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Interfacial tension (or surface tension) of compounds and 
mixtures of compounds is a basic  property, the knowledge 
of which is valuable to the scient is t  and engineer. Emulsion 
and foam characterist ics,  mass transfer and fluid flow 
phenomena, f i lm  characterist ics,  liquid-liquid and vapor- 
liquid reaction behavior, and other process operations are 
affected by th i s  property to a greater or lesser extent. 
In the absence of data for a particular system or mixture 
it is desirable to have methods of predicting this property 
with a reasonable degree of accuracy. Before th i s  can be 
achieved i t  is necessary to obtain accurate data on a large 
number of systems having widely differing characteristics. 

Data have been reported in the literature on the surface 
tension of pure compounds at temperatures ranging from 
15' to 30'C.; other data relate the variation of surface 
tension of pure compounds with temperature, and some 
relate the surface tension of mixtures at  constant tempera- 
ture with composition. The re  are  few, if any, data on 
surface tension or interfacial tension of homogeneous 
binary liquid mixtures in  contact with their equilibrium 
vapors at their boiling points. To dwe lop  equipment for 
t h e  determination of data of this  type was one of the pur- 
poses  of the present investigation. 

E X P E R I M E N T A L  EQUl PMENT 

It was necessary to develop a unique apparatus and 
experimental procedure for the evaluation of interfacial 
tension a t  the boiling points of the mixtures in  contact 
with their equilibrium vapors. 

THEORY 

The  pressure differential across  a curved liquid surface 
may b e  expressed a s  

where 

pi, pa = pressures on the concave and convex s ides  of the 
liquid surface 

u = interfacial tension 
R,, R, = principal radii of curvature of the liquid surface 

Equation 1 shows that the pressure is greater on the 
concave s ide of the curved liquid surface than on the convex, 
by an amount which is equal to the product of the interfacial 
tension and the sum of the reciprocals of the principal radii 
of curvature. The  above relationship is known as  Laplace's  
equation, of which Adam (1) has presented a simplified 
mathematical derivation. 

'Present address, Convair, Fort Worth, Tex. 

Figure 1. Capillary rise 

If the surface is part of a sphere 

R, = R, = R 
1 1 2  
- + - = -  

For the  particular case where t h e  surface is plane 
R, = R, = m, and the pressure differential is zero. 

If a g l a s s  capillary tube is standing vertically with one 
end immersed in a bath of liquid (Figure l ) ,  t he  liquid will 
r ise  t o  a height h. A and B are the points on the two s ides  
of the liquid surface in the capillary, and D and E are two 
points in the liquid surface in the bath outside the capillary. 
Distances AB and DE a re  allowed to  approach the thick- 
n e s s  of the surface f i lm  a s  a limit, or the dis tances  are 
zero for the purpose of measurement of the pressure differ- 
ential. C and D are  on the same level. In case the system 
is stat ic ,  the pressures a t  A, E, D, and C are equal to 
atmospheric pressure. T h e  pressure differential between 
A and B can then be expressed as hydrostatic head BC or 
h. If the density of the  liquid is p, A p  = hpg, where g is 
the gravitational acceleration. 

where r is the inside radius of the capillary and a i s  
the  contact angle. 
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F i g w e  2. Llquld I n  horizon 
tube 

If the liquid wets  the tube, c( - 0 and t h e  equation 
resolves to 

rhpg 
2 

0 -  - 

For the c a s e  of a drop of liquid in a horizontal tube 
(Figure 2), the liquid surface between C and D is plane or 
the pressures a t  B, C, and D are  equal. The  pressure 
differential across  the surface in the capillary may be 
detamined by measuring the pressure difference between 
A and D. The interfacial tension may be calculated if the 
radius of the capillary is known. 

A horizontal capillary tube may then be used to measure 
surface tension of a very small liquid sample. T h i s  method 
was first  employed by Ferguson and Kennedy (3). 

Thus  far, the contact angle between the g lass  and the 
liquid is assumed to be zero. If the g lass  is clean, the 
contact angle is almost always zero with water and organic 
liquids (I). 

The  measurement of t h e  interfacial tension of a binary 
system at i t s  boiling point may be accomplished by placing 
a drop of liquid in the capillary, introducing the vapor in 

equilibrium with the liquid a t  i t s  boiling point into the 
capillary, controlling the temperature in t h e  capillary e t  
t h e  boiling point of the liquid, and measuring the pressure 
differential between the vapor and the liquid. 

