
calculations were made using the estimated heat capacities of 
Schafer and Kahlenberg (5) ,  viz., C,(g) = 31.6 - 3.7 X 
105/T2 and C,(s) = 38 - 3 X 106/T2. The standard enthalpy 
and entropy of sublimation values at 298 were calculated to 
be  AH^^^^ = 22.1 kcal/g-mol and AS1mo = 44.8 eu, respec- 
tively, The equation, logia P,, = (12.03 f 1.86) - (4604 i 
40)/T was obtained by a least-squares fit of the esperimental 
data  and is shown in Table I1 along with enthalpies and 
entropies of vaporization a t  the mean temperature and at 
298 for comparison with similar values of previous investi- 
gators. 

DISCUSSION 

The heat of sublimation obtained in this work compares 
favorably with the values reported by both Saeki et al. (4)  and 
Schafer and Kahlenberg (5) as noted in Table I1 while the 
vapor-pressure values are in reasonably close agreement only 
with Saeki’s (less than 5y0 difference a t  the mean temperature). 
The vapor pressure of Shchukarev and Kurbanov (7‘) is 147, 
lower than reported in this paper while the vapor pressure 
calculated from the equation of Schafer and Kahlenberg is 
approximately 15% higher. 

N o  experimental heat capacity data  were found in the 
literature; consequently, only estimates of the standard 
enthalpy and entropy at 298 could be made. The uncertainties 
of the estimated heat capacities of Schafer and Kahlenberg is 
probably greater than the experimental uncertainty as given 

for AHr’. 
to  be within 3-5% of those reported. 
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Surface Properties of Nine Liquids 

JULIO C. BONNET 
Escuela de lngenieria Quimica y Petroleo, Universidad Central de Venezuela, Caracas, Venezuela 

F. PHILIPS PIKE’ 
College of Engineering, University of South Carolina, Columbia, S.C. 29208 

The surface energy, the surface entropy, and the latent heat of surface formation, all 
per unit area, have been calculated for nine pure liquid-air systems from information 
on surface tension as a linear function of temperature. For seven of the liquids- 
water, benzene, n-butanol, methyl propyl ketone, isooctane, diisopropyl ether, di- 
isobutyl ketone-experimental surface tension measurements are presented at 20, 
30, 40, and 5OoC. This information has been augmented by selected values from the 
literature and by equations derived to express surface tension as a function of tem- 
perature. For toluene and carbon tetrachloride, all the information was taken from 
the literature. To about 1 part in 1000 at least, the surface energies per unit area of the 
reported liquids are constant over a range of about 100°C. Two new equations are 
derived to predict the surface tension of benzene over its normal liquid range. These 
equations, representing a consensus of much work, predict for benzene at 20’C that 
u = 28.88 dyn/cm, thus confirming the accepted standard value proposed by Harkins 
in 1945. 

If data are available on the surface tension of a liquid-gas sys- 
tern over a n  appreciable range of temperature, it  is possible to  
calculate several significant surface properties, such as the la- 
tent heat and the entropy of formation of a fresh unit of sur- 
face. Unfortunately, rarely is surface tension measured over 
a significant temperature range. Accordingly, when suitable 
experimental data  became available on seven liquids, the ther- 

modynamic properties were derived by conventional surface 
thermodynamics. .4t the same time, an assessment of litera- 
ture data  on two additioiial liquids made it possible to  raise the 
number of substances thus evaluated to  nine. 

EXPERIMENTAL 

1 To whom correspondence should be addressed. 
Seven liquids-water, benzene, isooctane, n-butyl alcohol, 

methyl propyl ketone, diisopropyl ether, and diisobutyl 
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Table I .  Physical Properties of Purified Chemicals 

Purified substance 
Water 
Benzene 
2,2,4-Trimethylpentane 
2,6-Dimethyl-4-heptanone 
Diisopropyl ether 
n-Butyl alcohol 
2-Pentanone 

Temp, "C 
20.0 
20.0 
20.0 
20.0 
25.0 
20.0 
15.0 

Density, g/ml 
Measured Lit. 
0.99827 0.99823 
0.87900 0.87901 (61) 
0.69177 0.69193 (61) 
0.80720 0.80600 (83) 
0.71854 0.7204 ('71) 
0.80951 0.80961 (85) 
0.81125 0.81130 (12) 

Refractive index, D-line, 20'C 
Measured Lit. 
1.33295 1.33298 
1.50107 1.50112 (61) 
1.39146 1.39145 (61) 
1.41224 1.41225 (85) 
1.36700 1.36823 (86) 
1.39915 1.39920 (83) 
1.39002 1.39012 (12) 

ketone-were carefully purified by various appropriate means, 
as described by Bonnet (7)  and by Pike and Bonnet (55). The 
physical properties of the filial purified chemicals are presented 
in Table I. The properties of the water, benzene, n-butyl 
alcohol, isooctane, and methyl propyl ketone agreed closely with 
established values, giving assurance that  these chemicals were 
of excellent purity. I n  the case of diisobutyl ketone, the pos- 
sibility of isomers clouds the issue somewhat, but it,  too, was 
judged to  be of high purity. In  the case of isopropyl ether, 
even though it was carefully dehydrated and distilled, its 
quality remained suspect. 

