

liqu1d•liqu1d 1nterf'ac4il would assume on becoming flat 

{this · as thought to he a runetion of corrosion) and, 

second , thQ leakag$ wh:teh passed the plastic piston .rings* 

It was the discovery that longer runs would not solve the 

problem of erratie results that led to the design of the 

nev1 piston with no rings . A long series of tests with 

the new design piston w•re performed with no water flow 

to ehe~k the reliab111 ty ot' t he piston and the system ot 

reading the 1ntertaee. It appeared from the results of 

the tests that the; s etup could probably be relied on to 

give the volume changes in th$ nitrobenzene drop to 

within o.ooo5 inch on the m1erometer·~probably much better 

over very short intervals of .time. tt was significant 

that the readings became constant within a ~rew minutes 
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using the new piston, while it often took half' an hour 

using the old piston. · All the data recorded in the pre

sent thesis ar taken trom runs with the new piston design. 

!Q& 2.t IJmi• The runs numbered 55 through 69 were 

made on nitrobenzene using the temperature of the constant 

level chamber for the water temperature . All except three 

were t enty-tive minute runs with random starting sizes 

for the bubbles and no attempt made to maintain a con" 

stant size during any given run. In calculations based 

on these results, the drop size for the run was taken to 

b.e the simple arithmetic average of the sizes at the 

beginning and end of the run. !his is not quite accurate, 

since the rate or solution is not linear with the volume 

of the drop, but the errors made thereby were quite small 

because the total change during any run was generally less 

than one-tenth the total volume of the drops, hence, the 

error in using the arithmetic average could not be mo r e 

than two or three percent . This raetor was taken into 

account in the experimental procedure for all runs sub

sequent to run 69 by maintaining drops the same size all 

the way through each run. This was accomplished by screw

ing the micrometer down durin~ the run just enough to take 

care ot the liquid going into solution. The amount which 

the micrometer was to be advanced was determined rrom the 

preliminary runs, from which a plot ·Of rate of solution 
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versus rate of water flow had been prepared . The re

corded actual micrometer differences at the beginning 

and end of each r un give a measure of the precision with 

which the solution rate was followed during a given run. 

A difference of three hundred thousandths of an 

inch between the readings of the micrometer with the drop 

withdrawn and formed produced a conveniently sized drop 

which was used as much as possible for the rest o the 

investigation. Phenol was the exception because the 

interfacial tension between phenol and water is so small 

that the largest drops that could be held at the end ot 

the bubble tube were obtained with a micrometer difference 

of only one hundred thousandths . The set of spacers shown 

in figure four were machined to be slipped in between the 

micrometer and the piston rod extension at the beginning 

ot the runs to produce the standard size drops decided 

upon. 

For nitrobenzene runs 7' through 80 the temperature 

was read at one minute intervals, the arithmetic average 

being used to represent the temperature during the run. 

It was suspected that temperature changes could take place 

between the constant level chamber where the thermometer 

had been located and the glass tube in which the bubble 

was situated . This was proved to be possible when the 

temperatures of the two new thermometers placed in the 
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apparatus were compared to that in the level chamber . 

Readings among the three thermometers showed discrepancies 

as large as one degree centigrade during various runs . The 

discrepancies were apparently a function (unknown) of the 

rate of change of room temperature, draf'ts, etc . For this 

reason, no attempt was made· to correct the temperatures 

taken in the float chamber for the large body of the nitro-

benzene data . 

Runs 86 through 93 were made with the same methods 

and equipment using chloroform as the drop liquid . Some 

trouble with air passing the piston was $Xper1eneed during 

the runSJ this was thought to be caused by too loose a 

tit between the piston and the bubble tube to hold the 

liquid satisfactorily. These results were later shown 

to be highly erratic . For this reason, while a new pis

ton was under construction, runs . 94 through 113 were made 

using phenol for the drop liquid. The only trouble ex

perienced here was that ot losing the drops because ot 

the extremely small value of the interfacial tension 

between water and phenol. As a result, only small Reynolds 

numbers could be obtained. 

Runs 114 through 13' were made again using chloroform 

as the drop liquid and utilizing the new piston with 

approximately the same design as the last piston except 
~ 

for being a fraction ot a thousandth larger . In this 
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ser1es or runs, a study was made of the effect of changing 

the drop size. Pour drop sizes besides the "300 1 sn were 

used at .approximately the same water velocity. These new 

sizes were 0.2~0, 0200, 0.150, 0.100 inch micrometer 

differences. 

Run number 136 was an attempt to make a run using 

carbon disulfide.. This ·.was given up after many tries 

because no micrometer reading eo~ld be obtained at the 

end of the run. !he inter-tacial tension between water 

and carbon disulfide is extremely high and the surface 

could not be made tlat after a run. Otten part of the 

drop was lost during the process of withdrawing and almost 

invariably, a drop ot watet was surrounded by the carbon 

disulfide during this process. A very strange phenomenon 

was noticed in connection with these drops. In the process 

of withdrawing the drop at the end of a run, the surtaoe 

became deeply wrinkled and necked down almost to a fila

ment near the bubble tube leaving a bulb at the end 

having a very irregular shape. This odd behavior was 

ascribed to corrosion at the tip of the bubble tube which 

evidently changed the angle of wetting between the two 

liquids. 

Runs 137 through 1;6 were made using m-cresol as the 

dl'op liquid• .Several runs 1n this group were made with 

smaller drops as a further check on the effect ot drop 
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size on the rate of solution. No partteular 4itf1cul.ty 

was exper1enc~ in making these runs except that 1 t was 

discovered after run 138 that the value· tor the solu• 

b111ty ot m•cresol given in tange~s Handbook is wrong. 

The ·amount ·going into solution was so much larger than 

expected tro·m the value ot solub1lity given tn the · · 

handbook, that the Inter~at1onal Critical Table.s were 

consulted where it was ·found that the solubility ot 

m-eresol is wron:s 1n the handbook . 

OALCULATIONS

~- <U.mens~ona . !h-e assumption made about the 

drops held . at the end of the bubble tube whose internal 

d1ametar was- sar,. aa, was that the drops were spheres
./ 

trom which a segment whose base diameter 1s 2a had been 

removed at the po1nt or contact with the tube. Let h 

be the height ot the segment; and r be the radius or the 

.spb~r1cal surface . It can be shown that the volume, v;, 
~: is represented ·byJ ( 21, p., 263) 

(10) v · ~ "'(h~ • 3a2) 

!he a.rea 1 A1 is given bys 

(11) ·. A =. "'(a2 ,. b2) 

The radius bya 

(12) r ·• ·(a2 + h2)/2h 

By using h as the independent variabl·e a r, A.,. and V oan 
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be calculated and plotted ·versus h4t These plots can be 

used then to work backwards from the volume, which is the 

quantity measured, to the surface area and diameter ot 

the drop~. · 

The value ot a, the radius ot the bore of the 
. 

bubble tube, given to be o.0727S inch, was converted to 

millemeters. A table of values for h, v, A, and r 111 

be found in the appendix • . !he volume of the drops was 

calculated in cubic millemeters from the micro~eter 

dif'terences recorded and the 4iameter ot the bubble tube,. 

assuming the diameter to be uniform. It B represents 

the micrometer reading dif'terence, the volume must be 

proportional to R, or1 

{13) v =o.o6812R mm3 

Making the above assumptions about the shape of 
' 
the drop 

the radius and surf'ac can be calculated from th~ · micro-

meter differences, 

wat~£ xeloo1tr. The water velocity was recorded as 

grams per minute of' water discharged into the beaker•. 
From this the velocity• u, or the water belol the bubble 

in the center of the tube as calculated in centimeters 

per second. The glass flow tuba was exa~tly eight m1111· 

meters in diameter. Assuming that the density ot the 

water was one gram per cubic centimeter and letting W 

represent the weight of water discharged per minute, u, 
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w.rlich will be 150 percent of the a vel' age veloe1 ty, can be 

calcul~ted from: 

(14} U • . 0~0498 em/sec 

D1meas12nle§s ~~gUct~ . Calculating the diamete~ 

and su-r f ace area f rom t lle micrometer readings with the meo10 

t hod·s ~ivan above and u s i ng the ari thmet1 c average of the 

drop .volumes at the begi~~ng and end o the runs to• 

geth'er wi t .h the a ter velocity leaves only the physical 
I 

Pf"bperties of the water ·a nd\ t he drop liquid to be deter

!11.-'lin d tor sufficient da t a t o" calculata all the dimension• 

' l es s groups. These pro pe~"ti e s are funett·ons of tem pera

ture; .values in the temper ature range of interest are 

tabulated in the appendix . 