EQUIPMENT FOR MEASURING I N T E R F A C I A L  
TENSION A T  BOILING P O I N T  

The  equipment shown in Figure 3 was for measurement 
of interfacial tension of liquids a t  their boiling points. It 
is composed mainly of borosilicate g l a s s  par ts  connected 
by standard-taper ground joints or ball and socket  joints. 
No stopcock lubricants were used, so that contamination of 
the systems by foreign materials from th is  source was 
avoided. 

A horizontal capillary tube having a radius of 1.783 
x 10'' cm. and an approximate length of 1 7  cm. was sealed 
to a male 30/10 standard-taper joint, which i n  turn was 
sealed to a 12/5 ball ground joint. T h e  dis tance between 
the two joints  was 16 cm. to furnish space  for mounting a 
spiri t  level. T h e  open end of the capillary was ground 
with No. 1000 Carhorundum to a flat surface perpendicular 
to the long axis of t h e  capillary. 

This capillary assembly, which is the essent ia l  part of 
the apparatus, h a s  a male 30/10 standard-taper joint in- 
ser ted into the female 30/10 s tandardtaper  joint that w a s  
sealed or welded to the outer jacket at one end. Two 
parallel baffles perpendicular to the capillary were sealed 
into the other end. A s m a l l  hole was located a t  the center 
of each baffle to allow the capillary tube to p a s s  through 
with s l ight  clearance. The  baffles acted a s  a support for 
the capillary and a s  a barrier t o  passage of the vapor and 
liquid mixture pumped up from the  boiling flask. A large 
opening on the lower part of the jacket allowed the inner 
mantle t o  b e  inserted. This  mantle provided a means of 
heating the capillary to the equilibrium temperature by 
bathing t h e  tube with equilibrium boiling mixture. Holes 
i n  the s i d e  of the jacket enabled the vapors to escape. A 
pressure tap in the outer jacket was provided to detect 

COOLING WATER IN 
COOLING WATER OUT 

OUTER J4CKET 

ER H4NTLE 

PUMPIN0 DEVICE 

MERCURY 
:%LING 

F i g w e  3. Interfmeid tension measurement o p p r o i u ~  
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any measurable pressure drop through the condenser. A 
45/50 standard-taper joint was used to  mount the outer 
jacket horizontally in the  chamber which houses the  jacket. 

T h e  chamber was constructed of a flattened 1030-ml. 
round-bottomed flask. I t  w a s  connected t o  the  Friedrichs 
condenser by means of a 24/40 standard-taper ground joint, 
to  the boiling flask below by a 55/50 joint, and to the outer 
jacket by a 45/50 joint. A liquid l ine and a liquid jet  
tube were sealed in the chamber with openings at  the  
outside of the  chamber cloeed by 12-mm. ground-glass 
balls. T h e  pressure tap was  a l so  closed by means of a 
12-mm. ground-glass ball which was made by sealing the  
opening in a 12/2 ball ground joint. Pinch clamps were 
used to  hold the balls into the socket joints provided at  
the openings. 

T h e  optically flat window of the  chamber was  placed 
perpendiculsr to the  ax is  of the  capillary tube. A parallel 
p la te  providing an air jacket was positioned outside the 
window by s t ee l  springs. T h e  jacke t  consisted of a 1/4- 
inch g lass  disk sealed to  a short  g lass  cylindrical ring. 
T h e  contact r im between the  jacket and window was  ground. 
Two openings were provided in the  jacket for passage  of 
hot air to prevent condensation of vapor an  the window. 

T h e  liquid j e t  was  adjusted t o  occupy such a position 
that the  t ip  w a s  not on the same line as the  longitudinal 
ax i s  of the capillary but placed such that a liquid jet  
would hit directly the opening of the capillary. T h e  open- 
ings  were fitted with 12/5 socket ground joints. A 50-cc. 
borosilicate glass medical syringe sealed to  a 12/5 ball 
joint w a s  used as the outside pumping device for the  
liquid line. 

