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The surface tensions against air of acetone-water solutions have been measured over 
the entire composition range from 20°C. to generally within 1' to 10°C. of the normal 
boiling points. The capillary-height method was employed and the results are thought to 
be accurate to better than =!=O.S%. 

Physical-property data  for binary 
liquid systems up  t o  the boiling points 
of the solutions are scarce, and the 
present status of the kinetic theory of 
liquids is not sufficiently developed t o  
enable accurate predictions t o  be made 
over the entire composition and tempera- 
ture range. One of the aims of Research 
Project 1, Tray Efficiencies in  Distillation 
Columns, sponsored by  the American 
Institute of Chemical Engineers, has 
been t o  determine the effect of the 
physical properties of the system on the  
distillation efficiency. The role of the  
boiling-point surface tension in  relation 
t o  distillation efficiency, for example, 
is not well defined. As this lack of under- 
standing can be attributed in  par t  to  the 
scarcity of surface-tension data  at the 
boiling temperatures, one of the purposes 
of this investigation was t o  provide 
accurate surface-tension data  up t o  the 
boiling point for use in distillation- 
efficiency correlations. 

Morgan and Scarlett (8) have measured 
the  surface tension of acetone-water 
solutions at 0", 25", and 45°C. using the 
drop-weight method. Traube (15) reported 
surface-tension measurements for ace- 
tone-water solutions (up t o  2.0 mole %) 
at 15°C. as measured by the capillary- 
height method. All these data have been 
tabulated" and will be compared with 

*Tabular material has been deposited a8 docu- 
ment 5309 with the American Documentation 
Institute Photoduplication Service, Library of 
Congress: Washington 25, D. C., and may he obtained 
for $1.25 for photoprints or 35-mm. microfilm. 
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Fig. 1. Diagram of surface-tension 
apparatus. 

the present work in  the discussion of 
results below. Using only the data  in the 
literature up  t o  45°C. would necessitate 
extrapolations from 11" t o  55' to get the  
boiling-point surface tensions over the 
entire composition range. The accuracy 
of such an extrapolation would be doubt- 
ful, especially since the accuracy of the 
data themselves has not been confirmed. 

EQUIPMENT AND PROCEDURE 

Apparatus 

Surface-tension Apparatus. The appa- 
ratus used for the capillary-height measure- 
ment was a modification of the design 
suggested by Richards and Carver ( lo) ,  
incorporating the overflow trap used by 
Young, Gross, and Harkins (9). The 
apparatus, shown in Figure 1, was con- 
structed of Pyrex and was equipped with 
a Teflon stopcock. The capillary tube was 
selected from precision-bore Pyrex capillary 
tubing, rated as 0.25 f 0.01 mm. I.D. 
In  the selection of the capillary tube, its 
diameter was checked by the method 
described by Harkins (S), which involved 
filling the entire tube with a weighed 
volume of pure mercury and measuring its 
length to determine the average radius. 
The length of a short, weighed bead of 
mercury, placed a t  overlapping positions 
along the capillary, was repeatedly measured 
to determine any variation in radius caused 
by. nonuniformity of the capillary bore. 
With this method, a 17-cm. capillary tube 
was selected having an average radius of 
0.01338 cm., a maximum deviation of 
f0.40j,, and an average deviation of 
f0 .2%. An 8-cm. section near the center 
of this capillary had an average radius of 
0.01340 cm. with a maximum deviation 
of &0.15% and an average deviation of 
+0.02%. The capillary was oriented in the 
apparatus so that this extremely uniform 
section might be used for all experimental 
work. After the construction of the appa- 
ratus the capillary was recalibrated, as 
described below, and the radius was found 
to have changed, probably in the annealing 
process. 

The diameter of the large tube was of 
sufficient size (8.5 cm.) to avoid any 
curvature of the large meniscus. 

To  the large tube-side arm was attached 
a 50-ml. hypodermic syringe (Becton, 
Dickinson and Co.) in order to apply slight 
pressure for rinsing the capillary tube. The 
syringe connection was made with neoprene 
tubing which had been washed well with 
water and acetone. The capillary-tube-side 

arm was closed with a similar neoprene 
tube, equipped with a screw clamp. 