In calculating the Schmidt number, the Reynolds 

number, and Veber number fQr the drops no account wa s 

t~ken in any case for t he .p~esenca of a solute in the . 
liquid next to the dro p. The viscosity and density o~ 

water at the temperature of .the run were used . ~ '!'he 

d1 f fus1v1t1es t abulated in the appendix era all eal

cul a ted using Arnold ' s em pirical equation except for 

phenol, where experimental data wa s available. Even 

this experimental figure wa s probably in &rror for the 

large concentra tions in this problem. . The interr·aeial 

tensions between phenol and m...cresol and water needed 

to calculate the Weber number were measured ~xper1mentally 



with a DuNouy Inter aeial Tensiometer. !he values for 

chloroform and nitrobenzene ware round in Langefs hand

book •. (28, p . 1?70) No attempt was made to correct the 

values tabulated in the appendlx for temperature changes • 

.~ transfer ,sgeft!gie,ijt4J Calculati on ot K' re

quired ~nov ledge of two more properties: first, the. 

solubilities both o the wa.ter :t.n the drops and of the 

drops in the vater and,, second, tb.e densities of the · 

drops. 'K was calculated in terms ott milligrams dis• 

solved/seconds (millimeters squared) (milligrams pa:r 

cubic · m1ll1me·~er),. or mg/TAAO where AO. is gb~·Gn in 

tng/mm3 • to" obtain the weight of the drop which went into 

solution, the volume change given by the micrometer was 

multiplied by the density of the drop. The amount of 
... 

water ·d.:tssolved in the nitroban:z:ene and chloroform was 

ignored and the weight obtained as above was used as tha 

~1ght or drop liqUid going into solution. HoVJeVEtr, the 

nearly thirty percent by eight fraction ot the phenol 

drop which was water could not be ignored. To obtain the 

amount of' phenol which went into solution the weight 

as obt~ined above was multiplied by the weight fraction 

of the phenol 1n the drop. The same as done tor m•cresol. 

!he water entered the flow tube free of any of the 

drop liqUids SO that the difference in COUCE!ntration in 

the denominator of the mass tran.sfe,r coefficient was 
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simply the solubility or the drop in water • 

.samp;&e pat<Ull;a t2.S?n• Run number 98, phenol-water. 

Experimental data: 

A.verage temperature 22•. $0C 

Time of run 63 seconds 

Water flow 9.~ grams/minute 

Drop volume 
(mierom. dlff'.) 

·beg. 

end 

0.100 inch 

0.103 1neb. 

Drop loss in run 0.0119 inch 

Properties of materials at 22 •.5'0C: 

Dif't'us1vity ot phenol in W'ater 0.000774 mm2/see 

»·ehsity ot drop 1.o;; mg/mm3 

Density of water 1,0 

V1.seos1ty ot watel" 0.94' mg/mmsec 

Solubility o·t pbeno1 in water 8.;$ by weight 

Solubility of water in phenol 28.2% by weight 

Intel'fac1al tensien 1.; dynes/em 

Drop dimensions fr&m drop volumes 

Diameter 2.33 rnm 

Surface area 14.0 mm2 

Calculations I 

x • o·.o6812(t7.9)Cl.o;s> (o.71S)/63(14.o} (o.os~n (1.0) 

=· 0~0123 mm/sec 

U =0.498(9,5) • 4,;73 mm/see 

Se • · 0.94;/1.0(0.000?74) a 1223 
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3m • fi<sc) 213 • 0 .298 

Re • 2.33(4.?3)(1.0)/0.945 • 11.64 

W • 0;4?3/(L.,/0.233)1- • 0.1864 



RESULTS AND DISCUSSION 

INTRODUCTION 

The plan followed in the analysis of the data as 

tirst to parallel the work that has been done ith the 

evaporation ot liquids into gases by plotting an equiv

alent of Chilton and Colburn's 3m group versus a Reynolds 

group based on the assumption of spherical drops. Re

sults with each material have been plotted separately in 

this fashion i~ figures seven through ten to show more 

clearly the nature of the function in each case. Figure 

eleven has all the data plotted together showing that, tor 

the assumptions made, 3m is not the same function of the 

Reynolds number for different materials. After eonsider

i ~ several other variables, the Weber numbe~ was intro

duced as the variable to be used in correlating the data, 

figure fourteen showing the results or t his correlation. 

PRELIMINARY PLOTS 

f1gUt! ;even. This is a plot of the results obtained 

with phenol. The data appear to be t ·irly well represented 

by a straight line. It will be noticed that r un number 

10~ with a ReynoldS number of a little over thirty-five 

falls slightly below the line. The calculations were all 

made using the same value of diameter and surface area. 



In this case the drop lost considerably in size during the 

run so. t hat the actual area ·exposed to diffusion was less 

than that used :tn the calculations.. 
· ·' 

The size of the area 

correction 1nvoltred would be just aboUt right to bring . the 

pOint up to the line drn n; the slight change in the 

Reynblds number· involved havj.ng 11ttle effect because ot 

the small slope of the eur'Ve . 
I 

, . /\' I:S.•UU"Sl g1ght. All the data tor m-cresol are shown 

on r ·igure eight., The data includes :runs made with four 
. .,,,, 

ditterent size drops as a check on the effect, if any, of 
I 

the aspect ratios on the val~es round fop jtn at various 

~eynold s ~ numbers . W1th many or the sha~ed po1nt·s lying
i 

;;lightly ~lower t han the clear, some effect of drop size is 

probably shown, but the effect was not considered impor

tant enough to try to deal with~ It may also be seen 

that w1th the exception ot two elear points the data 

appears to lie along a curved line. The two runs that 

appear to be out ot 11ne are runs 1$1 and 149 in the order 

ct their Reynolds _ number . There is no apparent explana• 

t1on for: run 149. Had the micrometer been misread by . 

twenty-five thousandths, the point would ha~e been on 

the line. fhis would have been easy to do and may be tbe 

explanation tor both the high points~ Run 151 was spoiled 

by an air bubble in the meta cresol ·collected during the· 

run. 
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The difference in the shapes of the curves which 

follow the data for m-cresol and phenol is rather re

markable . The upward trend with decreasing Reynolds 

number shown by the m-cresol data 1s notably laeking in 

the phenol data . Reference to figure eleven will show 

that the m-cresol data is very nearly a continuation of 

the data tor nitrobenzene and chloroform at low Reynolds 

numbers, if the arbitrary straight lines are i gnored . 

This apparently odd behavior of phenol in the low Reynolds 

number region is probably to be explained by the inter

ference between natural downward density currents outside 

the bubble and the very slow upward travel ot the water 

tor small Reynolds numbers . A measure of the magnitude 

ot this effect may be had by reference to table f ive in 

the appendix tor comparison of t he amounts of phenol 

dissolved with no water tlow, shown at the bottom of the 

table, and the amounts dissolved at the lowest f~ow rates, 

shown at the top ot the table . The value tor K is higher 

tor the run w1 th no water tlow than fo.r the run where the 

water rate was more than tour grams per minute . The effect 

would not be nearly so noticeable for m-cresol because ot 

the much smaller solubility combined with a smaller differ

ence in density between water and m•cr·esol, 

Despite the fact that a smooth curve could be drawn 

which would at least touch all but five or six of the 
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circles drawn on figure eight, a rough representation 

by the best straight line that could be drawn through the 

data above a Reynolds number of six was used . Less 

weight as assigned to the data at very low velocities 

because of the new and unknown effects ot density currents 

entering the problem in that range . It was telt that this 

study should be restricted to the higher Reynolds numbers 

until more data is available in the lower r nge. 

figure D1nl • The nitrobenzene data shown in figure 

nine are quite well represented by a straight line , although 

a slightly curved line concave up would probably fit some· 

what better . This would make it the same general shape 

as the m-cresol data with the two merging at low Reynolds 

number, but with m- cresol showing more curvature. The 

data is distinguished as to drop size on the plot to cheek 

for the effects ot aspect ratios on the function . There 

is no observable difference in 3m tor different size drops 

at the same Reynolds number~ 

Figure !!A· The data tor chloroform in figure ten 

would appear to be very well represented by a straight line, 

that is , no other smooth curve ould appear to represent 

the data any better . The spread of the data suggests the 

dif'ticulty encountered in making the runs with chloroform. 

The f'irst nine runs are indicated as prelimtnary runs and 

were made using the first ringless piston. The rest of' 



the runs were made with the improved version, the ex

tremely lo point at a Reynolds number of about 280, 

being (number 11;) the first with the ne piston. 

This set of data also includes a group of runs 

designed to test the effects or dro p size, or aspect 

ratios;. on the magnitude of j 
111 

tor a given R$ynolds 

number. No differences can be distinguished. These re· 

sults and those obtained wi th nitrobenzene and m-cresol 

lead one to believe that the results obtained with phenol 

may be compared directly with the rest of the results 

despite the small size drops used in the runs 1th phenol •. 

A rather interesting comparison may be made here 

between the line drawn through the chloroform data and 

the equation Frass11ng derived from his work with the 

evaporation of stationary liquid dro p suspended in oving 

air in a wind tunnel. Frossling•s equation (41, P• ;47) 

can be reduced to the tormt 

(l5) ~{Sc)2/3 =2(1/Re(So)l/3 + 0 . 2?6Re-*>• 3m 
Gy 

The second column in the following table is a set of 

values for jm read from the chloroform plot, figure ten, 

at the values for Reynolds number 1nd1ca.ted in column one . 

The third column is a. set of values tor jm calculated from 

equation fifteen . The f'ourth column contains the percent

age differences between the Jm 1n columns two and three. 



TA.BL 1 

COMPARISON OF CRLOROFOR DATA ITn FROSSLING'S ORK 

Re jm jm %dif:f'.
chloro. Frossl. 

25 0.188 0.118 59 
100 0.083 0.05'7 45 
235' 0.052 0.037 40 

The data for chloroform is seen to be nearly parallel 

to and about fifty percent higher than the semi-empirical 

equation given by Frossl1ng.4 The line drawn through the 

nitrobenzene data is almost exactly parallel and averages 

about t1fty•f1ve percent higher than the Frossling equa

tion. It should be noted here that Powell's data tell 

about t enty-tive percent above Frossline's equation. 