T h e  boiling flask is a twc-necked 1000-ml. round-bottomed 
flask. The larger neck was  provided with a female 55/50 
standard-taper joint and the smaller with a female 24/40 
joint. T h e  smaller neck was c losed  with B ground-glass 

The pumping device (2) consisted of a small funnel 
resting on three l /&inch  legs and sea led  to the inner 
mantle. T h e  height of the pumping device was adjusted so 
that the  two s e t s  of shorted j e t s  of vapor and liquid mixture 
hit  the capillarv directly. 

T h e  5 m w a t t  heater h a s  an  opening equivalent to the 
largest diameter of the funnel, so that l i t t le vapor was 
generated outside of the  pumping device. T h e  light source 

illuminate the  end of the  capillary w a s  supplied by a 
Lumiscope. T h e  incident ray from the  Lumiscope was 
reflected by the  liquid solution in the open end and by the  
open end of the  capillary and the reflected ray was  observed 

a Bausch 8 Lomb 20X widefield tube. T h e  smaller the 
angle between the  incident and reflected ray, the  higher is 
the sensit ivity of the  apparatus to detect a plane liquid 
surface at the end of the capillary. Thus  the angle was  
made as small as possible. 

T h e  draft gage-type manometer was  made of Gmm. g lass  
tubing and utilized a 14-inch-diameter aluminum pan as a 
sump connected by metallic f i t t ings and rubber tubing. T h e  
g l a s s  tubing was mounted such that the multiplying factor 
due to  inclination w a s  9.75 to 1.0. Hence, a pressure 
drop of 0.001 inch of water could be detected. A 0.5-cc. 
lump of Aerosol OT, 85% pas te  (a wetting agent) was  
placed in the  water in the pan to facil i tate movement of 
water in the  g lass  tubing. T h e  large diameter of the pan 
relative to  that of the glass tubing maintained the base  
water level constant. 

T h e  pressure in the capillary was  regulated by a small 
change in the  mercury level in the  mercury leveling bowl. 
A stationary leveling bottle was connected between the  
leveling bowl and the  gage to absorb sudden change in 
pressure. 

A three-way stopcock was  sea led  between a 12/5 socket 
ground joint and the pressure-regulating system. T h e  other 

Plug. 

84 INDUSTRIAL AND ENGINEERING CHEMISTRY 

END OF 
CAPILLA~~ 1Y 

VACUUM JACKET TUBE 

WITH EXPANSION JOINT 

Figure 4. Constant temperature locket for cepillory tube 

the  apparatus was  not in use, the  pressure-regulating 
system was open t o  the  atmosphere to avoid surge of water 
from the gage. When a slight vacuum was needed, the open 
outlet of the  three-way cock was  connected to a suction 
bulb. 

T h e  ball and socket joints and stopcocks in the pressure- 
regulating system were lubricated with Daw-Corning stop- 
cock grease. 

T h e  boiling f lask  w a s  insulated with g lass  fiber cloth to 
prevent excessive heat loss. 

Apparatus for 30°C. T h e  equipment shown in Figure 4 
was  used to  determine interfacial tension a t  30°C. T h e  
capillary was  surrounded by a concentric liquid jacket 
throuah which water a t  a closelv controlled temDerature 
w a s  Zrcula ted .  
2 239 x to-' cm. 

T h e  radius of . the  capillary t i b e  was 

EXPERIMENTAL PROCEDURE 

T h e  interfacial tension of the  liquid and vapor in equi- 
librium with the liquid at  the normal boiling point of the 
liquid binary mixture was  determined as  follows. 

T h e  interfacial tension measurement apparatus specially 
designed and canstmcted for this  project (Figure 3) was  
disassembled and its parts were washed in acetone. The 
air-dried parts were placed i n  an oven and heated to  105OC. 
for 2 hours or more to  ensure thorough dryness. After 
cooling, the  parts were assembled and ready for the experi- 
ment. 

T h e  1000-ml. round-bottomed boiling flask w a s  filled 
4/5 full with liquid mixture of the binary system. The 
heater was then turned an to  heat the  system to the boiling 
point. Care was  taken t o  keep the bailing chips in the 
space  under the funnel of the  pumping device. 

At leas t  15 minutes were allowed after the  mixture 
started boiling for the liquid and its vapor to  reach equi- 
librium. T h e  length of time needed to reach equilibrium 
was  determined by analyzing success ive  vapor samples 
from the  system. 