The surface tension measurements were made by Bonnet (7)  
a t  2O0, 30", 40°, and 50°C, employing the Wilhelmy technique 
with a roughened glass plate 2.199 ern long and 0.015 ern thick. 

Table II. Experimental Surface Tensions 

Temp, c-Dyn/cm 
"C Exptl Predicted" 

Isopropyl Ether-Air 
20.0 17.73 17.75 
30.0 16.63 16.68 
40.0 15.59 15.60 
50.0 14.54 14.53 

%-Butyl Alcohol-Air 
20.0 24.67 24.57 
30.0 23.78 23.74 
40.0 22.84 22.91 
50.0 22.16 22.07 

Isooctane-Air 
20.0 19.06 18.88 
30.0 18.19 18.01 
40.0 17.19 17.14 
50.0 16.43 16.27 

Water-Air 
20.0 72.73 72.82 
30.0 71.77 71.25 
40.0 70.39 69.68 

Benzene-Air 
20.0 29.24 28.89 
30.0 27.85 27.61 
40.0 
50.0 

20.0 
30.0 
40.0 
50.0 

20.0 
30.0 
40.0 
50.0 

26.46 26.34 
25.23 25.06 

25.09 24.95 
23.98 23.87 
22.89 22.79 
21.87 21.72 

Methyl Propyl Ketone-Air 

Diisobutyl Ketone-Air 
24.54 24.53 
23.59 23.61 
22.70 22.69 
21.77 21.77 

Predicted from the appropriate linear equation in Table 111. 

The apparatus employed was a Rosano Surface Tensiometer, 
marketed by the Roller Smith Division of the Federal Pacific 
Electric Co., h'orthborough, Mass. While excellent for its 
purpose as a rapid, routine, laboratory instrument, it  is not 
primarily a research instrument. As employed with repeated 
measurements, it provided a standard deviation of 0.25, 0.11, 
and 0.07 dyn/cm at the levels of 70, 30, and 20 dyn/cm. E n d  
corrections were calculated and applied according to  the pro- 
cedure of Pike and Bonnet (55). Also, the meniscus correc- 
tion of Kawanishi e t  al. (39) was applied. The final experi- 
mental surface tension values are presented in Table 11, along 
with predictions based upon the equations presented in Table 
111. 

DERIVED SURFACE TENSION CORRELATIONS 

The experimental surface tension data  were assessed against, 
and augmented with, published values within the temperature 
ranges of Table 111. This is a judgment problem of some diffi- 
culty since surface tension measurements are extraordinarily 
prone to  errors due to  contamination. A problem develops, 
too, in that  the mathematical models needed for treatment of 
data  took years to develop and many versions were used. Par- 
ticularly in the past, these problems have not always been ap- 
preciated and wrong models were employed even though ob- 
solete. This had led to  some recalculation by various authors, 
but not enough. Even so, when an appreciable inventory of 
measurements were available (such as  for benzene), it was pos- 
sible to  separate out with reasonable confidence a consistent 
band of data  defining the relationship with respect to  temper- 
ature. In  making the present judgment, reliance was placed 
on the measurements of this research to  make the primary 
value judgments on what classes of reported results to  reject. 
Interestingly, Harkins (SO) argued that  most of the data  ob- 
tained before 1916 are in error, thus suggesting a separation of 
data  based upon age. Morino (48), however, noticed for ben- 
zene the same separation of data  as we do into a recognizably 
valid class and another class with its own internal consistency. 
Fortunately, the procedure was not as ambiguous as would 
appear. In  general, the  band of surface tension values ac- 
cepted possessed a band width of about zk0.15 dyn/cm, while 
the rejected values differed from the relationship accepted by 
0.7-1.2 dyn/cm. Finally, the accepted values were fitted by 
the method of least squares to  the linear equations required 
by the thermodynamic analysis. However, in addition, the 
same set of data  was also fitted to  quadratic equations in an 
effort to  improve the degree of fit. 

The two derived algebraic relationships between surface 
tension and temperature are presented in Table 111, along with 
the coefficient of determination, and the 95y0 confidence range 
a t  the mean (for the linear fit). A statistical analysis of vari- 
ance demonstrated that  the linear equations adequately fitted 
the data  and that  the quadratic equations gave only a slight, 
statistically insignificant, improvement. 