CO ROL~TIO 0 DAT 

Vj.gcositY u A taetoE• Figure eleven illustrates the 

fact that, t least for the higher Reynolds ~umberst above 

Re • 10, jm is no simple exponential function of the 

Reynolds number nor even a rough approximation among differ

ent substances. There is no factor to any power, which is 

any function of the properties of the materials alone, which 

4) Although the form of equation fifteen does not 
suggest the jm should be linear function of Ra on a log
plot , the curvature is hardly discernible in the range of 
Reynold S numbers from tour to four hundred . 
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can be used to correlate the data shown. Any such fac

tor could only translate the lines ithout rotation, 

since the factor would be constant for any given sub• 

stance although different constants for different sub

stances. It has been postulated that the viscosity ratio 

between the drop liquid and the surrounding liquid might 

be an important variable affecting the rate of diffusion 

interior to a drop. (57, p. 236) 

Because test of this hypothesis was specifically 

intended, the question of viscosity ratio will be in

vestigated more fully, The ratio of the viscosity of 

nitrobenzene to that of chloroform is nearly four to one, 

yet, for all practical purposes, the data for the two 

systems fall on the same line. The differences in vis

cosity between nitrobenzene and phenol is, at most 9 no 

greater than the difference between nitrobenzene and 

chloroform, percentage-wise, yet figure eleven shows that 

the data varies widely. For these reasons it was concluded 

that viscosity ratios can be ignored as such for the effect 

they have on diffusion exterior to a drop. 

Int~rrfagia;L tens1QD• atever feature or property 

or the tour systems that will correlate the data must be 

nearly the same for the two systems nitrobenzene-water 

and chloroform-water, while bei-ng relatively quite differ

ent for the other systems. Density ratios would not appear 



61 

to be satisfactory because of the fairly large differences 

between chloroform and nitrobenzene to water density 

ratios--as large as that between nitrobenzene and phenol 

to water ratios--and the fact that m-cresol is out of 

order in this comparison. Ot the dimensionless groups 

discussed in the theory section, only the eber number 

rema1.ns. P'or a given drop diameter and velocity the 

quantity in the Weber number which varies with a change 

in drop liquids is the square root of interfacial ten

sion., The following is the arrangement or the four drop 

. liquids in the order or increasing interfacial tension 

between water and drop: 

TABLE 2 

Liquid System Interfacial Tension 
dynes/em 

phenol-water t.$ 
m-cresol-water 5.6 
nitrobenzene-water 25.7 
chloroform-water 32.8 

This arrangement 1ooks very promising in that the liquids 

appear in the same order as the data on figure eleven, 

and the nitrobenzene and chloroform values are relatively 

close together percentage-wise compared to the other 

systems. Evidently some function or the Weber number may 

be used to bring the four given sets of data together.? 

5) This fact points to the possibility that a change 

http:rema1.ns
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The answer to the question of what f unction or the Weber 

number to use was an arbitrary one. It was decided · to 

use some function or the Weber number as a multiplier ot 

the· ordinate·. 

Cprralatiop. !litl Webe£ niQill>er, · It is obvious that 

the Weber number with some constant exponent will not 

improve the data any, in spfte of the tact that the 

velocity does occur in the w~ber number. Such an arrange

ment will change the slopes ot the plots, of courset but 

it changes all the slopes by the same amount for any given 

Reynolds number, thus leaving the data still lying along 

diverging lines--though the point ot their intersection 

may be changed by the size ot the exponent, This may be 

illustrated more clearly by considering what happens at 

the point or intersection when the eber number exponent 

is zero it the exponent is assigned some other value, say 

unity. Since the density and viscosity in the Reynolds 

number are those ot water the value ot the Reynolds number 

will not change trom system to system it the d1arneter and 

xelgc.tz a;g htld constant. If the diameter and veloeity 

in shape 1s responsible tor the differences in results. 
Figures tive and six are photographs ot a nitrobenzene 
bubble• figure five shows the bubble with no water velocity.
Figur six is the same bubble with the water flowing. Both 
appear flattened from the distorting effect ot the glass
tube tull of w~te~, but the bubble is noticeably flatter 
in figure six. 

http:xelgc.tz
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are held constant, the density in the eber numbe:r also 

being that of water, the eber number changes inversely 

as the square root of the interfacial tension. Looking · 

at the point of intersectip~: :Of the curves of figure 

eleven, it is seen that if lm at this point 1s multiplied 

by th eber number, the new ordinates are separated by 

one half the percentage difference in the surfao• . tens1ons. 

Evidently, then, the multiplier to be used mt.lst be 

function of the Reynolds number. It was .decided to find 

a function of the Reynolds number hich, used as th 

exponent of the eber number, would most nearly bring the 

data of figure eleven together. 

It has already been pointed out that, it the diameter 

and velocity are held constant for any given Reynolds num

ber, the Weber number is proportional to the square root 

of the reciprocal of the 1ntertao1al tension. Figure 

twelve is in effect a plot ot jm versus Weber numbert for 

various constant values or the Reynolds number. The dat 

for these plots was taken from the straight lines drawn 

on figure eleven with considerable r ather shaky extrapola

tion necessary tor the Reynolds numb r of 200. 
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TABLE 3 

jm FROM FIGURE ELEVEN 

1/ t 
Re 

0.1?46 0.19?2 0.422 0. 816 

12 . $ 
25' 

0.28 
0.185 

0.2? 
0.185 

0. 33 
0.272 

0.35'5 
0 . 325' 

;'0 
100 
200 

0.,125
0. 083 
0 .05'6 

0.126 
o.o8? 
0 . 060 

0. 223 
o .,184 
0.15'0 

0 . 29; 
0 . 2?0 
0. 246 

The data so plotted did not fall on straight lines, but in 

order to get an exponent for the eber number which 1s a 

function of the Reynolds number alone, the ·best straight 

lina was drawn through each set of data. the slopes ot 

these plots used as the exponents for the Weber number 

to be multiplied by jm will bring the lines which repre

sent the averages of the data plotted on figur eleven 

nearly as close together as the points and lines in igure 

twelve. Figure thirteen 1s a plot of the slopes of the 

lines in figure twelve showing the exponent to be used 

tor the eber number as a function of the Reynolds number . 

TABLE 4 

SLOPES OF LINES ON FIGURE TWELVE 

Re (for line) c (slope of line) 

12 . 5 0 . 179 
25' 0.385' 
5'0 0.610 

100 0. 85'7 
200 1.029 



Figure fourteen is a plot of all th$ data using the 

results of figure th1rt.een to bring the data together. 

Although the agreement is perhaps not all that mlght be 

desired, the i mprovement over figure eleven is consider.-. 

able, Plus or minus twenty percent from the curve drawn 

through the data will include all but a handtull of pOints 

(fewer than ten) which have already been discussed as 

probably gross experimental error .~h !he equation of the 

curve was obtained by t~ial and et"ror; arbitrarily assum... 

ing the form. ot the curve to be parabolic three points 

were ehosen for the curve to pass through. and the constant 

coetf.1e1ents for a parabola determined from these points .• 

The· points locating the c\U've drawn on figure fourteen 

were calculated from the equation: 

(16) Y • 0.386 • 1.-967X • o.?41X2 • a 

where X is the logal'ithem ot the Beynolds number, 

Y is the logar1them ot lmw·e., 

and c is 0-.7~5' lo·g Re .-. o.66$. 

DISCUSSION 

Wtbtt llYmPtt Ansi ~ diamete£. An interes.ting as

pect of th1s corr·elation is tound 1n the ~ consideration of 

the way W changes 'IJ'Jhen the product Ud is held eon.stant 

while d is allowed to vary. This is equivalent to the 

condition that the Reynolds number is constant tor drops 
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suspended in a given liquid. Rewriting the Weber number 

in the form Ud/(~d/P}i, it becomes obvious how the eber 

number behaves with constant Reynolds number. The Weber 

number 1s then: eonst(~d)-t; or, for a given liquid 

pair.,. . the Weber number varies as d•t. This fact indicates 

that, it the eber number alone may be used to correlate 

the data, 3m must be a function ot the diameter of the 

drop for the plots shown in figure eleven, f'or, 1f the 

diameter is changed, the Weber number changes as d-t 

and 3m must then change by some amount if the product 

3mw-c is to remain constant. It was observed, however, in 

plotting jm versus Re that no detectable change in 3m was .,. 
wrought by changing the drop diameters. The first in

terence drawn trom this was that the aspect ratios could 

be igno!"ed. 

Taking the case of chloroform-water 1n the range of 

Reynolds numbers from forty to seventy where the runs 

with different drop sizes were made, the exponent for the 

Weber number used in the correlation is in the neighbor

hood of minus one; here, a change in drop size changes the 

multiplier to 3m by a factor ith the order of' magnitude 

ot the square root of the ratio of the diameters. In 

order for the eber number to correlate the data, then, 

jm should have shown an increase with decreasing drop 

size in the ratios of drop diameters to a power something 
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less than one half in the range of the experiment . The 

maximum ratio ot dro p diameters used was 2.33/3. 41 • 0.684. 

The square root of t his number is about 0.83. This is 

only seventeen percent change and it is quite probable 

that, in the equipment used , this effect was obscured 

by an effect trom the size of the drops 1n relation to 

the size of the glass tube, remembering that the pro

jected area of the l arge drops as s pheres was one fourth 

of the cross seetion of the glass tube . This effect was 

not studied adequately inasmuch as only one -size flow 

tube was used.. For this reason, no attempt bas been 

made to correct for t his factor . Undoubt.edly, some of 

the .spread of the points i n figure fourteen can be 

attributed to the effects ot difterent drop sizes used . 

ebtt Dumber .u sbapg :aeto;r.. It was suggested 

th t use of the Weber number tor correlating the data 

might be thought of as a shape factor . As illustrated 

by figures :t'ive and six, drops do change their shape 

with changes in veloci.ty, and, surely,. the amount of 

change must be closely connected with the interfacial 

tension. For the instance where a dro p hangs suspended 

at rest, the shape is more nearly that or a prolate 

s pheroid t han that of a sphere. The drops or phenol ere 

observed to be much elongated with the water at rest4 The 

result of increasing the tlow or water in the tube from 

http:veloci.ty
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zero to high velocities was a gradual shortening and 

tlatteni~g of the drop until its final disruption. The 

surface under these conditions undoubtedly undergoes an 

initial decrease to a minimum and then an increase to a 

maximum at the point of the drops destruction. 