Support and Lighting. For suspension in 
the water bath, the glass apparatus was 
mounted with thermometer clamps on a 
support constructed of %-in. iron. This 
support had an adjustable slit (13 cm. 
long; 0-1.5 cm. wide) located just behind 
the large tube of the surface-tension 
apparatus. For effective illumination of the 
large meniscus, a box containing a fluores- 
cent lamp (GE 2A) and equipped with an 
adjustable slit identical to that of the 
support was placed behind the apparatus. 
The light source was mounted with a rack 
and pinion used for leveling the light slit 
with the support slit. This lighting method 
greatly facilitated accurate determination 
of the position of the large meniscus. 

The capillary meniscus was illuminated by 
a standard adjustable-height microscope 
lamp (American Optical Co.). 

Temperature Control. Accurate tempera- 
ture control (f0.02"C.) in a 12-gal. water 
bath was provided by a tungsten-mercury 
thermoregulator (Fisher Scientific Co. 15- 
180-5) attached to a combination heater 
and circulating pump (E. H. Sargent and 
Co.). Cooling was provided by a seven-coil 
copper tube attached to a refrigerated 
water-methanol line. The tempeqture was 
measured by a thermometer which was 
graduated to 0.1"C. and which had been 
calibrated by the National Bureau of 
Standards. 

Height Measurements. The large meniscus 
and the capillary meniscus heights were 
measured with cathetometers. During the 
early portion of the work a 40-cm. cathe- 
t,ometer, calibrated to 0.01 cm. (Eberbach 
and Son Co., Inc.) was used; later a 100-cm. 
cathetometer calibrated to 0.005 mm. 
(Fisher Scientific Co.) became available. 

Solvents 

Water. The water used both for calibra- 
tion purposes and for preparation of 
acetone-water solutions was daily prepared 
from once-distilled water (Barnstead still) 
by redistillation in an all-quartz still, the 
middle cut (one-third the starting volume) 
being retained. Such water had a specific 
conductance of 1 X 10-6 reciprocal ohms 
and a refractive index, nD25, of 1.33250, 
and will be referred to as conductivity 
water. 

Acetone. The acetone (Baker analyzed, 
99.6% acetone) was analyzed by refractive 
index and its density was determined (11). 
From these data it was possible to prepare 
a refractive index vs. concentration curve 
for 98.0 to 100.0 mole yo acetone for accu- 
rate determination of the water content 
(11). This analysis indicated that the actual 
composition of the starting material was 
99.54 mole % acetone, 0.45 mole % water. 
Distillation of the material in a fractional 
distillation column packed with %-in. I.D. 
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TABLE 1 
SURFACE TENSION OF WATER USED IN 

THE CALIBRATION 

Temperature, Surface tension,* 
"C. dyneslcm. 

15.00  73.531 
20.00 72.8001 
25.00 72.018 
30.00 71,231 
37.78 69.980 
45.00 68.790 
50.05 67.939 
60.11 66,207 
70.20 64.401 

*With the exception of 20"C., the surface-tension 
values were calculated by use of the formulas (5) 

u = 75.796 - 0.145t - 0.00024tz (10' to 60°C.) (2) 
u = 75.680 - 0.13% - 0.0003568 + 0.00000047t3 (3) 
where t is in degrees centigrade. 
The values calculated by the two formulas agree very 
closely, and the average of the two values is given in 
the table. 

?Reported by Harkins and Brown ( 6 ) .  

TABLE 2 
SURFACE TENSION AND DENSITY OF 
BENZENE USED IN THE CALIBRATION 

Surfacc 
Temperature, tension,* Density,t 

20.00 28.858f 0.87896 
30.00 27.5601 0.86840 
50.05 24.950 0.8467 
60.11 23.658 0.8358 

"C. dyneslcm. g./cc. 

*Calculated from the formula (5a) 

u = 31.556 - 0.13% + 0.00006tZ 

tdveraaes of values comniled b v  Timmermans 
( 1 % ' ~ .  145y. 