For the benzene-air system, the selection scheme outlined 
retained 127 data  points and discarded 90. Corrections to  
the liquid-air basis were taken from the I C T  (37).  Those 
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Table 111. Surface Tension as Function of Temperature 

u = dyn/cm, t = "C 
Derived Linear Relationships 

Temp Coefficient 95y0 Confidence Data 
Substance Equation range of detna limit? points 

Water u = 75.963 - 0.15,710 t 0-50 . . .  . . .  . . .  
Benzene u = 31.435 - 0.12,745,4t 6-80 0.9900 10.0319 127 
n-Butanol u = 26.233 - 0.08,317,7 t 0-100 0.9972 +O .0421 35 

Methyl propyl ketone u = 27.097 - 0.10,762,4t 0-80 0.9985 10 .0376 19 

Diisobutyl ketone u = 26.370 - 0.09,200,0 t 20-50 0.9998 1 0.0270 4 

Isooctane u = 20.616 - 0.08,689,6 t 20-50 0.9824 h0.0377 18 

Diisopropyl ether u = 19.903 - 0.10,754,8 t 14-50 0.9992 10 .0326 6 

Carbon tetrachloride u = 29.108 - 0.11,886,5 t 0-80 0.9918 =!=0.0640 42 
Toluene u = 30.626 - 0.11,110,8 t 13-111 0.9979 h0.0305 58 

Derived Quadratic Relationships 
Coefficient 

Substance Equation of detn" 

n-Butanol 0.9972 
Isooctane u = 21.070 - 0.11,735,9 t + 0.00,047,08t2 0.9859 
Methyl propyl ketone u 27.058 - 0.10,509,4 t - 0.00,003,00 t2  0.9986 
Diisopropyl ether U =  19.952-0.11,112,3t+0.00,005,54t2 0.9994 

0.9999 
Carbon tetrachloride ~ = 2 9 . 3 9 2 - 0 . 1 3 , 6 6 1 , 6 t + 0 . 0 0 , 0 2 1 , 3 2 t ~  0.9936 
Toluene u = 30.671 - 0.11,328,6t + 0.00,001,92t2 0.9998 

Benzene r~ 31.373 - 0.12,380,2 t - 0.00,004,335 t 2  0,9990 
u = 26.230 - 0.08,300,2 t - O.OO,OOO, 188 t2  

Diisobutyl ketone u = 26.425 - 0.09,550,0 t + 0.00,005,00 t 2  

(I Sums of squares due to regression divided by the sums of squares about the mean. At the mean value of the surface tension in dyn/cm. 

points retained were taken from this research (Table 11) plus 
refs. 1-6, 9-11, 18, 19, 21-23, 28, 32-36, 40-43, 48, 50, 52, 54, 

refs. 63 and 89 as recalculated by refs. 83 and 77. These rep- 
resent 56 separate sources. The selected data occupy a linear 
band with a width of about *0.15 dyn/cm. In  contrast, most 
of the rejected data were lower by about 0.5-1.2 dyn/cm. The 
obvious differences greatly simplified the selection problem. 
Benzene occupies a special position in surface tension work, 
in part  because of its ease of purification, and often serves as a 
secondary surface tension standard. The generally accepted 
value is 28.88 dyn/cm a t  2OoC, as recommended by Harkins 
(SO). The special history of benzene as a secondary standard 
has imparted a peculiar bias to the reported results. Measure- 
ments a t  temperatures different from 20°C are often based 
upon a calibration to  read u = 28.88 a t  20°C. Even when the 
results are ostensibly independent, the reputation of Harkins 
seems to impose values close to 28.88 a t  t = 20°C. It comes 
as no surprise, then, that  the linear equation derived here pre- 
dicts 28.886 dyn/cm while the quadratic equation predicts 
28.879 and a cubic fit predicts 28.883. A consensus prediction 
of 28.88 seems appropriate. Yet away from 2OoC, these 
equations diverge from that  of Harkins up to 0.2 dyn/cm 
a t  0°C. For the linear equation the predictions possess 95% 
confidence limits a t  5.5", lo", 20°, 30°, 40°, 50", 60°, TO", and 
80°C of *0.060, 0.053, 0.039, 0.032, 0.035, 0.046, 0.061, 0.078, 
and 0.096 dyn/cm. The agreement between the equations 
derived here and the 1926 equation of Harkins is close enough 
(average about 0.05 dyn/cm) to lend confidence to the present 
procedure of classifying the published values into acceptable 
and nonacceptable groups. 

For the n-butanol-air system, the 35 data points retained 
comprise those of this research (Table 11) plus refs. 8 ,  20, 34, 
36, 45, 51, 70, 82. The 15 discarded points were either about 
0.7 dyn/cm high or 0.3-0.6 dyn/cm lower than the accepted 
band. As shown in Table 11, the present experimental data 
agree with the final correlation within h0.05 dyn/cm on the 
average. 

For the diisopropyl ether-air system, there were only six 
accepted data points, those of this research (Table 11) and two 
of Vogel's (86). These agree very well. Two other data 
points were discarded. 

