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existed during the upward movement 
of the impeller. When the impeller is 
brought sufficiently close to the bottom 
of the tank, the flow pattern will shift 
to that of a propeller and the power 
output will drop. Figure 1 is a typical 
plot of power output vs. impeller 
height. The existence of hysteresis, a 
range of impeller heights in which two 
power outputs exist, is clearly shown. 

If ,the impeller is stopped and then 
started, the upper curve in Figure 1 is 
followed irrespective of the direction 
in which the impeller is moved. Hys- 
teresis exists only during continuous 
impeller operation. This effect has 
been observed at mixing Reynolds 
numbers of from 20 to 1,000 with the 
Newtonian materials listed in Table 1. 

The mixing-power number at the low 
impeller height is 15% to 20% below 
the power number for the standard 
height. 

This effect of hysteresis has little 
practical significance, since the height 
of an impeller in a tank is rarely, if 
ever, changed during a process. How- 
ever, the impeller in a tank is often 
located near the bottom. The design 
engineer must take into account the 
reduced power and altered %ow pat- 
tern when the impeller is low, so that 
the equipment is designed to do a 
satisfactory mixing job. A reduced 
power output means reduced mixing, 
and the speed of the impeller should 
accordingly be increased to compen- 
sate. 

The Viscosity of Polar Substances in 
the Dense Gaseous and Liquid Regions 

LEONARD 1. STlEL and GEORGE THODOS 
Northwestern University,Evonston, Illinois 

Jossi, Stiel, and Thodos ( 1 1 )  have 
presented a relationship for the pre- 
diction of the viscosity of nonpolar 
substances. The residual viscosity, p - 
per was assumed to be a function of 
the density, molecular weight, and crit- 
ical constants of the substance, and 
through a dimensional analysis treat- 
ment the correct dependencies were 
established by the use of experimental 
data. The resulting relationship, in 
which the group (P - p*).$ is related 
to the reduced density, was found to 
reproduce the reported viscosities for 
ten substances with a high degree of 
accuracy. Relationships between p*( 
and TR,  which have also been pre- 
sented for nonpolar gases ( 2 4 ) ,  may 
be used to calculate the viscosities of 
these substances at normal pressures 
(0.2-5 atm.) . 

Through a dimensional analysis 
treatment of experimental viscosity 
data for polar gases, Stiel and Thodos 
(25) have developed the following 
relationship for polar substances which 
do not exhibit hydrogen bonding: 

(p"()zc2/3 = C1.90 TR - 
0.29I4l5 X (1) 

Similarly, they found that for polar 
gases which exhibit hydrogen bond- 
ing 

= c7.55 TR - 
0.551 x ( 2 )  

Leonard I. Stiel is with Syracuse University, 
Syracuse, New York. 

Values calculated from Equations (1) 
and ( 2 )  were found to compare favor- 
ably with the corresponding experi- 
mental values. 

An approach similar to that used by 
Jossi et al. ( 1  1 ) has been employed to 
develop a relationship which may be 
used in conjunction with Equations 
(1) and ( 2 )  for the prediction of the 
viscosity for polar substances in the 
dense gaseous and liquid regions. If, 
as in the previous treatment for the 
viscosity of polar substances at moder- 
ate pressures, the critical compressibil- 
ity factor, zc, is considered to be an 
appropriate variable representing the 
electrostatic nature of the molecules, 
the application of dimensional analy- 
sis to the residual relationship for vis- 
cosity is identical to the previous de- 
velopment for nonpolar substances by 
Tossi, Stiel, and Thodos ( I 1  ) , in which 
ihe following expression resulted: 

TREATMENT OF EXPERIMENTAL 
VISCOSITY DATA 

Experimental high pressure viscosities 
for the aseous and liquid phases available 
in the fiterature for fourteen polar sub- 
stances, including five Freons, three alco- 
hols, methyl chloride, chloroform, sulfur 
dioxide, ethyl ether, ammonia, and hydra- 
zine, were used in conjunction with ex- 
perimental P-V-T data to establish the 
constant (Y and the exponents m and n of 
Equation (3). The substances are listed in 
Table 1 along with their critical constants, 

calculated E-values, and the sources of 
the experimental viscosities and densities 
utilized. 

For each substance values of the quan- 
tity (p - q*)S were calculated from the 
experimental viscosities and the corre- 
sponding values for atmospheric pressure 
and were plotted against reduced density. 
Sufficient viscosity data over a complete 
range of reduced density were available 
only for methyl alcohol, ethyl alcohol, iso- 
propyl alcohol, ammonia, and ethyl ether. 
The viscosity data of GoIubev and Petrov 
(9), which had not been previously avail- 
able in this country, were very valuable in 
establishing the behavior of these sub- 
stances over a complete range. With the 
exception of sulfur dioxide only liquid vis- 
cosities, many of them for saturated con- 
ditions, were available for the other sub- 
stances. 

