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This paper presents a table for the surface tension of water from 0.01 to 374 °C and an
interpolating equation which represents the valucs in the table to well within their estimat-
ed uncertainties. The table of values and the interpolating equation are those recommend-
ed by the International Association for the Properties of Steam (IAPS) in its recent official
release-The-experimentalmeasurements-of the surface-tension-of water and-theiruncer=
tainties are discussed, as is the development of the IAPS tables.
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1. Introduction

The International Association for the Properties of
Steam (IAPS) has approved an international table of values
for the surface tension (o) of water in equilibrium with its
vapor over the entire liquid range. Given below is an analysis
of the most important experimental studies of the surface
tension of water, the results of which have served as the basis
for the recommended values.

2. Experiments on Water Surface Tension

The total number of experimental studies of o for water
is large. They have been carried out to different levels of
accuracy, and the majority of them cover the region of tem-
peratures below the normal boiling point. A survey of the
early low-temperature investigations is given in Ref. 1. Some
experiments at high temperature are also considered in Ref.
2, however, the most impartant of these were carried out
after Ref. 2 was written. We shall deal with the most careful-
1y carried out works on o for water.

The work of Richards and Coombs® was of great impor-
tance in the development of the capillary-rise technique. It
gives a thorough analysis of the factors affecting the accura-
cy with which o can be measured using the capillary-rise
technique. The following factors were investigated:

(a) the sensitivity of the results to the accuracy with
which the radius of the capillary was measured;

(b) the diameter which was necessary for the vessel into
which the capillary was dipped in order that the surface of
the water in the vessel could be considered plane;

(c) the infiuence of the size of the contact angle;

(d) the estimations of the weight of liquid in the menis-
cus; and

(e) the arrangement of lighting to permit the most accu-
rate measurement of the height of the meniscus above the
plane surface of the water in the containing vessel.

As a result of their measurements, Richards and
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Coombs recommend the value for water:
=72.62X107*N/m.

The work of Richards and Carver* is a continuation of
that of Richards and Coombs. These investigators observed
that the contact angle (6 ) of water on glass at room tempera-
ture is zero, derived a more accurate method for estimating
the weight of liquid in the meniscus, and studied the influ-
ence of air and the ellipticity of the capillary section on the
measurement of ..

They obtained the value 0,5.c = 72.73X 107>N/m.
They also re-evaluated the data of Richards and Coombs®
and obtained 0,5.c = 72.72X 107°N/m.

Harkins and Brown,” using the capillary-rise method,
made careful measurements of the surface tension of waterin
equilibrium with its vapor and with saturated air. In both
cases, they obtained the value g,5.c = 72.80X 107>N/m. In
these experiments they used several different samples of wa-
ter and several different capillaries. The uncertainty in the
results obtained can be estimated to be about 0.1%.

As a result of investigations®™ the capillary-rise meth-
od was considerably improved and is, at present, one of the
most reliable methods available for determining the surface
tension of fluids over a range of temperatures. Moreover, a
sound mathematical basis has been developed for determin-
ing o from the capillary rise.

Gross® used a capillary method to measure o for water
over the temperature interval 0-60 °C. He obtained six val-
ues for o which are of sufficient accuracy for consideration
here.

Warren’ has investigated the surface tension of water
over the temperature range 0-90 °C using the maximum-
bubble-pressure method. The author estimates the uncer-
tainty of his measurements to be 0.01%. The measurements,
however, were relative values based on 05

= 73.65 X 107 *N/m. If these values are recalculated using
0s-c = 73.50X107>N/m which is accepted in this paper,
they appear to be acceptable for use.

Moser® made three series of quite accurate measure-
ments of the surface tension of water in the range of tempera-
tures 0-100 °C using a ring-detachment method. The depen-
dence of o on temperature found in this work agrees with
that obtained by Warren.

T20°c
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Ramsey and Shields® have investigated o for water over
the temperature range 0-130°C by the capillary method.
The glass tube containing the capillary had an inside diame-
ter of ~10 mm. The surface of the water in the annular
region between the capillary and the container has a consid-
erable curvature for such a narrow container. The authors
attempted to correct for this curvature but underestimated
its effect. The values were recalculated later by Sugden.'°

The results of a large number of investigations of o for
water at low temperatures were compiled and evaluated in
Ref. 11; recommended values are given for the temperature
range — 9 to 140 °C. In Ref. 11 the surface is in equilibrium

radii were determined with an uncertainty of 0.1%. The re-
sults of the first set of measurements'® on this apparatus
were processed assuming the contact angle of water on
quartz to be zero. Soon investigation'® showed that the con-
tact angle of water on quartz increases with temperature

" from a value of ~4° at 0°C to a value of ~28° near the

critical point. The succeeding measurements of o for water'’
were processed using the results of the measurements of 8.
The results published in Ref. 16 were recalculated to take
into account the temperature dependence of the contact an-
gle and also published in Ref. 17.

The ranges of temperature investigated in Refs. 16 and

with-airsaturated with-water vapor-at-atmospheric pressure 17 are mutuzlly overlapping, the results obtained are in

for temperatures below 100 K and with saturated water va-
por above it. Surface tensions measured under these two con-
ditions using the capillary technique could be expected to
differ because of the greater density of the saturated air and
possible adsorption of components of the air at the interface.
For water at pressures of about 1 atm, the differences are
small (see Ref. 4) and fall within the overall reliability of the
measurements, and can be neglected. Below 0 K the surface
of the supercooled water is referred to. As will be shown
later, these values for the surface tension of water can only be
considered accurate below 100 °C.