For the methyl propyl ketone (2 pentanone)-air system, the 
19 data points retained were 10 points calculated from 0-100°C 

58-60, 621 64-70, 72, 74-77, 79-81, 84, 85, 87, 88, 91 , 93 plus 

from Wright (92) plus those of this research (Table 11) and 
refs. 53,56. 

For isooctane (2,2,4 trimethyl pentane)-air, the 18 accepted 
data points (none discarded) were taken from this research 
(Table 11) and refs. 17, 21, 46, 66, 69, 90. The measurements 
of Bonnet were about 1% higher than the others, which agreed 
closely among themselves. The diff ereiices being slight, the 
entire set was treated in the usual manner by the method of 
least squares. 

In  regard to  the diisobutyl ketone (2,6 dimethyl 4 hepta- 
none)-air system, only one set of literature values was located, 
those of Cowan et al. (13). Their measurements differed 
from those of this research (Table 11), both in magnitude and 
in slope with respect to  temperature. 

The equations presented in Table I11 are based solely on 
Table I1 data. 

For the carbon tetrachloride-air system, the literature values 
were very discordant and presented a difficult choice. The 42 
data points finally accepted were from refs. 1 ,  4 ,  6 ,  8 ,  16, 29, 
31, 33, 341 36, 40, 48, 50, 62, 68, 80, 89, 93 plus ref. 58 as re- 
calculated by Sugden (77) .  Corrections t o  the liquid-air basis 
were taken from the I C T  (37 ) .  The discarded points num- 
bered 71 and presented an unusual pattern. One portion 
roughly followed a line about 0.7 dyn/cm higher than the 
central band, while the rest were similarly placed about 1.2 
dyn/cm lower than the central band. In  contrast, the ac- 
cepted central band was quite consistent, with a standard 
deviation a t  the mean of 0.05 dyn/cm. 

For the toluene-air system, 58 acceptable data points were 
collected from refs. 1 , 3, 4 ,  8,  1 1 ,  14, 18, 23, 26, 36, 42, 43, 47, 
48, 60, 58, 59, 67, 68, 73, 81 , 86-88 plus ref. 89 recalculated by 
Sugden (78). Corrections to the liquid-air basis were taken 
from the I C T  (37 ) .  From other authors, 89 data points were 
not accepted. As in the case for carbon tetrachloride, the re- 
jected data seemed to  define two coherent bands, one clearly 
above and one clearly below the central band accepted. The 
accepted group possessed a very good internal consistency with 
a standard deviation a t  the mean of 0.03 dyn/cm. 

With respect t o  the water-air system, there are a great 
many surface tension measurements. For the purposes a t  
hand, we averaged the four sets of linear coefficients provided 
by Gittens (27) for his two sets of data plus those of Teitelbaum 
(82) and Moser (49). The resultant linear equation is pre- 
sented in Table 111. 
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SURFACE THERMODYNAMIC CONSIDERATIONS ~~~ 

Table IV. Surface Thermodynamic Properties 
The Gibbs convention regarding the nature of an interface 

offers a simple physical model, yet one that  is sufficiently 
meaningful to  be the basis for precise definitions of terms and 
equations expressing the thermodynamic properties of capillary 
systems. According to this model, the two phases in contact 
remain homogeneous in their properties (such as  concentrations) 
up to the geometric dividing surface that  is the interface. This 
surface of zero thickness is used instead of the real interface of 
finite thickness. Properties are assigned to  the dividing surface 
such that  the energy, composition, and other properties of the 
total system are conserved. This treatment leads to  the def- 
initions employed here for the surface properties. Sometimes 
surface properties are called surface excess properties, but  this 
terminology is easily confused with ordinary excess properties. 
Now these assigned properties differ depending upon the exact 
positioning of the geometric dividing surface. Therefore, the 
location of the dividing surface is a matter of extreme im- 
portance when studying absorption processes. 

The systems dealt with in this paper are the simplest ones 
involving capillary phenomena. In  essence, they involve pure 
liquids in equilibrium with their vapors (no air present) 
separated by a plane interface. I n  this connection i t  is worth 
noting that  actually liquid-air systems differ slightly in their 
surface properties from the idealized system. Sometimes suf- 
ficient information is available t o  convert measurements for 
one case to  the other case. See I C T  (37). We will denote by 
supervcript u those values of the variables that  represent sur- 
face properties. The application of the Gibbs model, plus the 
assumption of temperature, concentration, and surface adsorp- 
tion as the controlling variables, leads t o  the following intensive 
properties of the surface (15, 44). 

f" = u = Helmholtz free energy per unit area = ergs/cm2 
s' = - du/dT = surface entropy per unit area = ergs/ 

u" = f" + Ts" = total surface energy per unit area = ergs/ 

h" = surface enthalpy per unit area = ergs/cm2 

cm2 O K  

cm2 

h" = u - T(du/dT) 

When the properties of a n  entire system are considered, the 
capital letters of F ,  S, U ,  and H are  employed. 

