
pendence to a certain degree. This behavior could be due 
to the lack of information of po, the gas phase viscosity 
data. 

RECOMMENDED VALUES 

Recommended values for viscosity of n-decane for tem- 
peratures from 100” t o  460“ F. and pressures from 200 to 
8000 p.s.i.a. are presented in Table I ,  in which experimental 
data are also presented in parentheses. The density values 
were those of Sage and Lacey (7) ,  

ACKNOWLEDGMENT 

Thisinvestigation was part of a continued study of the 
physical and thermodynamic properties of hydrocarbons 
under the basic research program of the Institute of Gas 
Technology. The work was supported in part by I G T  
Members and Contributors and in part by the American 
Petroleum Institute through Project No. 65 .  R.D. Shaw 
and J.R. DeSando assisted in the experimental program, 
and A.E.S. Neumann and staff assisted in the preparation 
of drawings. 

LITERATURE CITED 

(1) Brebach, W.J., Thodos, G., Znd. Eng. Chern. 50, 1095-1100 
(1958). 

(2) Dolan, J.P., Starling, K.E., Lee, A.L., Eakin, B.E., Ellington, 
R.T., J. CHEM. ENG. DATA 8,396-9 (1963). 

(3) Eakin, B.E., Ellington, R.T., Trans. A I M E  216, 85-91 (1959). 
(4) Feldkirchner, H.L., Lee, A.L., Johnson, J.L., Eakin, B.E., 

“Novel Laboratory Equipment for Physical Property and 
Reaction Kinetic Studies,” A.1.Ch.E. Meeting, Memphis, 
Tenn., February 2-5,1964. 

(5) Lee, A.L., Eakin, B.E., SOC. Petrol. Engrs. J. 4, 274-9 (1964). 
(6) Michels, A.,  Gibson, R.O., Proc. Roy. Soe. London, Ser A 134, 

288-307 (1931). 
(7) Sage, B.H., Lacey, W.N., “Thermodynamic Properties of 

Lighter Paraffin Hydrocarbons and Nitrogen,” Am. Petroi. 
Inst., New York, 1950. 

RECEIVED for review January 12, 1965. Accepted June 22, 1965. 
Material supplementary to this article has been deposited as 
Document No. 8511 with the AD1 Auxiliary Publications Project, 
Photoduplication Service, Library of Congress, Washington 25, D.C. 
A copy may be secured by citing the document number and by 
remitting $1.25 for photoprints, or $1.25 for 35 mm. microfilm. 
Advance payment is required. Make .checks or money orders 
payable to : Chief, Photoduplication Service, Library of Congress. 

Liquid Phase Diffusion of Nonelectrolytes at High Dilution 

C. JUDSON KING, LlMlN HSUEH, and KAO-WEN M A O ’  
University of California, Berkeley, Calif. 

A correlation is presented for the prediction of diffusivities at high dilution in binary 
liquid solutions of nonelectrolytes. The correlation is based upon the empirical observa- 
tion that & / T  is nearly constant for self diffusion. The correlation is simple in 
nature, contains three constants and fits available data in the normal range of viscos- 
ities with a lower standard error than provided by other existing correlations. 

THERE HAVE BEEN several recent significant theo- 
retical contributions to the understanding of liquid phase 
diffusion. Despite this fact, empirical or semiempirical 
methods will likely continue to provide the most convenient 
and the most reliable estimation methods for liquid dif- 
fusivities for some time to come. The most widely used 
correlation for diffusion a t  high dilution is that  of Wilke and 
Chang (50, 5 1 ) ;  several others have put  forward modifica- 
tions or other equations (17, 29, 39, 41) .  All of these 
correlations have shortcomings when applied to the entire 
spectrum of available data; for example, difficulties have 
been encountered when the solute is highly polar (10, 27), 
when the solute has a low molecular weight, and when the 
solvent has a relatively large viscosity. The Wilke-Chang 
correlation also requires the estimation of an association 
parameter for polar solvents. 

Despite the existence of several different theoretical 
approaches to liquid phase diffusion, it is possible to draw 
some general conclusions concerning the nature of inde- 
pendent variables which should affect the diffusion process. 
Diffusion rates are probably influenced by parameters 
reflecting molecular size and the strength of intermolecular 
forces. Although the necessary importance of solute-solvent 
interaction forces has been previously recognized (28), 

’ Present address: Camegie Institute of Technology, Pittsburgh, Pa. 

the only existing diffusivity correlation which allows for 
such effects is that  of Sitamaran, Ibrahim, and Kuloor (41 ). 