Some estimate ot the possible change in the area ot' 

the surface of a drop of constant volume may be had by 

making the assumption that the shape changes from that ot 

a s phere to an oblate spheroid. Let r be the radius of 

the spherical drop and a and b the semiaxes or the drop 

after distortion to an oblate spheroid . lt "a" is arbi• 

trarily t aken to be {3/2)r• b must be (4/9)r, and the ratio 

a/b is more than 3 . ~ . This is a f airly thin wafer , as 

spheres go, yet its surface is not quite a third more than 

that ot a sphere with the same volume. (21, p. 263) 

Comparing this modest increase in area or a drop for 

a rather extreme distortion with the increase in jm in 

going from the data of chloroform to that of phenol in 

figure eleven at a Reynolds number ot about sixty, the 

possible 1nc?ease in area attributable to distortion would 

not seem to be the whole explanation tor the more than 

1'0 percent increase in 3m··prov1ded it is reasonable to 

assume that the surface is approximately ellipsoidal in 

section. Even the right circular cylinder circumscribed 

about the spheroid , containing considerable more volume 
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thereby, has only 175 percent (75 percent increase) or 

the surface area of the sphere whose volume is that of 

the spheroid. It might be noted in passing ~hat the change 

in the shape of t he nitrobenzene drop appearing in .figures 

five and six as r oughly determined by measuring the 

dimensions of the photographs. It was decided that the 

change in ratio alb was at most a 23 percent increase. 

Further study of this phenomenon seems to be indicated, 

perhaps with a setup to photograph the drops to deter ine 

their shapes and sizes. 

E.ffes;s Q! bubb;Le ~. In considering the surface 

of the dro p it must be remembered that the top or the drop 

was occupied by the bubble tube. The surfaee area of the 

opening of the bubble tube was calculated to be 2.7 square 

millimeters. This area represents about sixteen percent 

ot the area ot a sphere with the same volume as the smallest 

drops used and somewhat over seven percent in the case ot 

the largest. Frossling•s work with solid spheres of nap

thalene indicate that considerable mass transfer takes 

place at both poles of the sphere ith an area near the 

lee pole where mass transfer seemed to be negligible. It 

is not known what effect th1s will have on the comparison 

of this data with or application to the case of tree f 11

ing spheres. On the basis or discrepancies bet een the 

values of areas and diameters used the difference can be 
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only a few percent . The most likely source of large 

effects from the presence of the bubble tube ould be the 

disturbance or flow around the drop . 

ApJ2l1cation .tQ a;At:tras:tion ~. In comparing figure · 

fourteen 1th the only liquid-liquid extraction data for 

which mass ti'ansf'er coefficients could be calculated on 

the basis or known surface areas, three sets of data were 

found to agree very closely with thG curve dra.wn on figur$ 

fourteen; two disagreed by large factors; and one was not 

compared . The worst discrepancy occurred for the system 

iSopropyl ~ther-acetie acid-water reported by Licht and 

Conway . The overall coef£1c1ent for the isopropyl 

ether phase was more than ten times as large as the indi· 

vidual film coefficient predicted from an extrapolation of 

figure fourteen. Since the Reynolds numbers were well 

above one thousand for this systemt 1t is possible that 

some large qualitative change 1n flow characteristics is · 

responsible. 

The data of both Sherwood, at al, and Licht and 

Con ay appeared to be in the range of ten to thirty per

cent higher than figure fourteen for the system methyl 

isobutyl · ke tone-water-aee·tic acid 1 the Reynolds numbers 

being about tour hundred . 

Th~ disagreement bet een the data of Sherwood, et al , 

and West, et al, tor the system benzene-water-acetic acid 
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bas already been pointed out. Because the distribution 

coef'f1c1ent is very large and the benzene was made the 

dispersed phase, the benzene film inside the drop was 

controlling and the overall coetf1e1ent based on benzene 

could be taken to represent the benzene film individual 

mass transfer coefficient. Although the data for the 

correlation in figure fourteen as exclusively for the 

exterior of drops, it is or interest to observe that the 

data of Sherwood, et al, fits tbe empirical curve ith as 

good precision as the calculations from the data can be 

made, while the data of est, et al, is different by a 

factor of four. 

ElU\ORS 

GenetGl• The spread of some of the data suggests the 

manifold opportunities tor errors, many ot which have al

ready been mentioned. None of the data obtained with the 

first piston has been reported because it was not consi

dered to be reliable with leakage in unknown amounts.. All 

the data obtained with the last two pistons are plotted 

even though, in some cases• a run was known to be unsatis

factory because of some mishap . e.g., the chloroform 

point at a Reynolds number of about ?6 is probably low 

because of an air bubble that was sucked into the chloro

form bubble just before the micrometer reading was taken 
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at the end of the run. The other very large errors are 

most probably the result or misreading the micrometer by 

0.02;' inch, or possibly the result of a gross error in 

weighing the water, though, f'or most runs with chloroform 

and nitrobenzene more than one beaker of water was collect

ed tor weighing • 

In al l, tour kinds of data were taken here mistakes 

could be made in reading--random, systematic• or acci

dental errors being possible. These will be taken up 

in order ota time or run, water flow during run, tempera

ture or run, and micrometer readings. 

JimlAB• Errors in timing the length or t he run pro

per were made at the beginning and end of the run during 

the operations necessary to get the run started and 

stopped. Except tor phenol, these consisted of: first , 

the time ot formation ot the drop and ~i thdrawing the 

drop into the bubble tube with no water flowing; second, 

the time required to move a hand between the bubble tube 

and the stop cock and turn it on or o f t with the drop 

out; and, third, the time between starting the water flow 

and starting the stop watch or clock at the beginning ot 

the run. Water flow could be stopped at the end or the 

run by the clock. For phenol runs, assistance was ob

t ained so that the drop was formed and the water started 

concurrently, the stop watch also being started during 
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the process . It 1s doubtful it a total error of half a 

second was made in any of the phenol runs . 

It was shown in preliminary tests i th nitrobenzene 

that, with no water flow, the amount dissolving in ten 

seconds would hardly a measurable, so that the only error 

in these runs was the time bet een the turning of the 

stop cock and the starting of the stop clock at the 

beginning of the runs . An error of a full second here 

ould represent lass than 0.1 percent of the time for 

most of the nitrobenzene runs . For a few of the runs 

this represented 0 . 4 percent or the time of run. It is 

doubtful if many errors this size were made in timing . 

Although chloroform is about four times as soluble 

as nitrobenzene, the same timing technique in making the 

runs was used, except that a timing clock was used ex

clusively to time the runs and the clock and water were 

started simultaneously. The clock was chocked against 

the stop watch and could be relied on to at least one 

second accuracy . The t i me to manipulate the bubble tube 

as less than two seconds for most runs , making this 

factor negligible--compared with other errors . No data 

was taken to check the magnitude ot this error, but it 

could not be more than o. $ percent tor the ten minute 

runs , assuming that the rate of solution during this time 

was, at most, no gre~ter than during the run. 
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The data for m-cresol was t aken with the same t ech· 

n1que used for chloroform. Because ot its greater solu

bility, several blanks were run to corr ect for the t ime 

taken in running the bubble out and back. The average 

value of these runs, 0.001 inch on the micrometer, was 

subt~acted from the subsequent runs with m-cresol. For 

two of the runs this correction was about eight percent ot 

the total loss during the run; for these special cases the 

starting error may have been as high as t o to four per

cent. Except for tour of the runs 1 the blank correction 

was less than five percent of the total loss (less than 

l percent tor three) . so that the time ot run was probably 

accurate within one percent tor most runs. 

El2J liil• !here were two possibilities for making 

experimental errors in measuring the water flow rates, 

either in timing the collecting period or in weighing the 

beaker. For phenol and m-cresol t he length of the run 

and the length of water collection coincided--that ist all 

the wa ter that passed through the apparatus durin the 

run was collected and weighed; thus, any errors in timing 

were compensati ng on the ordinate of all plots because, 1n 

t he ratio K/0, the time cancels out, the only effect to 

remain being an error in Reynolds number directly propor

tional to the error made in timing the water flow. This 

error was probably never as much as one s econd. The same 
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may be said or the water collections tor nitrobenzene and 

chloroform, the timing being done separately ith a stop 

watch. Since most collections were for tour minutes or 

more , the error represented by one second is about o.; 
percent . 

The beaker was weighed on a laboratory bal nee 1th 

a sensitivity ot 0.1 gram. For some ot the very small 

Reynolds numbers this represented, about one percent or 

the water weighed , the error possible being about two 

percent because of the tare weight. Mostly1 the erl'or 

from this source was well under one peroent1 and mueh 

ot the time well under 0.1 percent because of the large 

weight of water collected. 

Although it is a constant factor as tar as water 

velocity is concerned it may be stated here that the dia

meter of the glass tlow tube was known 1thin plus or 

minus one percent . It was found to be slightly tapered. 