The surface energy per unit area, u", may be viewed as 
comprising two contributions: one being the work done, u, arid 
the other the heat requirement Ts" necessary t o  maintain the 
temperature constant when the area is changed by one unit. 
This point of view leads to  the definition of 

Xu = Ts" = - T(du/dT) 

where ha is the latent heat of the extension of the surface per 
unit area. If u is a linear function of temperature, the surface 
energy per unit area is constant and du"/dT = 0. 

DERIVED SURFACE PROPERTIES 

By use of the data  in Tables I1 and 111, the surface thermo- 
dynamic properties were calculated employing the listed 
thermodynamic relationships. The results are presented in 
Table IV. I n  the case of carbon tetrachloride, water, and 
toluene, the surface tension values were calculated from the 
linear equations in Table 111. 

The results clearly indicate that  for one-component liquid- 
air (or vapor) systems that  are liquids in normal experience, the 
surface energy per unit area is remarkably constant over the 
range from about 0-100OC. Others have made this same find- 
ing, but  with not the same precision. 

I n  contrast, some authors feel that  sometimes surface tension 
shows noiilinearities in its relationship with temperature. 
When this assumption is made, such as  by Franks and Ives 

Temp, 
"K 

293.15 
303.15 
313.15 
323.15 

293.15 
303.15 
313.15 
323.15 

293.15 
303.15 
313.15 
323.15 

293.15 
303.15 
313.15 
323.15 

p =  X U  = T s Q  E 

F"/A U ,  - T ( d a / d T ) ,  
u", surface surface ha = 

tension, latent heat, surface energy, 
dyn/cm = dyn/cm = dyn/cm = 

ergs/cm* ergs/cm2 ergs/cm2 
Benzene, duldt  = -0.12745 

29.24 37.36 66.60 
27.85 38.64 66.49 
26.46 39.91 66.37 
25.23 41.19 66.42 

66.47 av 
Isooctane, d u l d t  = - 0.08690 

19.06 25.47 44.53 
18.19 26.34 44.53 
17.19 27.21 44.40 
16.43 28.08 44.51 

44.49 av 
Isopropyl Ether, du/dt  = -0.10755 

17.73 31.53 49.26 
16.63 32.60 49.23 
15.59 33.68 49.27 
14.54 34.75 49.29 

49.26 av 
n-Butanol, d u / d t  = -0.08318 

24.67 24.38 49.05 
23.78 25.22 49.00 
22.84 26.05 48.89 
22.16 26.88 49.04 

49.00 av 
Methyl Propyl Ketone, d u l d t  = -0.10762 

293.15 25.09 31.55 56.64 
303.15 23.98 32.63 56.61 
313.15 22.89 33.70 56.59 
323.15 21.87 34.78 56.65 

56.62 av 
Diisobutyl Ketone, du ld t  = -0.09200 

293.15 24.54 26.97 51.51 
303.15 23.59 27.89 51.48 
313.15 22.70 28.81 51.51 
323.15 21.77 29.73 51.50 

51.50 av 
Toluene, du ld t  = -0.11111 

293.15 28.40 32.57 60.97 
303.15 27.29 33.68 60.97 
313.15 26.18 34.79 60.97 
323.15 25.07 35.91 60.98 

60.97 av 
Carbon Tetrachloride, d u l d t  = -0.11887 

293.15 26.73 34.85 61.58 
303.15 25.54 36.03 61.57 
313.15 24.35 37.22 61.57 
323.15 23.16 38.41 61.57 

61.57 av 
Water, du/dt  = -0.15710 

293.15 72.82 46.05 118.87 
303.15 71.25 47.62 118.87 

118.88 313.15 69.68 49.20 
323.15 68.11 50.77 118.88 

118.88 av 

(26) for water-air, the  surface energy per unit area for a one- 
component system is not constant. With two-component sys- 
tems (like benzene-water) , the mathematical treatment il- 
lustrated here for one-component systems is not applicable; 
i t  is necessary to  take into consideration the buildup of sur- 
face concentrations, N ? ,  of the two components. For ex- 
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ample, see Rehbinder (67) .  This point is not always recog- 
nized, as  is attested by a number of papers on the interfacial 
tension of hydrocarbon-water systems. 
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NOMENCLATURE 

