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D I S C U S S I O N 

Charles F. Bonilla4 

Our previous work on the viscosity of steam at atmospheric 
pressure5 yielded a very definite straight-line plot of T'^ ' / f i versus 
1 / T over the range of 0.0008 deg K " 1 (ca, 1000 deg C) to 0.002 
(227 deg C). This result was strongly confirmed by an identical 
finding with the similar heavy water molecule. However, Pro-
fessor Moszynski's equation (6) contains an appreciable curva-
ture. While the capillary efflux viscometer should be particu-
larl y accurate for determining relative effects of temperature, 
particularly over wide temperature ranges, due to its simplicity, 
the oscillating body viscometer may be even more precise an in-
strument over its range. 

It would thus seem to be of considerable interest to carry the 
measurements on steam with Professor Moszynski's viscometer 
to somewhat higher temperatures than those in Table 5, if feasible, 
to verify or disprove the straight-line relation (a Sutherland 
equation) for this type of molecule. In this connection, what 
does seem to be the high-temperature capability of this instru-
ment, and of the method in general? 

J . Kestin0 

I am sure that the audience will be interested to hear about the 
developments which took place during the two years since the 
measurements described in the paper were completed. So far, 
we have remeasured only the steam values and I shall confine 
my remarks to these. 

When the first results began to appear and to show that the 
viscosity of steam at rather low temperatures decreases along an 
isotherm with increasing pressure or density, I was surprised 

4 Columbia University, New York, N. Y. 
6 C. F. Bonilla, S. J. Wang, and H. Weiner, "The Viscosity of 

Steam, Heavy-Water Vapor, and Argon at Atmospheric Pressure Up 
to High Temperatures," TRANS. ASME, vol. 78, 1956, p. 1285. 

6 Professor of Engineering, Brown University, Providence, R. I. 
Mem. ASME. 

and quite skeptical. A result of this kind is incomprehensible in 
terms of statistical mechanics without postulating  the existence 
of two kinds of molecules. In order to explain these results one 
would have to admit the possibility of a process whose over-all in-
fluence would be to effect an increase in the mean free path of H>0 
molecules. The simplest way in which the mean free path can in-
crease is by the removal of some molecules from the available 
volume, say by the agglomeration of molecules into more complex 
entities. Since the IL>0 molecule is strongly polar, one could 
imagine that for relatively short periods of time two, or even 
more, such molecules would become trapped in each other's fields 
of force and move as one ensemble, leaving, so to say, more room 
for the others. If this were the case, one would expect the effect 
to be stronger near the saturation line, and near that portion of it 
wher e the change in volume on condensation is largest. The reason 
for asserting this is the fact that along the saturation line the H 2 0 
molecules lose their mutual mobility and coalesce into water 
droplets as energy is removed from them by cooling. Thus 
molecular agglomeration could be regarded as a forerunner of 
condensation, in agreement with the trends revealed by the in-
vestigation . 

However, the preceding explanation constitutes an ex post 
rationalization of a puzzling result. In addition, as is usual in 
experimental work, one did experience certain difficulties which 
could have led to some falsification of the measurements. The 
main difficulties were associated with the arrangement for heat-
ing the instrument and for controlling its temperature; further, 
the bearing on which the instrument rested was enclosed inside 
the heat envelope and at the later stages of the investigation the 
instrument could be rotated on the bearing only with some dif-
ficulty; finally, natural convection currents caused the observer 
to see a "shimmering" rather than a uniformly moving scale. For 
all these reasons it was decided to continue with the measurements 
in order to remove such doubts as far as possible and to see 
whether the elimination of experimental difficulties would or 
would not make a significant change in trends observed. In all, 
two such modifications were undertaken, one partially, and the 
other, in our opinion completely successful. The first modification 
consisted in designing a jacket around the instrument through 
which hot glycerine was circulated from a small thermostatic 
bath, as shown in slide 1.' The bearing was kept at atmospheric 
pressure and a funnel eliminated free convection from the  front 
of the window. This modification proved only partly successful 
owing to the inadequacy of the thermostat and its circulating 
pump and to the high viscosity of glycerine at temperatures 
near 100 deg C. The second modification consisted in the pro-
vision of a mechanically superior thermostatic bath which 
circulated so-called "Ucon," a Union Carbide Corporation's 
proprietar y heat-exchange fluid, and in some minor, but never-
theless important, mechanical improvements, particularly to the 
quartz window and to the miniature chuck holding the disk and 
suspension wire. 

In our Series 2 measurements (described in a paper by J. Kestin 
and H. E. Wang, "The Viscosity of Superheated Steam Up to 
250° C , " to be published in Physica)1 we suffered a minor 
disaster in that on dismantling it was found that the quartz disk 
had cracked. There was sufficient circumstantial evidence to 
show that cracking occurred after the completion of the tests, but 
enough doubt remained to induce us to undertake a third series of 
measurements. This has just been completed with the co-opera-
tion of Dr. P. D. Richardson, Assistant Professor of Engineering 

7 Note added in proof. Since both slides shown during the meet-
ing have now appeared in print, there is no need to reproduce them 
here. Slide 1 appeared as Fig. 3 in "The Viscosity of Helium," by 
J. Kestin and W. Leidenfrost, Physica, vol. 25, 1959, p. 537, and 
slide 2 appeared as Fig. 4 in "The Viscosity of Superheated Steam 
Up to 270° C," by J. Kestin and H. E. Wang, Physica, vol. 26, 1960, 
p. 575. 
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at Brown University, and the instrument seems to have per-
formed without any flaws, having been operated for about five 
weeks without interruption under thermostatic control with the 
circulating pump operating continuously. At the present time 
we have evaluated the results from Series 3 in a very preliminary 
way only, and the discusser shall confine himself to discussing 
Series 2, and to a short remark about Series 3. 