T h e  vapor was  drawn thmugh the capillary by means of 
an aspirator bulb in order to fill the  capillary tube with 
the  vapor which was  in equilibrium with the  liquid in the 
boiling flask. A drop of the boiling liquid was injected 
into the  opening of the  capillary. T h e  5 k c .  syringe was  
used t o  draw the liquid out of the f l a sk  through the liquid 
l i ne  and to inject the  liquid into the liquid jet. A 5-ml. 
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sample of the liquid w a s  taken from t h e  syringe. T h e  
inner mantle bathed t h e  outs ide of the capillary with boiling 
mixture to  keep the  capillary at the boiling point tempera- 
ture. T h e  e x c e s s  liquid in t h e  capillary was  bled off by 
t h e  increase of pressure inside the capillary, such  that the 
final position of the meniscus was  in the  heated portion 
of the capillary. 

The  capillary was  originally placed in a horizontal 
position with the  aid of a spiri t  level  during assembly. 
T h e  external surface of the  window was  heated by hot air  
in order t o  remove any condensed vapor from the  inside 
surface of t h e  window. T h e  Lumiscope was  used  to  supply 
t h e  light t o  illuminate the  open end of t h e  capillary. T h e  
reflected light from t h e  liquid surface in the capillary 
opening and the open end of the  capillary tube  were viewed 
through the Bausch & Lomb widefield tube. The  angle 
between the  incident ray and the  reflected ray w a s  kept as 
small  as  possible  to  furnish high sensi t ivi ty  in t h e  obser- 
vation of the  plane surface at  the capillary opening which 
was  obtained. by t h e  regulation of the pressure ins ide  the 
capillary tube. 

T h e  pressure inside the  capillary tube was  regulated by 
means of a mercury leveling bulb. T h e  pressure necessary 
to  maintain a plane liquid surface at  the opening of the  
capillary w a s  measured by the u s e  of the inclined draft 
gage. No pressure drops higher than 0.0005 inch of water 
between the  chamber housing the capillary and the  atmos- 
phere were detected through the pressure tap  during t h e  
measurement. 

A small drop of t h e  liquid in the capillary was  bled off, 
and the  procedure was  repeated to obtain a new pressure. 
T h e  arithmetic average value of several  gage pressures  
w a s  used as the  pressure drop a c r o s s  t h e  meniscus inside 
the capillary a t  t h e  boiling point. T h e  gage  pressure in 
inches  of water, t h e  water temperature, and t h e  radius of 
the capillary were used to  calculate  the  interfacial tension 
of t h e  system a t  the boiling point. 

The  liquid composition was  determined by the  method of 
refractive index, and the  sample taken from the  syringe 
w a s  used for the determination. 

T h e  surface tension at  30°C. was  determined i n  a similar 
manner, except that the arrangement of the  apparatus was  
a s  shown in  Figure 4. Liquid samples of known composition 
were introduced to  the  capillary by means of a 0.2-ml. 
pipet. T h e  temperature of water circulating in the  water 
jacket  w a s  regulated by means of a Precis ion thermal bath. 

A N A L Y T I C A L  PROCEDURE 

Inter fac ia l  Tension.  T h e  interfacial tension of a binary 
system at  the  boiling point of the  liquid mixture was  ob- 
tained by determination of the  pressure drop across  the  
interface in  the  horizontal capillary. T h e  calibration of 
t h e  capillary and t h e  conversion of t h e  pressure drop to  
interfacial tension a re  descr ibed as follows. 

Convers ion t o  Inter fac ia l  Tension. For  t h e  boiling point 
apparatus 

r g  
(Ah)  = - p ( A h )  

2 2 
' P  g 

r J = -  

(1.7833 x lo-') (980.7) 
2 

U =  @) (2.5400) (Ah) 

or 
u = 22.21 p Ah dynes per c m .  

where 

cr = interfacial tension, dynes per cm. 
p = water density, grams per cc. 

Ah = pressure drop, inches of water 

(7) 

4 20 40 60 BO 
1 1 " ' ' 

MOLE % I-PROPANOL IN LIQUID 
MOLE % TOLUENE IN LIQUID 

Figure 5. Interfacial tension, 1-propanol-water system and 
toluene.n-octane system 

Table I. Interfacial Tension at Normal Boiling 
Point and at 3OoC. 