A = surface area, cm2 

h“ = U “ / A  = enthalpy of the surface per unit area, 

u“ = C‘/A = total surface energy per unit area, dyn/cm = 

s‘ = S“/d = entropy of surface formation per unit area, 

= F “ / A  = Helmholtz free energy of surface formation 

A“ = latent heat of surface formation per unit area, dyn/cm 

N,“ = surface concentration of i t h  component, g-mol/cm2 

dyn/cm = erg/cm2 

erg/cm2 

dyn/cm OK = erg/cm2 O K  

per unit area, dyn/cm = erg/cm2 

= erg/cm2 
u = surface tension, dyn/cm = erg/cm2 
T = absolute temperature, O K  

t = Celsius temperature, “ C  
H ,  V ,  F ,  and S apply to  entire phase, erg 

REFERENCES 

Addison, C. C., J .  Chem. SOC. (London), 1943, p 535. 
Ali, B., Proc. Ind. Assoc. Cult. Sci., 9, 155 (1925). 
Andreas, J. hl., Hauser, E.  A., Tucker, W. B., J .  Phys. 
Chem., 42, 1001 (1938). 
Bartell, F. E., Case, L. O., Brown, H., J .  Amer. Chem. SOC., 
55,2769 (1933). 
Belton, J. W., Trans. Faraday SOC., 31, 1642 (1935). 
Belton, J. W., ibid., p 1413. 
Bonnet, J. C., M S  thesis, University of South Carolina, 
Columbia, S.C., 1969. 
Broad, D. W., Foster, A. G., J .  Chem. Soc. (London), 1946, 
p 446. 
Brown, R. C., Phil. Mag., [7] 13, 578 (1932). 
Brown, R. C., McCormick, H., Phil. Mag., 39, 420 (1948). 
Buehler, C. A., Gardner, T. S., Clemens, hl. L., J .  Org. 
Chem., 2, 167 (1937). 
Ceuterick, P., Bull. SOC. Chim. Belg., 45, 553 (1936). 
Cowan, D. hl., Jeffrey, G. H., Vogel, A. I., J .  Chem. SOC. 
(London), 1940, p 171. 
Crawford, H. R., van Winkle, M., Ind. Eng. Chem., 51, 601 
(1959). 
Defay, R., Prigogine, I., Bellemans, A., “Surface Tension 
and Adsorption,” Wiley, New York, N.Y., 1966. 
Desreux, V., Bull. SOC. Chim. Belg., 44, 249 (1935). 
Donaldson, R. E., PhD thesis, Emory Univ., Atlanta, Ga., 
1949. 
Donaldson, R. E., Quayle, 0. R., J .  Amer. Chem. SOC., 72, 35 
(1950). 
Dreisbach, R. R., “Physical Properties of Chemical Com- 
pounds,” Vols. I, 11, 111, Amer. Chem. SOC., Washington, 
D.C., 1955, 1959, 1961. 
Efremov, Y. V.,  Russ. J .  Phys. Chem., 40, 667 (1966). 
Evans, H. B., Clever, H. L., J .  Phys. Chem., 68,3433 (1964). 
Ferguson, A., Phil. Mag., [6], 28, 403 (1914). 
Ferguson, A., Vogel, I., Proc. Phys. SOC. (London), 38, 193 
(1926). 
Fife, H. R., Reid, E. W., Ind. Eng. Chem., 22, 513 (1930). 
Franks, F., Ives, D. J .  G., J .  Chem. Soc., 1960, p 741. 
Gaines, G. L., J .  Phys. Chem., 73, 3143 (1969). 
Gittens, G. J., J .  Colloid Interface Sci., 30, 406 (1969). 
Grunmach, L., Elster-Geitel Festschrzft, 1915, v 484. 
Hammick, D. L., Andrew, L. W., J.’Chem: kac. (London), 
1929, p 784. 

Harkins, W. D. in A. Weissberger, “Physical Methods of 
Organic Chemistry,” Vol. 1, Interscience, Kew York, N.Y., 
1945. 
Harkins, W. D., Colloid Symp. Monograph, 6, 17 (1928). 
Harkins, W. D., Brown, F. E., J .  Amer. Chem. SOC., 41, 499 
(1919). 
Harkins, W. D., Cheng, Y. C., ibid. ,  43, 35 (1921). 
Harkins, W. D., Clark, G. L,, Roberts, L. E., ib id . ,  42, 700 
(1920). 
Harkins, W. D., Jordan, H. F., ibid., 52, 1751 (1930). 
Hennaut-Roland, L., Lek, M., Bull. SOC. Chim. Beh. 40. 177 . .  . - .  
(1931). 
International Critical Tables. Vol. 4. McGraw-Hill. New , - -  
York, X.Y., 1928. 
Jasper, J. J., Duncan, J. C., J .  Chem. Eng. Data, 12, 257 
(1967). 
Kawanishi, T., Seimiva, T., Sasaki, T., J .  Colloid Interface 
Sci., 32,622 (i970). ~ 