$At 20°C. the accepted value (5), (b), [Richards, 
T. W., and L. B. Coombs, J .  Am. Chem. SOC., 37, 
1656 (1915)l is 28.88 dynes/cm. and 27.61 dynes/cm. 
at 3OoC. [Harkins, W. D., and Y. C. Cheng, abzd., 
43, 35 (1921)l. If these values are used, the calculated 
radius from the benzene calibration is 0.01332 
cm. j=O.Z%. 

Pyrex helices (packing 1 X 90 cm.) showed 
a boiling range of 56.1 to  56.2"C. (749 to 
750 mm.). 

Benzene. The benzene used for calibration 
purposes was prepared from starting 
material containing less than 0.02% water 
(Baker analyzed) having a refractive index 
(noz5) of 1.49762. Fractional crystallization 
was carried out three times, each time 
one-half the volume being allowed to freeze 
and this frozen portion retained. The 
refractive index increased to the value 
nDZ5 = 1.49798 after the second crystalliza- 
tion and was unchanged by further crystal- 
lizations. The average of nine determinations 
reported by Timmermans ( I d )  for 100% 
benzene is n,)25 = 1.49800. Analysis of this 
purified material for a-ater by Karl-Fischer 
titration indicated a water content of 
0.014670 by weight. This amount of water is 
probably introduced through handling and 
transferring of the sample for titration. 

Calibration 

Water. The apparatus was calibrated with 
water a t  15", 20", 25", 30", 37.78' (lOO"F.), 
50°, 60", and 70°C. Conductivity water was 
distilled directly into the apparatus and 
its capillary rise was measured after a 
45- to 60-min. temperature-equilibration 
period. (Details of the procedure involved 

TABLE 3 
SURFACE TENSION AND LIQCID AND VAPOR DENSITIES OF THE ACETONE-WATER SYSTEM 

Mole yo acetone 
15.00"C. 

0 
0.125 
0.29 
0.60 
1.44 
2.03 

20.00"C. 
0 
2.96 
5.63 
8.86 

14.59 
19.02 
24.95 
30.1 
46.1 
53.4 
60.8 
69.8 
77.5 
89.5 
98.6 
(100) 

25,OO"C. 
0 
5.80 

14.59 
24.95 
47.0 
67.7 
89.2 
98.6 
(100) 

37.78"C. 
0 
0.11 
0.34 
0.71 
1.225 
1.54 
2.08 
2.99 
5.86 

14.63 
25.13 
47.3 
68.3 
87.9 
98.3 
(100) 

50.05 "C. 
0 
0.11 
0.31 
0.635 
1.13 
1.43 
2.00 
2.89 
7.48 

14.20 
24.83 
35.0 
46.2 
60.9 
77.7 
90.2 
99.5 
(100) 

Liquid density,* 
g./cc. 

0.9990995 
0.99865 
0.99805 
0.9969 
0.9938 
0.99155 

0.99820531 
0.9868 
0.9775 
0.9665 
0.9479 
0.9338 
0.9166 
0.9034 
0.8654 
0.8515 
0.8388 
0.8252 
0.8150 
0.8007 
0.7912 

0.9970470$ 
0.9745 
0.9441 
0.9118 
0.8587 
0.8232 
0.7955 
0.7857 

0.9930473$ 
0.99255 
0.9914 
0.9897 
0.9874 
0.98595 
0.98355 
0.9797 
0.9676 
0.9344 
0.8997 
0,8449 
0.8084 
0.7819 
0.7713 

0.98802f 
0.9875 
0.9864 
0.98475 
0.9823 
0.9808 
0.9780 
0.9738 
0.9532 
0.9260 
0.8890 
0.8600 
0.83345 
0.8068 
0.7805 
0.7645 
0.7555 

Vapor density,? Surface tension, 
g./cc. x 103 dynes/cm. 