1-Propanol-Water Toluene-n-Octane 

Mole % 
l-propatiol D ~ C ~ ? S / C I I L  

0.00 58.9 
2.81 43.4 
6.01 26.5 
8.19 22.8 

16.90 20.9 
22.15 20.3 
31.47 19.4 
40.34 18.7 
53.24 17.9 
66.10 17.2 
84.61 16.5 

100.00 15.9 

At 3OoC. 

t OC. 

100.00 
91.3 
89.3 
88.7 
88.2 
88.1 
87.9 
87.8 
88.0 
88.6 
91.4 
97.3 

Mole % 
toluene 

0.00 
10.38 
19.75 
27.68 
44.01 
56.15 
67.42 
77.68 
90.60 

100.00 

D y n e s / c a  

11.3 
11.5 
11.8 
12.0 
12.6 
13.1 
13.8 
14.6 
15.8 
16.8 

At 30°C. 

t OC. 
125.2 
121.0 
119.0 
117.3 
114.5 
113.2 
112.3 
111.5 
110.6 
110.1 

0.00 71.2 
10.19 26.2 
23.21 25.4 
57.73 24.1 
79.70 23.7 

100.00 22.9 

0.00 20.7 
10.46 21.1 
31.91 21.8 
49.38 22.7 
66.32 24.0 
86.00 25.7 

100.00 27.4 

For the  arrangement to measure surface tension a t  30°C. 

cr = 27.89 p Ah dynes per cm.  (9) 
Equations 8 and 9 are  valid when the  contact angle  is zero. 
T h i s  w a s  assumed to  be true within the precision of t h e  
measurements. 

E X P E R I M E N T A L  RESULTS 

The resu l t s  of interfacial tension measurements a t  the  
boiling point and a t  3OoC. on two of the eight binary 
systems studied a re  shown in Figure 5 and Tab le  I. T h e s e  
sys tems are 1-propanol-water and toluenerz-octane. 
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The precision for the measurements of interfacial tension 
is a function of the nature of the system, the cleanl iness  
of the apparatus, and the accuracy of the pressure determi- 
nation. Dirty apparatus may have a nonzero contact angle 
between the liquid and g l a s s  and the clean liquid may not 
have a zero contact angle with the glass. Contact angles 
between zero and 5' are extremely difficult to detect. 
Precision in the determination of the interfacial tension 
due to  errors introduced by neglecting a nonzero contact 
angle is estimated as follows. 

Preci d o n  i n  Interfacial Tension, Dynes/Cm. 

Error (Dynes/Cm.) Resulting from 
Interfacial Neglecting Contact Angle of 
Tension, 

Dynes/Cm. O 0  5 '  10 O 

0.00 0.00 0.00 0.00 
15.00 0.00 0.06 0.23 
30.00 0.00 0.12 0.46 
45.00 0.00 0.18 0.69 
60.00 0.00 0.24 0.92 

Contact angles larger than 5' can be detected; there- 
fore, the smallest precision for the determination would 
correspond to the values given in the column under 5 ' .  

The  zero point of t he  draft gage was determined by 
means of an induced oscil lation of the water meniscus in 
the 6-mm. g l a s s  tube of the gage. The  rest point of the 
meniscus was recorded, and the arithmetic average value 
w a s  used as the zero point of the gage. The zero point 
was evaluated twice during each se r i e s  of runs. T h e  
precision of obtaining the zero point, which controls the 
precision of the pressuredrop determination, is estimated 
to b e  0.003 inch of water for the draft gage, or 0.07 dyne 
per cm. expressed in terms of interfacial tension. 

Therefore, the over-all precision for the interfacial 
tension measurement apparatus was estimated to  be approxi- 
mately 0.6%, which amounts to 0.1 dyne per cm. for 15 
dynes per crq. or 0.3 dyne per cm. for 60 dynes per cm. 

From the  plots of data on a large scale the precision 
obtained for the  1-propanol-water and toluene--octane 
systems was  0.2 dyne per cm. 