Koefoed. J.. Villadsen. J. V..  Acta Chem. Scand.. 12. 1124 
I ,  , ,  

(1958). 
Koshiyama, K., Konomi, N., Kagaku (Tokyo), 21, 595 
(1951). 
Kremann, R., Meingast, R., Monatsch. Chem., 35, 1323 
(1914). 
Lederer, E. L., Kolloid Z., 72, 267 (1935). 
MacDougall, F. H., “Thermodynamics and Chemistry,” 
3rd ed., Wiley, New York, N.Y., 1939. 
&lacy, R., J .  Chem. Educ., 12, 573 (1935). 
Manzoini-Ansidei, R., Boll. Sci. Fac. Chim. Ind. Univ. 
Bologna, 4, 201 (1940). 
hlanzoni-Ansidei, R., Giorn. Biol. Ind., Agrar. Aliment, 7, 
234 (1937). 
hIorino, Y., Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 23, 
49 (1933). 
Moser, H., Ann. Physik, 82 [4], 993 (1927). 
Mukherjee, A. K., J .  Indian Chem. SOC., 30, 670 (1953). 
Mumford, S. A., Philips, J. W. C., J .  Chem. Sac. (London), 
1950, p 7 5 .  
Sevin, C. S., J .  Amer. Oil  Chem. SOC., 33, 95 (1956). 
Owen, K., Quayle, 0. R., Clegg, W.  J., J .  Amer. Chem. SOC., 
64, 1294 (1942). 
Padday, J. F., Int. Kongress Grenzflachenactive Stoffe, 3 (I) ,  
233 (1960). 
Pike, F. P., Bonnet, J. C., J .  Colloid Interface Sci., 34, 597 
(1970). 
Ramsey, W., Shields, J., J .  Chem. SOC. (London), 63, 1089 
(1893). 
Rehbinder, P., Biochem. Z., 187, 32-6 (1927). 
Richards, T. W., Carver, E. K., J .  Amer. Chem. SOC., 43, 827 
(1921). 
Richards, T. W., Coombs, L. B., ib id . ,  37, 1656 (1915). 
Richards, T. W., Speyers, C. L., Carver, E. K., ibid., 46, 1196 
(1924). 
Riddick, J. A., Bunger, W. B., “Organic Solvent,’’ 3rd ed., 
Wiley-Interscience, Sew York, N.Y., 1970. 
Ruyssen, R., Rec. Trav. Chim. Pays-Bas, 65, 580 (1946). 
Schiff, R., Justus Liebigs Ann. Chem., 223, 47 (1884). 
Schmidt, R. L., Randall, J. C., Clever, H. L., J .  Phys. Chem., 
70,3912 (1966). 
Sentis, H., Ann. Univ. Grenoble, 27, 593 (1915). 
Shewmaker, J. E., Vogler, C. E., Washburn, E. R.,  J .  Phys. 
Chem., 58,945 (1954). 
Siskova, ?VI., Erdos, E., Coll. Czech. Chem. Comm., 31, 2327 
(1966). 
Slowinski, E. J., Masterton, W. L., J .  Phys. Chem. 65, 1067 
(1961). 
Smith, G. W., ib id . ,  48, 168 (1944). 
Smith, G. W., Sorg. L. V., ibid. ,  45, 671 (1941). 
Snyder, H. B., Gilbert, E. C., Ind. Eng. Chem., 34, 1519 
(1942). 
Speakman, J. C., J .  Chem. SOC. (London), 1933, p 1449. 
Stachorsky, K. XI., Z .  Electrochem., 34, 111 (1928). 
Sugden, S., J. Chem. SOC. (London), 119, 1483 (1921). 
Sugden, S., i b id . ,  121, 858 (1922). 
Sugden, S., ib id . ,  125, 27 (1924). 
Sugden, S., ibid., p 32. 
Sugden, S., ib id . ,  p 1167. 
Suri, S. K., Ramakrishna, V., J .  Phys. Chem., 72, 1556 
(1968). 
Sutherland, K. L., Aust. J .  Chem. 7, 319 (1954). 

Journal of Chemical and Engineering Data, Vol. 17, No. 2, 1972 149 



(81) Tmde,  N.  R., Parvatikar, K. G., Indian J .  Phys., 30, 348 
(1956). 

(82) Teitelbaum, B. Y., Gertolova, T. A,, Siederova, E. E., 
Zh. Fiz. Khim., 25,  911 (1951). 

(83) Timmermans, J., “Physico-Chemical Constants of Pure 
Organic Compounds,” Elsevier, Kew York, N.Y ., 1950. 

(84) Transue, L. F., Washburn, E. R., Kahler, F. H., J .  Amer. 
C h m .  SOC., 64, 274 (1942). 

(85) Trieschmann, H. G., 2. Phys. Chem. (Leipzig), B29, 328 
(1935). 

(86) Vogel, A. I., J .  Chem. SOC. (London), 1948, p 616. 

(87) Volkmann, P., Wied. Ann. Phys. Chem. [NF], 56,487 (1895). 
(88) Voronkov, M. G., Zh. Fiz. Khirn., 26, 813 (1952). 
(89) Walden, P., Swinne, R., Z. Phys. Chem., 79, 700 (1912). 
(90) Wibaut, J. P. et al., Rec. Trau. Chim. Pays-Bas, 58, 329 

(1958). 
(91) Wolf, K. L., Z. Phys. Chem. (Leipzig), 225, 1 (1964). 
(92) Wright, F. J., J .  Appl. Chem., 11, 193 (1961). 
(93) Yen, C. X ,  Hu, J. H., Hua Hsueh Hsueh Pao, 30, 1 (1964). 