1.203 
1.205 
1.21 
1 .2  
1 . 2  
1.24 

1.19 
1.26 
1.30 
1.34 
1.37 
1.38 
1.39 
1.40 
1.41 
1.41 
1.41 
1.42 
1.43 
1.46 
1.49 

1.17 
1.30 
1.39 
1.39 
1.41 
1.45 
1.49 
1.53 

1.11 
1.11 
1.1 
1.14 
1 . 2  
1.18 
1.20 
1.23 
1.32 
1.47 
1.50 
1.52 
1.53 
1.60 
1.68 

1.02 
1.04 
1 . 1  
1.08 
1 . 1  
1.2 
1 . 2  
1.23 
1.41 
1.56 
1.63 
1.66 
1.68 
1.71 
1.77 
1.85 
1.96 

73.39 
70.00 
67.00 
62.99 
57.33 
54.62 

72.74 
50.80 
41.14 
39.40 
34.62 
32.52 
30.49 
29.40 
27.43 
26.77 
26.20 
25.59 
25.09 
24.17 
23.47 

(23.24)** 

71.94 
42.64 
33.56 
29.70 
26.57 
24.96 
23.42 
22.69 

(22.57)** 

69.91 
66.69 
62.90 
58.80 
55.04 
53.14 
50.54 
47.50 
40.29 
31.78 
27.96 
24.99 
23.25 
21.79 
21.07 
(20.88) ** 

68.05 
64.98 
61.73 
57.81 
53.58 
51.81 
48.96 
45.81 
36.13 
30.24 
26.64 
25.01 
23.93 
22.71 
21.36 
20.41 
19.60 

(19.57) ** 
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TABLE 3-(Continued) 

SURFACE TENSION AND LIQUID AND VAPOR DENSITIES OF THE ACETONE-WATER SYSTEM 

Mole yo acetone 

60.11 "C. 
0 
2.90 
2.90 
5.69 

11.07 
18.35 
29.4 
30.4 

70.20"C. 
0 
0 .11  
0.325 
0 .60  
1.08 
1.11 
1.45 
1.63 
1.87 
1.94 
2.77 
5 .42  

Liquid density,* 
g./cc. 

0.983153 
0.9677 
0.9677 
0.9540 
0.9310 
0.9022 
0.86515 
0.86245 

0,977663 
0.9771 
0.9757 
0.97395 
0.9709 
0.97075 
0.96865 
0.96755 
0.9661 
0.9657 
0.9615 
0.9486 

Vapor density,? 
g./cc. x 103 

0 .98  
1.26 
1.26 
1.44 
1.65 
1.78 
1.84 
1 .84  

0.91 
0 . 9  
0.95 
0.99 
1.05 
1.05 
1.09 
1.11 
1 . 1  
1 . 1  
1 .23  
1.46 

Surface tension, 
dynes/cm. 

66.23 
44.44 
44.63 
37.45 
30.93 
27.41 
24.83 
24.63 

64.20 
61.83 
58.59 
55.39 
51.21 
51.19 
48.81 
47.77 
46.43 
46.42 
43.51 
36.77 

*Thomas (11). 
tCalciilated from the activity coefficients of Brunjes and Bogart (1)  and the vapor pressures of water 

(9, p. 149) and acetone (9, p. 153), on the assumption that the activity coefficients are independent of tem- 
perature, that no association occurs in the vapor phase, and that the perfect-gas law holds. 

$Perry (9). 
**Extrapolated. 

Fig. 2. Surface ten- 
sion of acetone- 
water mixtures. 

in this measurement are given below.) A 
minimum of three and a msximum of six 
determinations were carried out a t  each 
temperature. From these capillary-height 
measurements, the radius of the capillary 
was calculated by use of the formula 

c7 = +rgh(p, - P J  (1) 
where 
u = surface tension, dynes/cm. 
T = capillary radius, cm. 
h = capillary height, cm. 
g 

cm./sec.2 here) 
pL = density of the liquid, g./cc. 
p v  = density of the vapor, g./cc. 

The density of water a t  each temperature 
required is that reported by Perry (9); 
the vapor densities were calculated from the 
vapor pressures listed by the same author; 
and the values used for the surface tension 
of water are given in Table 1. The average 
radius from this calibration was found to 
be 0.01332 cm. f O.lO%, which is equiva- 
lent to a reproduribility of fO.O1 cm. in 
the capillary-height measurement. This 
radius was used in all surface-tension 
calculations. 