High pressure density values are not 
readily avaiIabIe for polar substances, and 
for several of the substances only viscosity 
values for saturated conditions could be 
used because of the lack of density data 
for other conditions of temperature and 
pressure, Densities of isopropyl alcohol 
had to be obtained from the generalized 
correlation of Lydersen, Greenkorn, and 
Hougen (13) and from the values reported 
for n-propyl alcohol by Ramsay and 
Young (18). The critical density of hydra- 
zine was estimated from the reported 
saturated liquid densities for the sub- 
stance (1 ,  29) by the use of the rectilinear 
diameter rule proposed by Cailletet and 
Mathias (6). 

RESULTS AND CONCLUSIONS 

Plots of ( p  - f ) . $  against PR were 
found to be essentially the same for all 
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the substances investigated. Therefore, 
it was concluded that the exponent m 
of zc in Equation (3) was zero for 
polar substances as it was for nonpolar 
substances. A composite curve relating 
( p  - &*)< to p~ for all the polar sub- 
stances considered is presented in Fig- 
ure 1. The viscosity values for the 
dense gaseous region reported by 
Shimotake and Thodos (20) ,  Stakel- 
beck ( 2 3 ) ,  and Kiyama and Makita 
(12) for ammonia and by Shimotake 
and Thodos (21) and Stakelbeck ( 2 3 )  
for sulfur dioxide were found to devi- 
ate each in a different manner from the 
unique relationship of Figure 1 and 
were therefore not included. The vis- 
cosity values obtained for ammonia by 
Golubev and Petrov (9)  for the dense 
gaseous and liquid regions follow the 
consistent behavior of the other sub- 

Chloroform 
Methyl chIoride 
Sulfur dioxide 
Diethyl ether 
Freon 11 CCbF 
Freon 12CClZFz 
Freon 21 CHClzF 
Freon 22 CHClFz 
Freon 113 C2C13F3 
Meth 1 alcohol 
Ethyralcohol 
i-Propyl alcohol 
Ammonia 
Hydrazine 
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stances. The viscosities determined 
very recently for ammonia by Car- 
michael, Reamer, and Sage (7) are 

liquid regions were read from an en- 
larged plot of Figure 1 and are pre- 
sented as follows: 

PR 

0.01 
0.02 
0.04 
0.06 
0.08 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 

( P - P ) 5  

0.100 x 10-5 
0.215 
0.460 
0.720 
1.000 
1.29 
3.00 
5.10 
7.60 

10.5 
13.9 
17.5 

0.80 
0.90 
1.00 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 

22.0 x 10-5 
26.5 
32.5 
46.0 
65 
88 

116 
160 
225 
325 
500 
900 

2500 

consistent with those of Golubev and 
Petrov (9) at  high densities, but devi- 
ate from them at lower densities. The 
correct viscosity behavior of ammonia 
remains to be verified, but the values 
of Golubev and Petrov (9) were used 
in this study because of their agree- 
ment with the data for the other sub- 
stances. 

The folIowing analytical representa- 
tions of Figure 1 were obtained, which 
permit the rapid calculation of viscos- 
ity values: 

( p  - p4)[ = 16.56 x 

( p  - p * ) E  = 0.607 X 

~ R ~ J ~ ~  

PRLO.10 (4)  

[9.045p~ + 0.63]1.73g 
0.10 < P R  0.90 ( 5 )  

log {- logup-  p 4 ) m  = 
0.6439 - 0.1005p~ - A 

0.9 < PR < 2.6 

A = 0 for 0.9 < PR < 2.2 

(6) 
where 

and 

A = 4.75 x lo-* [ p R 3  - 10.65]2 

for 2.2 < ,OR < 2.6. Values which may 
be used to calculate the viscosity of a 
polar substance in the dense gaseous or 

At low densities the values of ( p  - 
p4)E obtained from Figure 1 are 
slightly lower than the corresponding 
values resulting from the work of Jossi 
et al. (11) for nonpolar substances; at 
high densities for the liquid region the 
curves of the two figures are identical. 
This is because in liquids the molecules 
are close together and differences in 
attractive forces owing to polarity ef- 
fects become less significant. Reliable 
viscosity values a t  low densities are 
available only for methyl alcohol, ethyl 
alcohol, isopropyl alcohol, and am- 
monia, whose zc values range from 
0.220 to 0.278. For these substances 
the viscosity behavior at low densities 
appears to be independent of zc, but 
additional experimental data are re- 
quired to verify this conclusion. The 
effect of the varying polarities of the 
substances may be accounted for in 
their viscosity values at atmospheric 
pressure which were previously found 
to be dependent on zc as shown in 
Equations (1) and ( 2 ) .  For polar 
gases which do not exhibit hydrogen 
bonding, these atmospheric viscosities 
may be calculated from Equation (I);  
values of p* for the polar substances 
which exhibit hydrogen bonding may 
be obtained from Equation (2) .  