VISCOSITY OF VAPOR MIXTURES AT TEMPERATURES 
N E A R T H E I R  DEW POINT 

Another property of interest  to scient is ts  and engineers 
is vapor viscosity of compounds and mixtures of compounds. 
Wherever gas  or vapor mixtures a re  encountered in mass 
transfer, heat transfer, and fluid flow, their viscosity is 
one of the variables to be Considered. One particular 
region of interest  is that at temperatures at or near the dew 
points of mixtures. Some data have been reported on light 
hydrocarbon mixtures, but few on organic compound mix- 
tures normally liquid a t  atmospheric pressure and at tem- 
peratures in the  neighbcihood of 100°C. One phase of the 
investigation was concerned with devising a means of 
evaluating the viscosity of vapors of binary mixtures a t  
temperatures near their dew points. 

Experimentally it is extremely difficult to obtain vis- 
cosi t ies  of vapors near their dew point temperatures because 
of the  possibility of encountering phase  change resulting 
i n  both liquid and vapor phases  occurring in the viscometer. 
Because of this  and other difficulties, i t  was considered 
necessary to devise  a special  type of viscometer t o  measure 
vapor viscosi t ies  of mixtures of known composition a t  
temperatures above their dew points. Thus,  with experi- 
rcentd determinations made at a number of temperatures 
such that the mixture was entirely in the vapor state,  
extrapolation could give viscosity at  the dew point 
temperature. 

The  apparatus devised was one from which the data 
could be utilized in Poiseuille 's  equation (7) 

where 

7 = viscosity, poises  
p = pressure, dynes per sq. c m .  
L = length of capillary, cm. 
V = volume of vapor passing through the capillary, cc. 
n= 3.1416 
t = time of efflux of volume of vapor V through the capil- 

If the system downstream from the capillary is considered 

lary, seconds 

ideal 

and 

Subtracting 

or 

( A  Pa>Va ( A  nz) RT 

Under the average capillary conditions assuming ideal gas  

PavV = ( A d R T  (14) 

because the volume V of the vapor is the only source of 
vapor entering the space  Va 

(15) 
AnzRT (APz)Va 

P a ,  P a v  

v = - = -  

where 

V = volume of vapor passing through the capillary during 

Apa = increase in pressure in the system downstream from 

Va = volume of the system downstream from the capillary 

Subscripts i, f indicate initial and final conditions, 
respectively. 
Subscripts 1 , 2  indicate upstream and downstream conditions, 
respectively. 

time t 

the  capillary during time t 

Then 

The  relative viscosity of the vapor with respect t o  air 
may be expressed a s  

where g indicates vapor and a indicates air. 

VAPOR VISCOMETER 

The vapor viscometer shown in Figure 6 consisted of two 
s ta inless  s teel  cylindrical chambers of Cinch diameter 
and 6.5-inch height, and %inch diameter and +inch height 
connected by a 0.015-inch inside diameter s ta inless  steel 
tube, 6.5 feet  long, coiled into two loops to fit into the 
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Figure 6. Vapor viscometer assembly 

u 

Table II. Comparison o f  Average Values of Air Viscaslty 

Average Air Viscosity,  P o i s e  x lo’ 
Temp., OC. 6 )  (4) This work 

0.00 17.165 17.16 17.165 
23.00 18.273 18.28 18.273 

100.00 22.038 21.74 21.780 
191.00 25.563 25.38 25.403 

Table I l l .  Vapor Viscosity as a Function of  
Temperature and Campostion 

Vapor Viscosity,  Poise x 10’ 

Mde % I-Propanol l lO°C. 13OoC. 150°C. 
Vapor Composition, yl, 

I-Propanol-Water System 

0 
10.19 
22.31 
57.73 
79.70 
100.0 

Mole % Toluene 

0.00 
26.34 
41.84 
82.82 
94.17 

100.0 

12.81 13.53 14.25 
12.45 13.15 13.80 
12.08 12.73 13.36 
11.20 11.72 12.24 
10.79 11.22 11.70 
10.42 10.83 11.24 

T o l u e n e d - O c t a n e  System 

8.22 8.62 
8.76 9.15 
9.11 9.50 

10.20 10.58 
10.57 10.94 
10.76 11.11 

temperature control bath. The  valves were se r i e s  411 
straight, high vacuum, Hoke, packless  valves with silver- 
soldered diaphragm seals. A l l  jo ints  were si lver soldered. 

T h e  temperature control bath was a 16 x 12 inch boro- 
s i l i ca t e  g l a s s  jar  insulated by aluminum foil-covered 
asbestos.  An electric stirrer, fixed heater, intermittent 
heater, electronic relay, a Precision Magna-set thermo- 
regulator, and two mercury manometers were used as 
accessory equipment. 