Benzme. A calibration similar to the one 
reported with conductivity water was 
carried out with purified benzene a t  20°, 
30", 50", and 60°C. The values used for the 
surface tension and density of benzene are 
given in Table 2. The average radius from 
this calibration was found to be 0.01331 
cm. f 0.2% and, within experimental error, 
checked the value obtained from the cali- 
bration with water, although the precision 
was not so good. 

Mercury. The average radius was checked 
by filling the capillary with a weighed 
sample of pure mercury and measuring its 
length. The average radius found by this 
method was 0.01330 cm., and, within 
experimental error, checked the value 
found when water and benzene were used 
for calibration. 

Experimental Procedure 

Acetone-water solutions were prepared 
daily from measured volumes of acetone 
and conductivity water. Their exact con- 
centrations were determined by refractive 
index. 

The procedure for determination of the 
capillary height was as follows: the sample 
(about 80 ml.) was introduced through the 
side arm of the large tube, with the appa- 
ratus in place on its support. The 50-ml. 
syringe was attached, with the plunger 
about halfway up and the apparatus was 
submerged in the constant-temperature 
bath, with the capillary exactly vertical. 
The Teflon stopcock, which had been 
lubricated with a minimum amount of 
silicone stopcock grease (Dow Corning), 
was closed and slight syringe pressure was 
applied to flush the capillary and to allow 
a solvent lock to form in the overflow-trap 
drainage tube. The stopcock was then 
opened to release pressure, the capillary 
side arm was closed, and the apparatus 
was allowed to stand 45 to 60 min. for 
temperature ebuilibration. At the end of 
this period the capillary side arm was 
opened for the remainder of the run, but a 
liquid lock was maintained in the overflow 
drainage tube. (Investigation showed that 

= acceleration due to gravity (979.771 
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Fig. 3. Surface tension of acetone-water 
solutions at their normal boiling points. 

no measurable difference in capillary height 
existed between runs, whether the side 
arm was open or closed, so long as there 
was no pressure differential between the 
large meniscus and the capillary meniscus.) 
The capillary was flushed in the same 
manner as before to ensure a fresh capillary 
surface, a minimum of 15 to 20 min. being 
allowed for the capillary meniscus to fall 
to rest. The time required for this stabiliza- 
tion was extensively investigated, water, 
benzene, and acetone-water solutions being 
used. The meniscus height was found to 
remain stationary, after a 10-min. stabili- 
zation period, for at least 24 hr. 

After the stabilization period the posi- 
tions of the large meniscus and the capillary 
meniscus were recorded at 10-min. intervals 
until triplicate identical readings had been 
obtained. The capillary was then reflushed 
to obtain a fresh surface and the whole 
reading procedure was repeated, usually 
twice. The agreement in capillary height 
found by three such successive observations 
(flushing the capillary between each run) 
was always within fO.O1 cm. and the 
differences were rarely greater than f0 .005 
cm. A t  the completion of the set of runs 
samples were withdrawn from the large 
tube for analysis by refractive index. 
Comparison of the solution analysis before 
and after such a set of runs showed very 
little (< 0.17,), if any, change in concen- 
tration. 

With acetone-water solutions at 60” and 
70”C., it  was important to flush the capillary 
with at least 2 cc. of solution in order to 
obtain reproducible and constant results. 
Incomplete rinsing resulted in a steadily 
increasing capillary height at these higher 
temperatures. 

Cleanzng. Great care was exercised to 
provide a scrupulously clean glass surface 
within the apparatus. The standard cleaning 
procedure used here involved soaking 
overnight in chromic acid (concentrated 
sulfuric acid saturated with potassium 
dichromate) , rinsing eight times with con- 
ductivity water, soaking overnight in 
conductivity water to remove adsorbed 
chromic acid, and drying in an air oven a t  
105°C. Prior to the acid treatment the 
area exposed to stopcock grease was 
scrubbed with an alkaline detergent solu- 
tion. This cleaning procedure was carried 
out at least once a week; between these 

cleanings the apparatus was rinsed well 
with conductivity water and dried at 105°C. 