Temperature. The temperature is a very important 

variable in mass transfer problems,, but no .provision was 

made tor 1ts control in this problem. It was ho·ped that 

room temperature would be near enough constant so that. 

the temperature could at least be measured. At times the 

temperatura d1d remain ta1rly steady over long periods. 

During the first seventy-five runs no critieal examination 

ot the method being used to measure the· temperature of the 
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bubble as made . It had been read several times each 

r un nd usually stayed 1thin a te tenths or a degree 

Fahrenheit of the initial reading. 

. ~he temperature coett1e1ent of the Schmi·dt group 

tor nitrobenzene in water to the two-thirds power is about 

minus 1,8 percent per de·gree Fahrenheit at 70° F. The 

solubility increases at the rate of ab ut o.6 percent per 

degree increase 1n temperature. Since the solubility 

appears in the denominator of the mass transfer eoetf1• 

eient, the t o effects are additive and an ~rror ot one 

degree Fahrenheit will change the ordinate <~m) by about 

2 . 4 percent in the ease of nitrobenzene . For runs pre

vious to ·run 75, here the temperature recorded was that 

ot the level chambert there was the possibility ot an 

error of two or, perhaps, three degrees Fahrenheit in 

some instances . The thermometer placed belo the glass 

tlow tube in a T indicated that the temperatur e at the 

level chamber might b~ higher, lower• or the same as the 

temperature at the bubble, hence no attempt was made to 

correct the previous data , but 1t was recognized that 

errors as 1 rge as 2.; percent were probable and errors 

trom t1ve to eight percent pos sible from t~is soure& . For 

.r uns subsequent to run 80, 1 t was thou ht i mprobable that 

errors as large as three percent ould be present, with 
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errors from rpeasurement of water temperature mostly in the 

range of one percent or lass. Note that this includes all 

th~ data. other than nitrobenzene and part of the nitro

benzene datap 

A second source ot error which may be included ith 

temperature is possible heat effects from the heats of 

solution of the drop liquids in water . No attempt has 

been made to evaluate these effects~ Figure six may be 

an indication of the presence ot temperature changes at 

the surface of the drop. Figures five and six are photo

graphs of the same nitrobenzene drop taken within a few 

minutes of each other. The :taint outline of "fog" may be 

seen as an inverted cone at the center of the drop 1n 

figure six. This "fog" was observed to :form almost imm&• 

diately after the start of the water flo and disappeared 

shortly after the water was stopped. The etteot could not 

bo produced at will , but appeared from time to time on 

different nights , apparently caused by the precipitation 

of tine droplets or water in the nitrobenzene at the sur

face of the drop. (It ill be remembered that the nitro· 

benzene had been saturated with water before its use; 

slight changes in temperature during the day may have lett 

it supersaturated at night.) The taot that the eloudyness 

disappeared after the water flow was stopped suggests that 

the manifestation might have been the result ot cooling at 
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the surface from the dissolving of the n1trobenzene .6 

atever the c use , the effect as not observed in any 

of the other drop liquids . 

1c:rometer reading§. Probably the argest single 

source of error, particularly for chloroform runs, as 

the measurement or the change in volume of the drop with 

tho micrometer. Such errors came from threo eauses; the 

structure of the apparatus, surface effects of the l1quids, 

and change of temperatura during the run. A systematic 

error could have been introduced by an error of perh ps , 

a quarter of a thousandth of an inch in measuring thG 

diameter o the bore of the bubble tube . This ould pro

duce a constant error or about 0.7 percent in all the 

volumes calculated from micrometer differences . 

The greatost difficulty in making measurements arose 

from changes of the wetting angle of the liquid-liquid 

interface at the tip of the bubble tube. Usually , !or 

the reading point at the beginning or the run, the liquid

liquid interface was smooth and flat across the end of the 

bubble tube . Otten at the end of the run, a flat surface 

s;oyla ng~ bEl attained . For chloro:f'orm, this presented a 

6) Figure six is visual evidence of the form o! the 
circulation within the drop caused by the motion or the 
exterior liquid. The tiny droplets could be seen to be 
traveling up near the surface of the drop and down through
the center. The interior of this drop was oert inly not 
stagnant. 

/ 
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serious problem because.. the l:'eadings would change rapidly 

after a run, increas ng by several thousandths in the firs t 

thirty seconds, or so, then starting to decrease as the 

chloroform dissolved . An attempt was mane to correct tor 

this tendency by taking the maximum reading at the be

ginning and end or t1e runs. It is not. known exactly how 

large this e fact as , but it probably accounts for ost 

o the spread in the chloroform data. This trouble was 

not encountered at all ith phenol and only inte.rmittently 

ith nitrobenzene and m-eresol . 

The th~rmal axp nsion of the liquids would cause a 

change in micrometar readings 1 the temperature changed 

appreciably during the run . The ph~nol and m-eresol runs 

were so short that the small temperature changes in~olvad 

were neglected. The error involved was wcall under one 

percent _or most cases. The micrometer readings were 

corrected tor the volume change of the 11qu1d where the 

change would be more than 0 . 0001 inch on the m1crometer ~ 

Some errors were undoubtedly introduced from the 

I-'OSSible impurities in the technical grade materials used . 

Any ~er1ous discrepancy would probably have been no-ticed 

in the case of nitrobenzene , because many of the drops were 

reduced to less than half their original volume in repeated 

runs, yet no constant trend of change 1n the mass transfer 

rate as observed. Several double runs on m~cresol drops 
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likewise showed no definite trend . It is guessed that 

errors from this source are not greater than tour or five 

percent (probably much less ) for either nitrobenzene or 

m-cresol and should be quite negligible for phenol and 

chloroform. 

Tho accuracy of the final correlation depends on the 

Vtilues of the interfacial tensions . No correction for 

temperature was made in any case; the values f'or chloro

form and nitrobenzene used were taken from Lange ' s hand

book and were for 20°C . Experimental values for m-cresol 

and phenol were used, the temperatures at the time of' 

determination being respectively 28°C and 24° C. As a 

check, the value for chloroform determined at 26 .SOc 
agreed very closely with that in the handbook . (32 . 7 com

pared to 32 . 8) 

§gpmgary . Arranged in the order of importance, the 

errors in reading the micrometer caused by surface distur

bances would come first because they were the largest and 

most frequent . MOre accurately made bubble tubes or differ

ent materials might cure this trouble , The second most 

important source of error in this work, temperature con

trol, could and should be eliminated in any future work , 

For more careful work , the liquids used auld, of course , 

be secured as pure as possible to remove any doubts about 

their properties , al though there Jas no appar ent interference 
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fr~m . impurities 1n the liquids used in the pr~sent work. 

The. rest o:t the errors di.scussed, were thought to be 

nt)gligible, or could readily be made so. Howeve:r, 1t .· 

.should be potntsd out t at some of' the errors not diS• 

cussed could have some affect on the results, e.g.,. most 

of th~ ' dif:t'usivities were estimated from an empirical 

cor!'ela tion and could be wrong by several percent. · 
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CONCLUSIONS 

1. A satisfactory method tor studying mass tr nsfer 

trom single drops or liquid was developed. 

2. fhe data on evat»ration from spherical surtaees 

to moving gas streams did not fit the oase of solution ot 

liquid drops in moving liquid streams. 

3. The Weber number was tound an important consi

deration in 11qu1d-11qu1d extraction. 

4. the viscosity and density ratios between the drop 

liquid and 1ts surroundings apparently did not enter in an 

important way in mass transfer external to a drop. · 

;. A tentative empirical correlation of the data was 

obtained w1 th the use ot the Weber number. Extrapolation 

ot the correlation to higher Reynolds numbers appeared to 

be unsafe. · 

6. Further work should be done with different liquid 

systems and different tlow tube diameters to verity the 

generality or the relation and improve it, or discover its 

fallacies. 

7. No satisfactory theory was developed to explain 

the extremely large increase in mass transfer shown by 

phenol and m•cresol over nitrobenzene and chloroform~ lt 

Reynolds numbers larger than ten or twenty, possible in

creases 1n surface area are not large enough to be the, 
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sole cause of the observed increase in mass t~ans.ter. 

8. !b~ visual evidence of figure six and the appa. 

rent applicability of the present correlation to the 1n• 

terior or drops as well as the exterior indicates that 

mixing takes place on the interior of liquid drops. 
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APPENDIX A 

EXPERIMENTAL DATA 

The following pages pre~ent the experimental measure

ments made together with the quant1t1e.s plotted in corre

lating the data. The first tour columns are self explana

tory. The fifth and sixth columns are the differences in 

micrometer reading with the drops formed and withdrawn 

into the bubble tube, the fifth column being this differ

ence at the beginning or the run and the sixth at the ehcl 

of the run. These columns, then, are a measure of the 

size of the bubble. The seventh column, beaded, "Loss 

micr. diff.", 1s the difference in reading or the miero

meter at the beginning and end of the run with the drop 

withdrawn--hence represents the loss in bubble liquid dur

ing the run. The rest of the columns are the quantities 

plotted! Note that the exponent for 1f in the last column 

has been found empirically to be: 

e • .7;; log Re - o.66;. 



TABLE ~ 

PHENOL-WATER DATA 

Run 
No. 