EXPERIMENTAL PROCEDURE 

The  vapor viscometer was  brought t o  temperature with 
all the diaphragm valves  open (to avoid expans im damage), 
With the valves E ,  C, D, G, M, and P open (Figure 6) and 
the rest  of the valves dosed, the system was  evacuated. 
Then with the valves  E ,  D, F, and M closed, and the rest  
open, chambers H and K, maintained a t  the same tempera- 
ture within the bath, were purged with dry air. 

The system was  again evacuated and after evacuation 
valves C, F, G, L, and P were kept closed. A liquid 
sample of known composition was introduced into chamber 
H through the charge inlet  by means of valve F and was 
then evaporated. T h e  charging was  terminated when manom- 
eter E indicated a pressure of 100 to 200 mm. of mercury. 
T h e  system w a s  then allowed to reach thermal equilibrium 
prior to the viscosity measurement. 

Valves D and M were opened so that the pressures could 
b e  read from manometers E and N by a vertical cathetom- 
eter. Valve G was opened and an electric t imer  was 
started. After 5 minutes valve G was closed and the  timer 
was stopped simultaneously. T h e  pressures in chambers 
H and K were again measured and the corrected barometric 
pressure w a s  recorded. T h e  t ime,  barometric pressure, 
initial and final pressures in the chambers, bath tempera- 
ture, and liquid charge composition (composition of the 
vapor s ince  the charge was totally evaporated) comprised 
the data necessary for calculation of the vapor viscosity. 

For fluid flow in metal capillary, the cri t ical  Reynolds 
number, above which turbulent flow can be expected, is of 
the order of 10 (5, 8). The  largest  Reynolds number for 
vapor viscosity determinations in t h i s  investigation is 
5.0; therefore the flow of vapor in the capillary was in the 
viscous region, where Poiseuille’s equation may be applied 
with confidence. No error, therefore, was considered to  be  
introduced because of inapplicability of Poiseuille’s 
equation. Poss ib l e  sources  of errors which could affect 
the accuracy of the vapor viscosity determination are l is ted 
as follows: 

A. Air viscosity at lower than atmospheric pressure may differ 
from that at atmospheric. This error is considered small. 

B. The true average pressure in the capillary may not b e  the 
arithmetic average of the upstream and downstream pressures in 
the capillary. 

C. The assumption of ideality of the vapor phase may not b e  
valid even at the subatmospheric pressures employed. 

D. Errors may b e  introduced in making pressure readings, in 
that the manometers did not respond simultaneously and could 
not be read simultaneously. 

E. Condensation of the vapor in the line connecting chamber 
K (Figure 6) with manometer N might possibly occur. This 
might introduce a relatively large error. 

F .  The temperature i n  the capillary could possibly vary a s  
much as 0.5 ‘C. from the indicated bath temperature. 

It is believed that the combined errors result ing from A 
and B could only b e  a fraction of 1%. It is possible  for 
factor C to cause an error in the  neighborhood of 2%. T h e  
slow manometer response under D could cause  an estimated 
error of around 5%. Condensation E could introduce an 
error of large magnitude, although i t  was doubtful that any 
condensation was encountered in the work. The  tempera- 
ture factor under F could amount to around 0.3% maximum. 

I t  is believed that vapor mixture viscosi ty  could be 
determined with a maximum deviation of 4%. 

VISCOSITY OF AIR 

A collert ion of air viscosity data in the  range from O o  
to 200OC. and the weighted average values for O o ,  2 3 O ,  
l ooo ,  and 191OC. were reported by Myerson and Eicher (6). 
Their  average values for 0’ and 23’C. were used by the 
author- With the same original data  an arithmetical average 
for 191’C. was  computed. T h i s  value was  lower than that 
reported (6). Four of the l a t e s t  reported values of a i r  
viscosity at  100°C. were selected to determine the  average 
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at this  temperature. Tab le  I1 gives a comparison of t he  
average data. 

Viscosity values for air for intermediate temperatures 
were calculated by Sutherland’s equation (9). 

The  relative viscosi t ies  of the vapors with respect to a i r  
were calculated by means of Equation 19. T h e  absolute 
viscosi t ies  of the vapors were then calculated using the 
viscosity values of air determined by means of the Suther- 
land equation. 