Analytical Procedure 

All analyses were made by determining 
the refractive index of the solution and 
reading the acetone concentration from a 
standard curve of refractive index vs. mole 
percentage of acetone. The standard curve 
was prepared by determining the refractive 
indexes of solutions which had been prepared 
by mixing weighed samples of acetone and 
conductivity water. All weights used in 
calculating the compositions of the solutions 
were the corrected vacuum weights. The 
chain, the rider, and the brass weights used 
in the analytical balance were checked 
against National Bureau of Standards cali- 
brated weights, and corrections were noted. 

The curve* for refractive index vs. 
acetone concentration has a maximum at  

TABLE 4 
SURFACE TENSIONS OF ACETONE-WATER 
SOLUTIONS AT THEIR NORMAL BOILING 

POINTS 

Surface 
Mole % Boiling point, tension, 
acetone O C . *  dynes/cm. 

0 100.00 57.85 
0 . 2  98.53 56.02 
0 . 4  97.10 53.77 
0 . 6  95.70 51.84 
0 . 8  94.33 50.08 
1 . 0  92.99 48.83 
1 . 2  91.64 47.71 
1 . 4  90.30 46.39 
1 . 6  89.00 45.58 
1 . 8  87.74 44.74 
2 . 0  86.50 43.97 
3 . 0  81.32 41.37 
4 . 0  77.60 39.28 
5 . 0  75.00 37.13 
7 . 5  70.20 33.60 

10.0 66.72 30.03 
15.0 63.4 28.39 
20.0 62.2 26.61 
30.0 61 . 0  24.62 
40.0 60.4 23.62 
50.0 59.8 22.98 
60.0 59.3 22.23 
70.0 58.8 21.46 
80.0 58.2 20.67 
90.0 57.4 19.89 

100.0 56.2 18.98 

*These temperatures were obtained from the 
data of Brunjes and Bogart (1) D. F. Othmer and 
R. F. Benenati [Ind. Eng. Chem.: 37,299 (1945)l and 
3. C. Chu [“Distillation Equilibrium Data,” Rein- 
hold Publishing Corporation, New York (1950). 
p. 241. More weight was given t o  the data of Brunjes 
and Bogart, since they showed more internal con- 
aistency. 

40 to 42 mole % acetone, and for this 
reason refractive index alone is not a 
suitable analysis in the region of 35 to 45 
mole Yo acetone. 

RESULTS 

The measured surface tension of the 
acetone-water system a t  various tem- 
peratures is shown in Table 3. These 
values were calculated from the capillary- 
height measurements by use of formula 1. 

*See footnote on page 325. 

The bapor and liquid densities of each 
solution are also given. The surface- 
tension results are shown graphically in 
Figure 2. 

From the data of Table 3 the surface- 
tension-vs.-temperature curve was pre- 
pared and extrapolated to the normal 
boiling point. In  no case was the extrap- 
olation range greater than 23°C.; it  
averaged 8°C. Table 4 gives the surface- 
tension values a t  the normal boiling 
point, together with the boiling tem- 
peratures. The boiling-point surface 
tensions are shown in Figure 3. 

DISCUSSION 

The surface tensions of acetone-water 
solutions reported here have been com- 
pared* with those determined by Morgan 
and Scarlett (8). The comparison indi- 
cates that Morgan and Scarlett’s data 
average 1.5% higher than those of the 
authors. The “lOO%J’ acetone which 
they used was characterized as d t 0  = 
0.79170. By the method described by 
Thomas (11) , this density corresponds 
to 98.16 mole ’% acetone, on the assump- 
tion that the only contaminant in the 
sample was water. On this basis Morgan 
and Scarlett’s weight percentage figures 
were converted to mole percentage 
and a correction was made for the water 
content of the acetone used. In addition, 
erroneous assumptions regarding the 
relationship between the observed and 
the ideal drop weights were made by 
Morgan and Scarlett in the calculation 
of surface tension from the experimental 
data. Young and Harkins (14)  attempted 
to correct these errors in 1928, but since 
no accurate measurements of the den- 
sities of acetone-water mixtures were 
available, these recalculations are not 
currently valid. With regard for all these 
factors, the data of Morgan and Scarlett 
were recalculated by use of the drop- 
weight corrections of Young and Harkins 
and recent accurate determinations by 
Thomas (11) of the densities of acetone- 
water solutions. 