TABLE 1. BASIC CONSTANTS AND SOURCES OF VISCOSITY AND P.V.T. DATA FOR POLAR SUBSTANCES 

zc 

0.293 
0.276 
0.289 
0.261 
0,277 
0.273 
0.271 
0.263 
0.274 
0.220 
0.248 
0.278 
0.242 
0.260 

Tc, "K 

536.6 
416.3 
430.7 
467 
471.2 
384.7 
451.7 
369.6 
487.3 
513.2 
516 
508.8 
405.5 
653 

Pc, atm. PC, g./cc. 

54 0.50 
65.9 0.353 
77.8 0.524 
35.6 0.264 
43.2 0.554 
39.6 0.555 
51.0 0.522 
48.5 0.525 
33.7 0.576 
78.5 0.272 
63.0 0.276 
53.0 0.274 

111.3 0.235 
145 0.334 

5 

0.0182 
0.0235 
0.0189 
0.0299 
0.0193 
0.0211 
0.0198 
0.0216 
0.0196 
0.0272 
0.0264 
0.0258 
0.0284 
0.0188 

Sources of viscosity data 
(dense aseous and 

liquifphases) 

28 
2, 5, 23, 28 

2,21,23 
9 9 %  

5 
5 
5 
5 
5 

9, 28 
9,= 

9 
8, 9, 12,20, 23 

1, 14, 19, 29 

Sources of P.V.T. data 
(dense aseous and 

liqui fi phases) 

28 
28 
15 

4, 26 
5 
5 
5 
5 
5 
17 

16,26 
13.18 

10 
1, 14,19,29 

March, 1964 A.1.Ch.E. Journal 



The experimental high pressure vis- 
cosities available for water (27) were 
found to be inconsistent with those of 
the other polar substances investigated. 
Jossi, Stiel, and Thodos (11) have 
presented a fourth degree polynomial 
relationship between ( p  - p * ) t  and PA 
for this substance. This relationship is 
higher than that of Figure 1 at low 
densities and lower at  high densities. 
The reason for the abnormal behavior 
of water is uncertain, but may be ow- 
ing to its excessive hydrogen bonding 
effects. Considerable deviations among 
the data of the individual investigators 
have been obtained for this substance 
(27) . The relationships developed in 
this and the previous study (11) indi- 
cate that the viscosity of both nonpolar 
and polar substances for high densities 
in the liquid region (for which p* is 
insignificant compared to p )  is ex- 
tremely dependent on density. Baschin- 
ski ( 3 )  proposed the following rela- 
tionship for the viscosity of liquids: 

C 
p=- v - b  (7) 

Here c and b are spec& constants for 
each substance, and v is the molar vol- 
ume. Souders (22) has suggested that 
for organic liquids the Iuantity log 
(log p )  is proportional to the density. 
The relationship of Figure 1 is essen- 
tially consistent with such a form at 
high densities as shown in Equation 
(6) .  Experimental data for argon and 
nitrogen (30, 31) indicate that a 
unique dependence between liquid 
viscosity and density is exactly correct 
only at a reduced density of 2.0 and 
approximately correct at  lower reduced 
densities. At higher reduced densities 
the relationship between viscosity and 
density may be quite dependent on 
temperature. However, in the present 
study the effects of other variables 
could not be observed because of the 
extreme sensitivity of the group ( p  - 
P*)g on PR. 

NOTATION 

h, c 
m, n = exponents in Equation ( 3 )  
A4 = molecular weight 
P c  = critical pressure, aim. 
R 

g.-mole OK. 
?' = temperature, "K. 
Tc = critical temperature, OK. 

TR = reduced temperature, T/Tc 
v = molar volume, cc./g.-mole 
oc = critical volume, cc./g.-mole 
zC = critical compressibility factor, 

= constants in Equation (7) 

= gas constant, 82.055 cc. atm./ 

Pcvc/RTc 

Greek Letters 

01 = proportionality constant in 
Equation ( 3 )  

p = viscosity, centipoises 
,u" = gaseous viscosity at approxi- 

mately atmospheric pressure, 
centipoises 

f = viscosity parameter, 

p = density, g./cc. 
pr = critical density, g./cc. 
pr; = reduced density, p/pc 

Tcl/S/Ml12pc2/3 
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Equilibria in the Hydration of Ethylene and of Propylene 
C. S. COPE 

E. 1. du Pont de-Nernours and Company, Inc., Parkersburg, West Virginia 

In a previous article by Cope and 

simultaneous reactions occur when eth- 
ylene is hydrated at elevated tempera- 
tures and pressure in the presence of 
a dilute mineral acid as catalyst: 

2 CzHsOH = CzH50C2Hs + HzO 
Dodge ( I ) ,  it was shown that two (2) 

It was further shown that, while the 
agreement between directly measured 
values of equilibrium composition at 
various temperatures and those calcu- 

CzH4 + H2O = CzHsOH (1)  lated from thermochemical data was 

reasonably good for reaction (1) , such 
was not the case for reaction (2).  
Based on an analysis of the various 
thennochemical data then available, 
it was concluded that the most likely 
source of the discrepancy lay in the 
value of the absolute entropy of ethyl 

(Continued on page 279) 
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