EXPERIMENTAL DATA 

Experimental vapor viscosity data  for the l-propanol- 
water system were determined at l l O o ,  130°, and 150°C. 
and for the n-octane-toluene system a t  130’ and 150°C. 
(Table 111). 

Properties of Binary Mixtures as 

Function of Composition 

1. DAVID LING’ and MATTHEW VAN WINKLE 
University of Texas, Austin, lex.  

D a t a  on physical properties of mixtures as  a function of 
composition and temperature are valuable in correlating 
other properties and in analytical  studies.  In this  and 
subsequent investigations an attempt w a s  made to develop 
experimental data for a number of systems on which 
generalized correlations could be developed relating 
Composition and the property evaluated based on the 
properties of the  pure components, Thus,  eight binary 
systems having a rather wide range of properties (particu- 
larly interfacial tension) and in  most cases, representing 
nonideal liquid mixtures were studied. The  systems were: 
1-propanol-water; toluene-n-octane; water-1-butanol; 
acetone-1-butanol; benzene-2-chloroethanol; carbon 
tetrachloride-1-propanol; ethyl alcohol-1,4-dioxane; and 
methanol-l,4-dioxane. The properties determined were: 
refractive index vs. composition, liquid density vs. com- 
position and temperature, interfacial tension a t  the boiling 
point and a t  3OoC. as  a function of composition, liquid 
viscosity as a function of temperature and composition, 
and vapor viscosity a s  a function of temperature and 
composition. Because of the peculiar variation of inter- 
facial tension and viscosity with composition a t  the boiling 
point, no general correlations have been developed. More 
data on  both binary and ternary systems are necessary. 

MATERIALS 
All the chemicals used for t h i s  project except toluene 

and water were reagent grade chemicals. Nitration grade 
toluene w a s  used. Water was  purified by disti l lat i2n in 
this laboratory to  a maximum conductivity of 1.4 x 10 mho 
or less. T h e  refractive index of the materials was  measured 
and compared with the reported values in  the  literature. 
They a re  l isted in Table  I. 

R E F R A C T I V E  I N D E X  

system were obtained in the following manner. 
Refractive index vs. composition data for each  binary 

‘Present addreus, Convair, Fort Worth, Tex. 
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a 

Material 

Acetone 

Table 1. Refractive Index of Material Used 

Temp., OC. Literature 

Benzene 

1-Butanol 

Carbon 
tetrachloride 

2-Chloroethanol 

1, +Dioxane 

Ethyl alcohol 

Methanol 

n-Octane 

1-Propanol 

Toluene 

Water 

20.0 
25.0 
20.0 
25.0 
30.0 

20.0 
25.0 

30.0 

20.0 

25.0 

20.0 
25.0 

20.0 
25.0 

20.0 
25.0 

15.0 
20.0 
25.0 

20.0 
25.0 

30.0 
20.0 
23.6 
25.0 
30.0 

20.0 
25.0 
30.0 

1.35911 (18) 
1.35662 (18) 

1.49790 (18)  
1.5011 (9) 

1.49486 (18)  

1.3970 (18) 
1.3974 (18)  

1.4602 (28)  
1.46026 (18) 
1.46036 (18) 
1.46023 (28)  
1.45732 (28) 
14576 (18) 

1.44208 (18)  

1.4224 (9) 
1.42025 (18) 
1.4202 (18) 
1.4202 (18) 

1.36139 (28) 
1.3596 (28) 
1.3595 (18) 
1.359408 (18) 

1.33057 (18)  

1.39534 (18) 
1.39530 (18) 
1.39509 (18) 
1.39505 (18) 

1.3854 (9) 
1.3840 (18) 

1,49682 (fa) 
1.49405 (18) 

Exptl. 

1.35860 
1.35625 
1.501 16 
1.49733 
1.49459 

1.39919 

1.39739 
1.39538 

1.46014 

1.45740 

1.44198 
1.43977 

1.42223 

1.41973 

1.36132 

1.35937 

1.33065 
1.32895 
1,32707 

1.39775 

1.39564 
1.39303 
1.38572 
1.38452 
1.38391 
1.38183 
1.49680 
1.49407 
1.49134 

1.33316 1,33300 (20)  20.0 

30.0 1.3320 (10)  1.33213 
25.0 i.33255 ( 1 4  1.33277 
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