As an example of other errors which 
might be involved, Morgan and Scarlett 
suspended the drops for 5 min. before 
allowing them to fall. Harkins later 
indicated (7) ,  however, that it is often 
necessary to lengthen the time of 
suspension of drops of volatile liquids 
where one component adsorbs prefer- 
entially in the surface. In  the case of 
acetone-water, if the drop falls before 
surface adsorption of acetone is a t  its 
equilibrium value, there will be excess 
water in the surface layer and the result- 
ing surface tension will be artificially high. 
Since Morgan and Scarlett’s data appear 
to be high, the foregoing discussioniis 
offered as a possible explanation. 

B comparison* of the surface tensions 
of acetone-water solutions a t  15°C. with 

*See footnote on page 323. 
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those reported by Traube ( I S )  shows that 
the latter’s data are an average of 0.6y0 
higher than those reported here. Two 
factors may contribute to this difference. 
Probably the concentrations Traube 
reports are slightly in error, because of 
his failure to use anhydrous acetone. 
The density of the material he started 
with is not reported and thus the water 
content cannot be estimated by the 
method described previously (11). The 
presence of only a trace quantity of 
water in the starting acetone would make 
his reported compositions high. Correc- 
tion of this effect would bring his data 
into better agreement with those reported 
here. Considering the refinements in 
technique which have occurred since 
1891, the agreement of the Traube data 
is excellent. 
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Simple Theory of an Idealized 
Turbulent Mixer 

STAN LEY CORRSl N 
The Johns Hopkins University, Baltimore, Maryland 

With stationary isotropic turbulence postulated, the rate of decrease in concentration 
fluctuations of a scalar contaminant is estimated in terms of the turbulence scale and the 
power input to the system. 

One of the simplest statistical measures 
of nonuniformity in a fluid mixer is the 
mean-square fluctuation in concentration. 

A differential equation for T(t) of a 
homogeneous field (i.e., all statistical 
functions invariant to translation) is 
obtained by multiplying the material 
conservation equation 

(where uk is turbulent velocity, and D is 
diffusivity by y) and averaging. With 
homogeneity, this yields (1)  

If restricted further to isotropic fields 
(i.e., all statistical functions invariant to 
rotation), the three mean-square deriva- 
tives can be characterized by a single 
length, analogous to G. I. Taylor’s 
L‘microscale’’ of turbulence: 

which is the definition of l ( t ) .  
Now 

still an indeterminate equation since i t  
has two unknown functions. 

The time history of 7, and indeed of 
considerably more detailed functions, 
has been studied both theoretically 
and experimentally in the case of turbu- 
lence which is “decaying,” i.e., dying out 
by viscous dissipation a t  the same time 
as it mixes the scalar contaminant. From 
a practical viewpoint it seems of interest 
to carry out a simple analysis under the 
postulate that the turbulent motion is 
statistically stationary in time. 

In  fact it  is well known that isotropy 
and stationariness are contradictory 
specifications for a turbulent motion; an 
isotropic turbulence has a continuous 
viscous loss of kinetic energy to internal 
energy, with no balancing supply of 
energy from mean motion. A turbulence 
which receives energy from a mean flow 
field cannot be isotropic. Nevertheless, 
the postulate is used here primarily for 

the small structure of the fluctuation 
fields [for the derivatives, as in Equation 
(3)], and the requisite condition of 
“local isotropy” has been reasonably well 
confirmed by experiment (2, 3 )  since its 
original proposal by Kolmogoroff (4). 

Before introduction of any postulate 
other than local isotropy, (4) may be 
schematically integrated: 

RESTRICTION TO STATIONARY TURBULENCE 

Characteristic Reynolds and PBclet 
numbers of the fields are 

where q’ is the root-mean-square resultant 
velocity fluctuation and X is the dissipa- 
tion scale of the turbulence, the Taylor 
microscale (5).  

With sufficiently high Rx and Pl and 
approximately equal large structures for 
the two fields, two different rough theo- 
retical analyses (1, 6, 7‘) have predicted 

(7) 

*The q3 factor is included to be consistent with 
the isotropic form Rh 5 u‘X/v.  
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