Ave-. 
Temp. 
oc 

ttime 
sec 

Water 
Flow 

gm/m!n 

Drop Voinme 
(Mier.Diff.) 
Beg1n EIJ4 

Loss 
Mier~ 
D!ft 1 

IOOK 
mm 

· .ses 

jm 
~(Sc)2/3u 

Re 
due 

)1. 
UJde 
''L 

lmw-e 

104 
1~~ 
99 

100 
102 
106 
107 
109 
105' 
108 
111 
110 

21.9 
22.0 
'22.5' 
22.5' 
22.2 
22.1 
21.8 
21.6 
21.4 
21.9 
21.5' 
21.2 
21.2 

120 
120 
60 
60 
60 

120 
120 
120 
60 

120 
60 
60 
60 

4.9 
4.9 
9.5 

12.9 
13.6 
15' .1 
16.1 
16.4 
29.3 
29.1 
30.0 
39.8 
40.0 

101 
100 
100 
100 
102 
101 
102 
101 
100 
100 
100 
100 
101 

97 
101 
103 

94 
97 

101 
94 
98 
97 
70 

111 
95
85 

22.8 
21.6 
17.9 
25.5 
27.2 
60.0 
62.6 
62.5 
5'5'.0 
95'.4;;.o 
6~.7
6 .2 

0.82? 
0.,?83
1.232 
1.840 
1.969 
2.1?0 
2.273 
2.270 
4.01 
3.46 
4.01 
4.80 
4.9? 

0.396 
0.37~
0.29 
0.330 
0.335 
0 .333 
0.332 
0.327 
0.325' 
0 .279 
0.31? 
0.289 
0.298 

5.93 
5.95' 

11.64 
15'.82 
16.56 
18.37 
19.44 
19.?2 
35'.0 
35'.2 
36.0 
47.4 
47.? 

0.096 
0.096 
0.186 
0.252 
0.266 
0.296 
0.316 
0.322 ' 
0.5'75 
0.571 
0.5'99 
0.781 
0.?85 

0.326 
0.308 
0.3?b
0.41 
0.469 
0.4?2 
0.472 
0.46; 
0.428 
0.370 
0.415' 
0.33~ 
0.344 

112 
94 
95' 
96 
97. 

101 

21.2 
22.8 
22.8 
22.8 
22 ..8 

60 
60 
60 
60 
60 

55.;
0 
0 
0 
0 

90 
98 
99 

100 
107 

86 
96 

103 
95 

88.1 6.43 
13.·8 .995' 
14.7 1.o;;
14.2 1.026 
16.7 1.205' 

lost drop 

0.277 ----

66.1 
0 
0 
0 
0 

1.089 
0 
0 
0 
0 

0.262 

-
-

"' "' 



fABLE 6 

m-ORESOL-WATBR 
' 

nun- Ave. Tlilii water Drop folum• Loa a lOOk l1!l 
-

' Re w 
No. Temp. sec Plow ( Micr.D1t.f'. ) IIior. mm 4UP U{if?£ Jmw-o§<sc)2/3oc p/min Begin Bn4 Diff". -aeo p: rcr 
1~8 22.3 240 2 .. 8 100 102 12-2 p.976 0.847 3.44 0.0285 0.356 
156- 20.0 240 3~'7 . 100 102 11.0 0~846 0.637 4.29 0.3?5 0.529 
155 20.1 240 . 3.9 260 254 18.3 0~668 0~475 6.25 0.465 0.4~ 
154 20.2 240 10.1 . 100 104 16~3 L254 o-~3435 11. '75 0.1024 0.475 
l51 21.0 :240 9.4 300 45~8 1~471 0~4212 16.3 0.1152 0-.720*· 
153 20.2 240 10.'7 300 ao4 34~5 1~107 0~2861 ~8.24 0.1314 0.510 
152 20.4 240 1o:.9 300 S03 M.8 1~112 0.2800 18~66 0.1337 0.505 
150 21.4 240 2l.2 100 l.02 26.2 2.017 0~2529 25..3 0.215 0.460 
146 22.5 240 30.. 1 100 104 36~4 2.'761 0~2344 37.0 o.306 0.433 
149 21.4 240 21.8 300 283 84-.9 2.78 0.3364 37.9 0.266 0.673 
147 22.4 240 30.8 200 189 59.6 2.607 0~2171 48.0 0.353 0.406 
140 24.0 240 51.5 100 99 5B.7 3.82 0.1802 65.8 0 .. 525 0.284 
139 24.4 240 48.6 100 134 63.7 4.52 0.2~2 66.5 0.510 0.33'7 
145 22.9 240 35.6 300 327 92.4 2.824 0.2015 67.4 0.447 0.358 
142 23.9 240 56.2 100 l.09 65.0 4~75 0.2061 72.9 0.578 0.310 
137 26. 60 48.2 200 180 20.7 3.68 0.170 83. 0.55 0.27H 
1.44 23.4 240 70.4 100 105 68.'1 5.21 0.1835 88.7 0.718 0.240 
138 24.2 240 49.4 300 230 117.3 4.04 0 .1958 90.0 1.601 0.296 
141 23.9 240 57.5 300 252 135.5 4.61 0.1956 103.6 0.695 0.267 
143 23.6 240 72.6 300 241 164. 5.65 0.1918 129.2 0.875 0.217 
136 No micr. reading at end or run 

No reading with drop out at end or run*** Preliminary run ~ 
0 



TABLE 7 

NITROBENZENE-W.TER 

Run ve. Time ater Drop Volume Loss 166K 3; Re w 
No. Temp. 38C F10Jr (Micr.D1t1'.) M1cr . mm <iUP U./diO Jmw-o1J(Sc)2f3OF ~min Besin End Diff. -~c 'iJ .r;;:

,.. 
73 72.0 1500 5.0 300 301 10.7 0 .. 894 0.352 8.92 0.02868 0.422 
71 81.9 1500 5~12 300 300 1.3.2 0~979 0~314 10~34 0.02938 0.447 
70 81~6 1500 5.19 300 300 13.0 0.997 0.3170 10.44 0.02978 0.454 
67 72;.1 1500 6.12 315 304 11.3 6.12 0~2935 1~.07 0.03530 0.441 
66 72.0 1500 ·6.30 327 315 11.5 0.912 0.2837 11.47 0.03655 0.442 
85 70.2 1500 7.3 300 300 11.1 0.936 0.2617 12.75 0.0419 0.. 446 
74 72.1 1500 11.28 300 298 14;.8 1.230 0.2~36 20.19 0.0647 0.512 
61 
58 

73.2 
75.5 

1500 
1500 

12,17 
17.32 

301 
166 

285 
153 

16.3 
12.5 

1;.360 
1.604 

0.2141 
0.1699 

20.48 0.0695 
26.3 0.0898 

0.508 
0~450 

68 72.1 1500 9.57 303 288 15. 5 1;.299 o.l323 32.8 0.1099 0.390 
69 71.7 1500 9.08 320 304 15.7 1.272 0.1373 34.2 0.1051 0.403 
75 72.2 1500 23.25 300 293 19.2 1.600 0.1347 41.61 0.1334 0.413 
60 74.0 1500 24.84 322. zoo 22.0 1.746 0.1340 46.1 0.1435 0.420 
57 76.1 1500 ~o.8 183 165 17.4 2.094 0.1235 48.5 0.1619 0.369 
59 75.0 1500 26.04 346 325 23.6 1.772 0.1.261 50.1 0.1521 0.395 
56 77.1 1525 45.8 208 184 24.2 2.630 0.1025 75.6 0.2450 0.294 
72 79.5 1500 51.1 300 297 26.1 2.0S3 0.684 100.2 0.2932 0.1915 
76 72.2 1500 56.53 300 296 28.4 2.360 0.0817 101.2 0.3243 0.2117 
80 72.2 600 58.0 300 298 13.0 2.698 0.0911 103.8 0.3327 0.2397 
78 72.6 600 59.3 300 300 12.. 2 2.518 0.0830 106.7 0.3402 0.2101 
'79 71.3 600 59.8 300 300 12.5 2.621 0.0871 105.9 0.3431 0.2194 
84 68.2 300 77.5 300 301 6.3 2.690 0.0732 131.8 0.445 0.1557 
77 72.1 600 75.0 300 297 13.4 2.796 0.0'731 134.2 0.430 0.1610 

..., 
0 .... 



TABLE 1 CONTINUED 

RU.il 
No. 

Ave. 
Temp.

OF 

TilDe 
seo 

Water 
Flow 

gm/min 

Drop Volume 
(Micr..Diff.) 
Besin End 

Loss 
-M1cr . 
D11".f . 

lOOK 
mm.-sec 

Jm ·~~R.---·~· w 
K(Se)2/3 dU,o U.fi/P
u JJ J)T 

3mw-e 

83 
55 
65 
64 
63 
81 
82 

70.0 
77.8 
68.5 
68.8 
68.3 
73.2 
72.. 9 

900 
1500 

250 
250 
250 
900 
900 

77.3 
101.2 
121.2 
123.8 
125.7 
134.2 
132.7 

300 
248 
.309 
317 
326 
300 
300 

313 
208 
302 
3l.O 
317 
302 
~ 

17.7 
40.6 
7.0 
6.7 
8.4 

28.6 
27.1 

2.505 
4.01 
3.514 
3.319 
4.09 
3.913 
3.707 

0.0664 
0.0698 
0.0608 
0.0560 
0.0686 
o.osoo 
o.o539 

134.5 
171. 
208.8 
215.2 
218.2 
240.0 
243.5 

0.444 
0.545 
0.699 . 
0.715 
0.729 
0.770 
0.76~ 

0.. ].422 
0.1292 
0.0895 
o.oaos 
0.096'7 
0.0754 
o.o7zz 

2 



'!'ABLE 8 

GHLOROFORM•WA~ 

Run 
No. 