Several theoretical approaches (2,16,35, 52) suggest that  
the group Dp/ T should be essentially constant with respect 
to temperature fur a given solute-solvent pair. This predic- 
tion is borne out by available data with major exceptions 
occurring only a t  relatively high viscosities. The group 
Dp/ T should then depend upon temperature-insensitive 
variables reflecting solute and solvent properties. 

SELF DIFFUSION 

Table I shows available data for self diffusion. Most 
theoretical approaches (52) indicate tha t  for self diffusion 
the group D p f T  should be dependent upon variables 
reflecting molecular size, intermolecular forces, number of 
nearest neighbors, etc. However, the most striking feature 
of Table I is the relative constancy of Dp/ T from one liquid 
to another. This conclusion is particularly apparent if water 
is treated as an exception along with substances such as 
liquid metals (21). The standard deviation of D p / T  in 
Table I is only 9%, without water. Obviously D p / T  (a 
nondimensionless group) will not have one and the same 
value for self-diffusion in all common liquids, but  taking 
D p / T  to be empirically constant appears to be more in 
accord with the facts than taking D p / T  to vary inversely 
as V’ (35) and /or  inversely with the cohesive energy (6) .  
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Table I .  Self-Diffusion Data 

Methanol 
Ethanol 
n-Propanol 
Isopropanol 
n-Butanol 
tert-Butanol 
C yclopentane 
Cyclohexane 
Benzene 
Isopentane 
Neopentane 
n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Octadecane 
n-Dicetyl 
Water 
Ethyl bromide 
cc1, 
Sitromethane 
Acetone 

l', K. 
298 
298 
298 
298 
298 
308 
303 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
323 
373 
298 
295.5 
298 
298 
298 

1O8Up/T, 
cp. sq. 

Cm./Sec. 
OK. 
4.10 
3.70 
4.26 
4.56 
4.32 
4.4 
4.40 
4.18 
4.37 
3.91 
3.72 
4.03 
4.10 
3.98 
3.43 
3.83 
3.74 
3.33 
4.31 
6.30 
4.94 
4.29 
4.40 
4.92 

MUTUAL DIFFUSION 

The  empirical conclusion that  D F /  T is essentially con- 
stant for self-diffusion can serve as a basis for a correlation 
of mutual diffusivities a t  high dilution. I n  comparison to 
self diffusion in the same solvent, mutual diffusion differs 
only through a change in the solute species. The  ratio of 
Dp / T for mutual diffusion to Djt/ T for self diffusion should 
be a function of parameters reflecting the ratio of solute 
size to solvent size and the ratio of solute-solvent interaction 
force to  solvent-solvent interaction force. This conclusion 
follows since the solvent is the solute in the case of self 
diffusion. A logical form of correlation for mutual diffusion 
is therefore 

where a is the constant value of D p / T  for self diffusion. 
If the solute-solvent attractive forces are characterized to a 
first approximation by a pseudo latent heat, AH,, = 
 AH^ AH,)'*, the term ( A H b / ~ H U ) " '  would represent the 
ratio of the solvent latent heat to this pseudo latent heat. 
This in turn is nearly equal to  the ratio of the cohesive 
energy per mole for solvent-solvent interactions to  that  for 
solute-solvent interactions. The use of molar volume and 
latent heat of vaporization at the normal boiling point as 
temperature-insensitive variables reflecting the size and 
force effects appears to fulfill best the twin objectives of 
widespread applicability and a good fit to experimental 
data. Lennard-Jones parameters, for example, are not 
known for a wide enough range of substances. 

In  order to develop an equation of the form of Equation 1, 
213 experimental mutual diffusivity measurements at high 
dilution were assembled from various sources ( 1 ,  3-16, 
19-26, 30-34, 37, 38, 40, 42-49). N o  effort was made to 
include all available measurements; however, an attempt 
wasmade to  cover a wide range of systems. Many of the 
measurements may have been subject to serious experi- 
mental error, but the use of a large number of points should 
serve to wash out any major directional errors in the set as 

V, 
Cu. Cm.1 
G. Mole 

42 
64 
81 
72 

103 
103 
100 
117 
96 

118 
118 
118 
141 
163 
185 
207 
229 
. . .  
. . .  
18.7 
75 

102 
56 
74 

AH, 
Cal.1 

G. Mole 
8491 
9400 

10030 
9729 

10460 
9710 
6529 
7895 
7353 
5910 
5430 
6120 
6896 
7575 
8160 
8730 
9400 
. . .  
. . .  
9708 
6550 
7154 
6080 
6907 

a whole. Latent heats were obtained from the Giacalone 
equation and Riedel factor (36, Eq. 4-43) in cases where 
they were not available from standard sources. Molal 
volumes were estimated by the method of LeBas (36). 
Diffusivities were based on a concentration gradient driving 
force and a frame of reference giving no net volume flow. 