The results obtained in Series 2 are shown compared with the 
author's in slide 2, from which it is seen that the agreement is re-
markably good. Individual values, except along the lowest iso-
therms, agree to within a fraction of one per cent, and the trends 
are identical. The combined results jjrovide a sufficient number 
of experimental points to give reasonable confidence in the ex-
trapolations to zero pressure and to the saturation line. 

The preliminary results from Series 3, which I cannot show on a 
slide because they were completed only last week, do not seem 
to agree quite so well with those of our Series 2 and the author's 
Series 1, but even so, the discrepancies do not exceed 1 per cent. 
The important point, however, is that at the lower temperatures 
the viscosity of steam still decreases with increasing density along 
an isotherm, lending support to my ]5revious microscopic hypothe-
sis. The slope increases in the vicinity of the saturation line and 
decreases as the temperature is increased. However, the most 
important feature of Series 3, not visible in either Series 1 or 2, is 
the circumstance that by increasing the upper temperature limit 
of operation to 285 deg C we succeeded in locating the isotherm 
along which the viscosity remains constant (at 270  deg C) and 
one along which the density coefficient of viscosity is positive, 
(285 deg C), as it presumably continues to be at higher tem-
peratures. 

In accepting these results the discusser wishes to emphasize one 
point made in the paper, namely, that most uncertainties in the 
determination were functions of temperature and that, conse-
quently, the relative values measured along one isotherm were 
very precise, being burdened with errors of the same magnitude, 
and differing, therefore, by at most 0.2 per cent. 

The discusser wishes to record here the debt we all owe to 
Prof. F. G. Keyes with whom we had many profitable ex-
changes and to the ASME Committee on Steam Properties which 

2IOO 

continued to provide not inconsiderable funds for this work. I 
should also like to mention the name of Prof. W. Leidenfrost 
now of Purdue University, who suggested several essential modifi-
cations and that of Mr. M. Mello of the staff of the Brown Uni-
versity Engineering Laboratory whose skill kept us in operation 
through many difficulties. 

Author's Closure 
Equation (6) was obtained by a least-squares correlation of all 

low pressure data available until 1958, using a modified Suther-
land equation in the form suggested by Prof. F. Ci. Keyes, [57], 
Details of the correlation are described in reference [2]. The 
points chiefly responsible for the curvature have all been obtained 
at temperatures below 200 C. It is entirely possible that in the 
range indicated  by Professor Bonilla, the simple Sutherland equa-
tion would fit the experimental data equally well or better than 
equation (6). In view of Professor Keyes' experience with several 
gases |57] one would tend to conclude that at lower temperatures 
the failure of the Sutherland equation is not restricted to polar 
molecules. 

It is interesting to note that equation (6) represents quite well 
the most recent Russian data of Shifrin,8 as shown in Fig. 10. 

With regard to the question of accuracy it is this writer's be-
lief that the oscillating-body viscometer offers at least an equally 
precise alternative to the efflux viscometer and should provide a 
very useful confirmation of the data obtained by the latter 
method. The reproducibility and relative accuracy of measure-
ment appear even to surpass those achieved in the most precise 
measurements using a capillary. 

In extending the range of the instrument to higher temperatures 
two major difficulties will have to be overcome. The first is the 
parasitic clamping of the suspension wire, which increases quite 
rapidly  at elevated temperatures. The use of quartz fibers and 
tubes, currently being tried at Case, offers some hope of eliminat-
ing this problem. The second difficulty is the largely unknown 

8 A. S. Shifrin, "Viscosity of Steam at Atmospheric Pressure," 
Teploenergetika, vol. 6, 1959, p. 22. English translation by Morris D. 
Friedman, Inc. 
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nature of t i e secondary motion. It is hoped that a study now in 
progress will shed sufficient light on this problem to permit pre-
diction of conditions under  which these secondary motions occur. 

It was very gratifying to hear that the somewhat unexpected 
results and data reported in the paper were confirmed by subse-
quent measurements. It would indeed be surprising if the very 
close agreement of the present data with those reported by Pro-
fessor Kestin and Dr. Wang were merely coincidental. The hy-
pothesis of agglomeration or clustering  of the molecules, sug-

gested to the author by Professor Keyes and discussed by Pro-
fessor Kestin, appears to be supported by, e.g., x-ray diffraction 
measurements,9 and also to some extent by the conclusion of 
Dorsey10 that temporary clusters of double molecules exist in 
steam at densities in excess of about 0.03 gm/cm3 . 

• F. G. Smith, "Review of Physical-Chemical Data on the State of 
Supercritical Fluids," Economic Geology, vol. 48, 1953, p. 14. 

10 N. E. Dorsey, "Properties of Ordinary Water Substance," Rein-
hold, New York, N. Y „ 1940. 
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