Ave . 
Temp.

oF,c 
Tii'ila 
sec 

water 
Flow 

gm(min 

tJrop Volume 
(J.ficr.Di.tt~)
Begin :End 

Los~ 
Mio-r. 
Dl.ff. 

lOOK 
nun 
aeo 

Jtn 
!(s ,2/3
u · c 1 

Re 
dUP p 

w 
UJJP 
.nr 

..._ 
J.ro 

·, 

95 70.8 900 4~45 300 320· e.o 0.$38 0.140& ~.83 0~02260 o.l4M 
125 21.0 60:0 7~2 300 298 17.0 1.0'72 0.2813 12.50 0.0366 ~481 
l24 21~0 800 12~6 300 299 2~.:.2 1:.336 0.200'7 21 . 8 0.0040 0.515 
123 2~.1 500 22.2 300 298 27~7 1.747 0~1484 sa. ·s o.1122 0 .• 4711 
132 22·~0 600 34~9 .100 99 18.8 2~S60 0.14.95 . 42.5 o.l46S 0.440 
122 2l..2 600 26.Y 300 300 30~1 1.903 0.1338 46.;> 0.1357 0.436 
131 21.? 600 34..7 150 1.52 23.1 2~408 0.1278 49... 2 0 .• 15?7 0.394 
134 
l33 

23•. 0 
22 .7 

600 
600 

:34.8 
·34.5 

150 
250 

153 
251 

21.7 
29.0 

2 .288 
2 .099 

o.1160 
o .•koa& 

50.8 
59.0 

0~1583 
0.~702 

(h364 
0.354 

l28 22•. 7 600 35.. 7 200 197 2'7.3 2.323 0 .. 1157 ~6.7 0.1687 O~Z74 
1.27 
130 

22.9 
2.2.1 

600 
600 

36.1 
3-6.. 66 

250 
300 

258 
305 

32.0 
as.s 

2.~17 
2.23'7 

o .. ll3'7 
o.lUl 

Gl..S 
65-.t5 

0.1700 
0-.18$2 

().5?2 
0-.362 

92 
~21 
126 

70~8 
21.3 
22.7 

600 
600 
600 

38.0 
38.4 
38.9 

300 
300 
300 

2_96 
295 
303 

29.2 
35.. ()
ss;.? 

1 ••846 
2.207 
2... 2&9 

0~0900
o.lo7a 
o .•l0$9 

66.8 
6~.0 
70.4 

0 .. 1930 
0.1950 
Ol.l976 

0~2893 
0.3417 
0.338 

l.l4 
J.20 

21.1 
21.1 

600 
600 

44-.0 
49,. 

300 
300 

314 
297 

14.4 
30.6 

0-'!909 
1~92"5 

0~05.90 
0.0741 

76.. 2 
85. ·0 

0.2234 
0 ... 2489 

p:.l..207 
0~2219 

91 
90 
89 

70.8 
'70.2 
71.3 

60.0 
300 
360 

57.9 
66.. 0 
67.4 

300 
300 
500 

297 
305 
304 

43.. 1 
14.7 
.20.1 

2~'125 
l ,;.,BSo 
2 •. l21 

0.0871
o.osl& 
0.~0518 

101~9 
ll8.7 
ll9•l 

0~2941 
0,.3353
o.M24 

P•2460 
o.l376 
.o--~517 

88 '12-..3 300 67.4 300 320 20.7 2~629 o.ovoz 1.20.6 0..-3424 o.l.842 
ll9 20.5 600 81.. .500 308 37.5 2~360 0~05&0 138.9 0.-4l.l .0.1302 
l.l9 21.1 600 89 299 321 39.0 2.461 0 ..0529 154.• 6 0.452 0.11.40 

~ 
0 w 



TABLE 8 CONTINUED 

-

Run Ave. Thie water Drop V·olume Loa a lOOK J;n Be 
No. Temp. see Flow ( M1cr.D1.ff.) Micr. mm ciUP U.fifiO Jmw-e~{Sc)2/3

°F C guy'min Be&;n · End Ditt. -s•c )l .fir' 
115 22.. 1 600 161. 300 MO 39.3 2.491 0.0278 281. 9· 0.818 0.0348 

87 '71.8 180 160.8 300 291 45.0 9 ~50 0.10'72 287. 0.817 0.1363 
116 22.. 0 300 lo4. 300 . 300 31. 3 .. 92 0.456 291. 0 ..833 0.0536 

86 7.2. 180 165.0 300 282 35.6 7.74:5 0.0848 295. 0.831 0.1057 
117 22.5 600 165~ - 300 301 60. 3.81 0.0414 296. 0.838 0.0506 
135 22.2 600 191.7 300 289 71.1 4.51 0.0428 340. 0.. 974 0.0442 

s 
.flo 

http:M1cr.D1.ff
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APPENDIX B 

PHYSICAL PROPERTIES AND D OP DIMENSIONS 

DIFFUSIVITY IN WATER 

TABLE 9 

Substanot ~ cm2/se2 (20°C) 

phenol 0.?2 experimental
m-cresol o.62 calculated 
nitrobenzene 0.923 calculated 
chloroform 1.044 calculated 

Several methods for estimation of diffusion coeffi

cients are available, but Trevoy and Drickamer ($1, p, 

1120) state, "At present the only useful relationship is 

the semi-empirical one of Arnold." Although two ne me

thods have been publi'shed since this article appeared, 

Arnold's method has been used here. The surface tension 

data required by the method of Olsen and Walton (40, pp. 

?03•?06) nas not available for the systems used and the 

method suggested by Wilke is only a r ough a pproxtmation. 

(5'9, p. 223) 

Arnold gives a formula to be used in calculating 

diffusivities at 2ooc. <3, p. 3941) For the dimensions 

cm2/sec, the equation isa 

D • 0.01(1/Ml • 1/Y2)t/A1A~2ts2 
where a 
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Subscript l refers to solute and 2 to solvent. 

is molecular weight. 

A is empirical constant depending on substance. 

Z is viseos1ty in eentipoises. 

s is vll/3 • v2113. 

V is volume of one mole or liquid. 

rnold also st t s (3, P• 39,3) that the temperature eo

efficient for diffusiv1ty in water is 0.03. The diftu

sivity at temperature toe is then given by: 

Dt =D20<1 + o.03(t - 20)) 

The experimental value for the d1ff'usivity of phenol 

in water was given by Arnold to be 0.72 cm2/sec. at 20°C. 

(3, p. 395'0) 

To calculate the diffusivity of m-eresol, Arnold's 

equation for diffusivity of phenol was divided by the 

equation for m-eresol forming a ratio of the diffusities. 

Assuming that the empirical constants A1 and A2 will di

vide out as well as the solvent viscosity in the two equa• 

tions because of the similarity of phenol and m-cresol, the 

result is: 

Dc/Dp = (SpiS0 )2(1/Mc • l!M.,)i/(1/llp • 1/Mw)i 

Using data found in Arnold's work, the above ratio is found 

to bet 
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The di tusivities for nitrobenzene and chlorof.orm 

were calculated directly from Arnold • s formula using A1 

equals 4.? and A2 equals unity. 

VISCOSITY 

TABLE 10 

VISCOSITY OF WATER (34, P• 40?) 

Temperature Viscosity Temperature Viscosity
OF eent1nQ~§! 

64 1.06 76 0,905'
66 1,03 78 0 . 88? 
68 1,01 80 0,861 
70 0,9?8 82 0.840 
72 0.95'3 84 0.820 
74 0.929 86 o.soo 

With the exception ot phenol, the viscosities ot the 

other 15.qu1d.s used were taken from the Chemical Engineers' 

Handbook,(41 1 p. 372·373} The· v1seos1ty ot a saturated 

solution of phenol in water was de,term1ned experimentally 

ith a standard capillary tube •1scometer. 

TABLE 11 

VISCOSITIES AT 70°F 

Liquid Viscosity
pentiooise 

m•cresol (pure) . 22 
nitrobenzene 2. 0 
ohlorotorm 
phenol (sat. with water} ~=~~ 
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SOLUBILITY 

TABLE .12 

WEIGHT PERCENT PREtlOL ( 39, P• 390) 

Temperature Phenol phase
oc 

TABLE 13 

VIE!GHT PERCENT CHLOROFORM 

Temperature 
. oc 

0 
10 
20 
30 

WEIGHT 

20 
30 

Water phase 

0.98
o.s6 
o.ao 
0,76 

TABLE 14 

PERCENT M·CRESOL 

(39, P• 387) 

Chloroform phase 

not 
given 

(391 p., 391) 

Water phase Crosol phase 
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IGHT PE CE T li TROB NZENE (39, p. 389) 

Temp r a ture oc ater phase Nitrobenzene phase 

20 0.19 99 . 8 
30 0.22 99.8 
40 0.27 99.8 

DENSITY 

TABLE 16 

DENSITIES OF LI QUIDS SATURATED I TH ATER 

LiaY14 l!ens1tY gooc 
· henol l .o;; (experimental)
m-cresol7 1.03 (28, p. 413)
nitrobenzene8 1 . 203 (28, P• 573)
chloroform 1-49 {28 , p. 409) 

I NTERFACI AL TE!TSION 

TABLE 17 

I NTERFACI AL TENSION BE N ATER AND DRO P 

L1gy1d lntertae~ol. teruloo dynes/em . 
phenol 1.? (experimental) 
m-er esol 5.6 (experiment al)
nitrobenzene 25.? (28, p. 15?0 ) 
ghlorotorm 32. 8 (28, p. 1570 ) 

7) Corrected for water present in saturated solution 
assuming no volume change for either water or cresol in 
the solution 

8} Corrected to 20° using thermal coett1c1ent ot ex
pans1on. (28, P• 1589 ) 
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CUBICAL EXPANSION 

TABLE 18 

CUBICAL EXPANSION AT 20°C (28t p. 1589) 

Liquid 

phenol
m-cresol 
nitrobenzene 
chloroform 

...b.... 
1.6 
2.0 
2.4 
2.8 
3·2 
3.6 

DROP DIMENSIONS 

TABLE 19 

.-L. -'
1.069 10.74 
1.215 15.27 
1 .. 379 20.80 
1.553 2?.33 
1.734 34.87 
1.920 43.41 

~OOO(dV/dt)/V0 

0.8 
0.8o.a;
1.27 

J_ 

4.~04
6. 88 

10-48 
15.27 
21.48 
29.29 

a c 0.927 mm (diameter of bore or bubble tube) 

r • (a2 • h2)/2h ("radius" of drop) 

V = (W/6)h(h2 .;. 3a2) '(Volume of' drop) 

(surface area of drop) 
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APPENDIX C 

CALCULATION OF COEFFICIENTS FOR EQUATION 16 

It was assumed that the data of fi gure fo ur t een might 

qe represented by a parabola of the form: 

(17) 2 • Y : a • bX • dX2 

where 

Y • log K (Se) 213w·e 
u 

X • log Re 

The followi ng t able was made up trom consideration ot 

figure fourteen choosing values for 10Y n•ar the center ot 

the da ta at the three Reynolds numbers. 