As a check on the assumptions involved in Equation 1 a 
stepwise multiple regression was carried out with a digital 
computer to fit five constants with minimum standard 
deviation, giving 

which fits the combined data  with a standard deviation of 
19.2%. However, the combined data are fit with a standard 
deviation of only 19.5% by the following equation: 

_ -  D p  - 4.4 x 10-@ 
T (3) 

The  exponents in Equation 3 are all within the 95% confi- 
dence limits of the exponents in Equation 2. Thus, the 
analysis behind Equation 1 seems to be borne out within 
the scatter of the da ta  employed, and Equation 3 is, there- 
fore, the recommended correlation for the prediction of 
diffusivities. 

The variables employed in Equation 3 are similar to 
those employed by Sitamaran, Ibrahim, and Kuloor ( 4 1 ) ;  
however, the group Dw/ T has been preserved in view of the 
self diffusion data and the apparent effect of temperature. 
Also, the variables AHL and p are not sufficiently inde- 
pendent of one another to warrant inclusion of both to a 
fitted power. V was a somewhat better correlating variable 
than  molecular weight. The  Sitamaran correlation gives a 
standard deviation of 26.3% for the assembled data  while 
the Wilke-Chang correlation gives a standard deviation of 
28.5%, with the multiplicative constant adjusted to  the best 
value in both cases. Thus, in the present correlation the 
variance is reduced almost to half that  attainable with 
previous empirical correlations. The  standard deviation of 
the entire set of diffusivities when uncorrelated is 90%. 
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A simple interpretation may be placed on Equation 3. 
T represents the kinetic energy driving force for diffusion; 
p represents the resistance to self diffusion in the particular 
solvent; and the terms on the right represent the adjust- 
ments to p necessary to provide the resistance to mutual 
diffusion. These adjustments involve the first power of 
cohesive energies between solute and solvent and the 
square root of solute diameter. Logically the exponents 
should be positive, since large solute size and strong solute- 
solvent interaction forces should tend to hinder diffusion. 
There appears to be a slight tendency for the correlation 
to predict high for self-diffusion and for mutual diffusion 
when the solute and solvent are quite similar. This coincides 
with the probability that  ( A H L  AHu)’  overestimates the 
solute-solvent attraction when molecules are dissimilar. 

The correlation seems to work satisfactorily when the 
solute is small or polar. Data for water as solvent or solute 
tend to be handled adequately despite the deviation of 
water self diffusion from the assumed constant value of 
DpLIT. There are still difficulties for polar solvents of high 
viscosity as is illustrated by the fact that  the correlation 
predicts a diffusivity 72% lower than experimental data  for 
the diffusion of water in glycerol (10, 18). Thus i t  seems 
best to  limit application of the correlation to cases where 
the resultant D P / T  should be less than 1.5 x lo-‘ cp. sq. 
cm./OK. sec. 

NOMENCLATURE 

AH = latent heat of vaporization at normal boiling point, ca1.i 
D = diffusivity at high dilution, sq. cm./sec. 

gram mole 
T = absolute temperature, K. 
V = molal volume at normal boiling point, cu. cm./gram mole 
p = viscosity of solvent, cp. 

Subscripts 

u = solute 
t’ = solvent 
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Size Measurement of Collected Drops 

JAMES A. GIESEKE and RALPH I. MITCHELL 
Environmental Mechanics Division, Battelle Memorial Institute, Columbus, Ohio 

M EASUREMENTS of drops in the size range from 5 to 
250 microns can be performed using a number of techniques. 
The diversity of techniques and the technique chosen for 
any particular measurement can partially be attributed to 
various drop compositions, to the variety of collection 

methods and to the proposed sizing and counting tech- 
niques. I n  this study, the scope was limited to measurement 
with an optical microscope, and the liquids considered were 
water, dibutyl phthalate, and No. 2 heating oil. Six methods 
of sizing drops collected on slides or in cells were investi- 

350 JOURNAL OF CHEMICAL AND ENGINEERING DATA 