RECEIVED for review October 12, 1971. Accepted November 29, 
1971. 

Critical Reassessment of Viscosities of 11 Common Gases 

GEOFFREY C. MAITLAND and E. BRIAN SMITH’ 
Physical Chemistry Laboratory, South Parks Road, Oxford, England 

Recommended values of the coefficients of viscosity of 1 1  common gases (He, Ne, 
Ai, Kr, Xe, Nz, Hz, 0 2 ,  Con, CHI, air) are given over the temperature range for which 
reliable data exist. A critical reassessment of all available data confirms the recently 
expressed view that most of the early measurements of high-temperature viscosities 
are seriously in error (by up to 8% at 1700K). These results have been rejected in 
favor of more recent data in establishing the values recommended in this paper and 
estimated to be accurate to 1 .0-1.57& 

T h e  values of the viscosities of even the most common gases 
have been the  subject of some controversy in recent years. 
Accurate values of this property are most important both from 
the  practical standpoint, in flow and heat exchange problems, 
and also in theoretical problems where a knowledge of gas vis- 
cosities over a wide range of temperature can play a n  important 
par t  in furthering our understanding of the forces between 
molecules (S, 49). The controversy which has surrounded 
this property arises from a gross discrepancy between the 
mutually consistent values of Trautz (64-76) and Vasilesco 
(80), obtained during the  1930’s and ’40’s, and the determina- 
tions of recent workers, which are not always so mutually 
consistent. Indications tha t  the  earlier results are almost 
certainly in error have been reported by several workers on 
the basis of both theoretical (28,46) and experimental observa- 
tions (13, 15, 26). This fact, together with the abundance of 
viscosity data  scattered throughout the  literature, makes the 
need for a critical analysis of the  available values very pressing. 

The objectives of this survey are threefold: t o  collect to- 
gether the many measurements of the viscosities of a number of 
simple gases; to  make a critical assessment of this data  in 
order to  decide which data  can be accepted as reliable; and 
using these selected viscosities, t o  give recommended values 
over the whole temperature range for which data  exist and t o  
give quantitative estimates of their accuracy. The gases 
studied in this work are the  inert gases-helium, neon, argon, 
krypton, and xenon-the diatomic gases nitrogen, hydrogen, 
and oxygen and, in addition, carbon dioxide, methane, and air. 

DEFINITION AND MEASUREMENT 

This survey is concerned with the  coefficient of shear vis- 
cosity, ?, of dilute gases (Le., gases at low pressures, <2 atm). 
7 is defined as  the tangential force per unit area required to  
maintain a unit velocity gradient when a fluid flows past a 

1 To whom correspondence should be addressed. 

stationary plane surface. Its units are g cm-’ sec-l, com- 
monly called the poise; a convenient unit for gas viscosities is 
the micropoise, pP, g cm-l sec-l or kg m-l see-’. 
It has been measured using a variety of techniques, the most 
common of which are the capillary flow method (indicated in 
the subsequent text by CF) and the oscillating disc (OD) 
method. Other techniques which have been used to  a lesser 
extent are the rotating cylinder (RC) method and the observa- 
tion of the retardation from free fall of a body, commonly a n  
oil drop, through the  gas. 

PROCEDURE 

Criteria for Selection of Data. Recent measurements of 
the viscosities of the inert gases by three separate sets of workers 
using different techniques [Kestin e t  al. (OD) (15-17, 33-40), 
Guevara et  al. (CF) (22, 26, 21) and Smith e t  al. (CF) (8 ,  9, 
12, 13, 44)]  have indicated that at high temperatures the  
hitherto accepted data  of Trautz e t  al. and Vasilesco (both CF) 
are in error by up  to  loyo. These serious discrepancies have 
not yet been satisfactorily explained but may have arisen from 
inadequate correction of their data  and inaccurate temperature 
measurement (26).  The data  of the three recent workers are  
not completely consistent with each other, the spread of results 
being 2.0-2.5yo. Here we have attempted t o  estimate “best” 
values based on these more recent data. 

Below room temperature, measurements by Clarke and 
Smith (CF) (8 ,Q)  have again suggested errors in the older data  
of Johnston e t  al. (OD) (31, 32), but here the discrepancies axe 
much smaller than those at  high temperatures and are not 
considered significant enough to  justify rejection of the earlier 
work. 

The general criteria for accepting data  were thus based on the  
plausible assumption t h a t  the  recent values for the eleven gases 
of Kestin e t  al., Guevara et  al., and Smith et  al. (with a max- 
imum spread of 2,5y0) form a reliable body of data  on which t o  
base the recommended values. Where the data  of a worker 
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