TABLE 20 

DATA FROM FIGURE FOURTEEN 

Jl! J,O~
20 0 . 49 
70 0 . 31 

250 0 , 0692 

The values from table twenty were substituted into 

equation seventeen to give three quat1ons in a, b, and d 

as follows: 

1 . 6902 • a • 1 . 3010b • 1 . 6926d 
1 . 4914 • a • 1 . 345lb • 3 . 4044d 
D, 8400 • a • 2 . 3979b • 5. 7499d 
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'· 

The simultaneous solution ot thes•e· eqJ.tations tor a, b, 

and d iss 

... 

·. 
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APPENDIX D 

CALCULATIONS. FOR COMPARISONS WITH OTIL~ DATl 

EVAPORATION FROM SPHERES 

Div1d1ll.g equation eighty in the CpelnitJal Engine~ra ·• 

Handbook (41, lh 5'4?) by (Re) (Sc)1/3 and substituting K{rJ 

tor Kc;/~ results in the equatiotu 

(18) fi<sc)2/3 • 2(1/Re(Sc)l/3 • 0.216 ne-+) 

!he expression on tbe left is exactly th• 3m used by 

the author to corre-late the data 1n this thesis. In evalu

ating the right side ot· the equat1on, a value ot 1000 •a• 

used tor the .Schmidt riW.ber tor both nitrobenzene and 

... chloroform. !his was justified ·by the small ettect changes 

ot twenty or· thirty percent. in the Schnlldt fiumber have at 

Reyno.lds' nwiibers ·larger than ten~9 Calculation tor Re : 

lOOc · · 2(1/lOO(lOOo)l/3 + 0.276·(100)4) • o.0~12J11 • 

9) Differentiating tbe right 1tde ot ·the equation
e1ghte6.tu a jm/a(se) • •2/3Re(Sc)41j.. For Sc 1000 and 
Re 10, aj111/asc .. o.oooo1. · . 

http:e1ghte6.tu
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jm FROM FROSSL!NG'S EQUATION 10 

Re !m 
4 0.316 

2$ 0.1134 
64 0.0'721 

225 0.0376 
400 o.o281 

LIQUID-LIQUID EX'TRACTION 

S;rstemt Jumzene-JAter-aeetic ~· Two sets ot 

data were found for this system, both being reported in 

terms of overall coefficients which included the time of 

formation or the dro ps at the inlet. Th e overall coeffi

cient was assumed to be a sufficiently good approximation 

to the benzene phase film coefficient, the distribution 

coefficient being more t han twenty. (39, P• 424) 

Correetions tor the time of formation were made on the 

data or Sherwood, et al, (47, p. 1146) and est, et al, 

(57, P• 235) from extrapolation of their data to zero 

column height. The data were r ecorded as percent or 
acetic acid extracted for various height s of column. The 

method U§eg t o correct the value of K reported to the 

10) Equation eighteen (fifteen in the text) 
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value ot K assumed to apply during the free rise of the 

dro p through the column was as follows• 

Let c0 , c1 , and c2 represent concentrations in the 

drop at inlet, at beg1n..'ling ot travel, and at end ot 

travel respectively; also, let K1 represent the eoett1

cient reported and K2 the coefficient for the period ot 

tree travel . Assume concentration extar1or to the drop 

1s zero. With these eonditionss 

and 

then 

ln(C1/c2) 
ln(c07c2) 

The velocity o! the drops for individual runs was 

not given with the data in the report of Sherwood, et al, 

but was given in the discussion as 10 to 12 em/see. The 

diameters were also estimated. The data trom West, et al, 

is from their run number 46 . 
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TABLE 22 

DATA FROM WEST, ET AL, AND SHERWOOD, ET A.L 

Property West Sherwood 

Kl 0.21 tt/hr 1.2 

Co o.o61~ lb mo1e/tt3 0.05'? 1b mole/ft3 

cl o.a2c0 o.6 c0 

c2 0.0322 lb mole/tt3 0.3; c0 
u· 9.5'em/sec 1lcm/see 

d .335'em 0.39cm 

(T 33. dynes/em 

}..t (benzene t 25'0C) o.oo62 poise 

p (Benzene, 2;'0C) o.88 gm/cm3 

Sample calculation with data ot Sherwood, et al: 

From equation nineteen 

K2 c (0.5'4/105') K1 • 0.5'2K1 • .6 tt/hr 

u =11(3600)/30.5' • 1300 tt/hr 

K/U • 4.62 X 10•4 

Re • 0.39(11)(0.88)/.0062 • 610 

se • o.oo62/0.8?9(o.ooo0231) : 306 

3m • 45'(0.00046) • 0,0207 

w • 11/(33/0.88(0.39)}* • 1.123 

c =.0.?5'5' log Re - 0.665' • 2.16 - 0.665' • 1.49 

we • 1.362 
3mw·e • o.OlS 

http:11/(33/0.88(0.39
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From the correlation obtained in this thesis, eqUa• 

tion sixteen, tor Re : 610, 

jmw-e • 0.013 

Thus, the results or Sherwood, et al, are a pproximately 

fifteen percent higher than predicted by equation sixteen. 

The same calculations made for run 46 trom the data 

ot est, et al, give the results& 

Re • 45'0 

jmw-o =0.0097 

From equation sixteen: 

3mw•c • 0.038 

The results or est, et al, are approximately one 

fourth of the predicted value from equation sixteen. 

Sxstegu lcet_1g .IS14-meth!;t 2,sobutxl kttont...Jater. 

The distribution coefficient tor this system is so close 

to unity that resort was made to the method tor calculating 

film mass transfer coef'fieients f'rom the overall coef'ti

cient that is given in the theory section. (p. 25') 

Sherwood's data required correction tor the time ot drop 

formation as shown above. Licht and Conway made this 

correction in their experimental technique. 
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TABLE 23 

DATA FROM SHER\11/00D, ET ALt AND LICHT AND CONWAY 

Property Sherwood Licht 

K (reported)ll 1.96 tt/hr 1.0 tt/hr 
u 9 em/sec 145'0 tt/hr 
d 0.341 em 0.342 em

5 dynes/em 

TABLE 24 

PHYSICAL PROPERTIES OF KETONE AND WATER 12 

pk o.Bo gm/cm3 

J..lk 0.0061 poise 

J.lw 0.0096 poise 

Sc (Water, 2;oc) so; 
sc (Ketone, 25°C) 438 

H (Ct/Cw) 0.5'; 

Sample calculation with Sherwood's dataa Given the 

correlation ot figure fourteen with the assumption that 

1t may be applied to both tlu1d films alike* 

tt, • Uf(Rew>w..~l<sey)'"'a/3 

11) Sherwood, et alt reported overall eoetticlent 
tor the ketone phase; Licht and Conway (33, PP• 1151
1157) reported overall coefficient for water phase. 

12) From data ot Brinsmade and Bliss. (6 pp. 679
?18) 



119 

then 

Rek • 0,341(9)(0.8)/0,0061) • 403 

From tigure tourteen 

;(Rek' • 0.020 

¢1 • 0.75'5 log 320 - 0 ,66; • 1.227 

c2 • 0.?55 log 403 - 0.665 • 1.302 

w01;w 0 2 • ~9/(5/Q.J4l~l.O))t)l.227 
w k (9/(5/0.341(0.8))t) 1•3°2 

= (2.3$)1,227/(2.10)1.302 • 1.12 

tr /kk =2.a.Q.2(1.12)(438/8o;)2/3 
.., o•o2 

=2.0 

Then, trom equation 9 ( p. 25) the calculations for the 

ketone coefficient are& 

kk • (1 • 0,55/2)1,3 • 1.66 ft/hr • 0.014 em/sec 

jm • (0.014/9)(87.0) • 0.136 

jmw-c • 0,205/2.955 • 0,046 

k, =2kk : 0.028 
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§rtts: acetic i£ll-1soprowJ. ether-pater. Calcu

lations with the data ot Licht and Conway using the 

overall coefficient tor the exterior of the drop. 

Re • 123S 

3m e • 0.0126 

From equation sixteen, 

3m c • 0 ..0024 

w1 thout the change to water film coe·tticient, which must 

be larger than the overall value used, the data of Licht 

and Conway is larger than the predicted value from equa

tion s1xt$en by a factor of ;.3. 