Heyks and co-workers'? investigated the region of tem-
peratures higher than the normal boiling point. The mea-
surements were made by the capillary-rise. method over the

‘temperature range 101-224 °C. The authors estimate the un-

certainty in their data to range from 0.3% t0 0.7%, however,
they did not take the incomplete wetting of the capillary into
account in their calculations. If these results were to be recal-
culated using the currently accepted values for the contact
angle of water on quartz, the results could be used in prepar-
ing critically evaluated data for water.

Watanabe and co-workers'® have measured o for water
by a capillary-rise method over the temperature range 20—
200 °C. Unfortunately the data are only shown in a diagram.

More detailed investigations of the surface tension for
water in the temperature range above the normal boiling
point have been carried out at the Physics Chair of the Mos-
cow Aviation Institute (MAI). Voljak'* has used a differen-
tial capillary method. The apparatus consisted of two quartz
capillaries sealed into a thick-walled quartz ampule. The
method suggested by the author for selecting capillaries with
a uniform inner cross section permitted selection of capillar-
ies with a uniformity within 4 0.5%. Both uniformity of
radius along a capillary and ellipticity of cross section were
considered. Measurements were made over the temperature
range 20-354 °C, and the uncertainty was estimated to be
0.4% at 150 °C and 5% at 340 °C.*> There was a systematic
error resulting from the temperature-measurement tech-
nique and the scatter of the experimental points was relative-
ly large—up to 1% at temperatures below 250 °C and 3% at
350°C.

The same method was used for succeeding experiments
carried out at MAT,'%17 hut the experimental apparatus was
improved. The control of the thermostat was more accurate
and temperature was measured with a platinum-resistance
thermometer with an uncertainty of 4 0.05 K. Capillaries
with a uniformity of inner section of 0.05% were used, their
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agreement within 0.2 X 107>N/m at low temperatures and

* 0.1 1073N/m at high ones. The calculated uncertainty of

these experiments varies from 0.3% at 20°C to 1.7% at
360 “C, the greatest contribution coming from the uncertain-
ty in the values of the contact angles. In the range of tem-
peratures greater than 360 °C, the uncertainty was not
greater than 0.07<1073N/m. '

The results of Refs. 16 and 17 in the range of tempera-
tures up to 100 °C agree well with the most reliable measure-
ments in this range of temperature. It should also be noted
that the value for the surface tension at 20°C,
72.74 X 1073N/m practically coincides with the values from
the very precise measurements at this temperature.>®

The values obtained from Refs. 16 and 17 also agree
with those from the high-temperature measurements>"*
within their uncertainties. '

3. Tables of Values for the Surface Tension
of Water

As the results of an evaluation of the known investiga-
tions of the surface tension of water, Young and Harkins
gave a table of values of o for water over the temperature
range — 8 to 140 °Cin Ref. 11. On the basis of Refs. 3, 4, 5,
and 6, they recommended o = 72.75X107>N/m, for the
surface tension of water at 20 °C as a reference value, which
since has found wide use in the calibration of instrumments.

An analysis shows, however, that the selection of data
made in preparing the tables'! was not always justified. The
values for o at temperatures higher than 80 °C could only
have been obtained by relying on the measurements on Ref. 9
as recalculated by Sugden.'® However, as Sugden himself
noted, the recalculated values are only reliable at moderate
temperatures. Perhaps that is why one of the authors of Ref.
11, Harkins, only presented a table of recommended values
for water covering the temperature range O to 60 °C in his
monograph.19 Also, in Ref. 20 recommended values for the
surface tension of water are only given for the temperature
range — 10 to 100 °C; the values given are in close agree-
ment with those in Ref. 11. Thus for many years relatively
reliable values for the surface tension of water have only been
available up to the normal boiling point.

Abpparently, tables for the surface tension of water cov-
ering the entire liquid range were first given by Fritz.?! The
data on which these tables are based are not cited. For tem-
peratures up to 100 °C these tables differ slightly from those
given in Refs. 11 and 20. At higher temperatures, especially
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those approaching the critical, the values in Ref. 21 differ
considerably from measured values obtained later.'s"”

Values for the surface tension of water for the tempera-
ture range 0-374 °C, given in Vargaftik’s reference book?”
and in Ref. 23 have been widely used in recent years. How-
ever, these tables are based on the values in Ref. 16 which
were calculated without allowance for the incomplete wet-
ting of quartz by water.

4. International Tables for the Surface}
Tension of Water

r'he General Meeting of the Eighth 1nwernational Con-
ference on the Properties of Steam held in Giens, France in
1974 instructed the International Association for the Prop-
crties of Steam to prepare international tables on the surface
tension of water. Two papers presenting titles on surface
tension were presented during the Conference,”* and three
drafts of tables were considered by Working Group 3, Other
Properties, Especially Surface and Electrical Properties,
during the meeting. The tables submitted by the Japanese
Delegation were based on Refs. 11 and 21 for temperatures
up to 100 °C and on the experimental data of Watanabe™
and Vargaftik et al.'®'? with allowance made for the tem-
perature dependence of the contact angle of water on quartz.

TABLE 1. Surface tension of water as a function of temperature_-

The tables were approximated by a nine-term polynomial in
(T, — T') where T, represents the critical temperature.

The tables submitted by the delegation from the FRG
were based on Refs. 11 and 21 as well as the experimental
data in Refs. 16 and 17. Three different interpolating equa-
tions were investigated: a seven-term polynomialin T, — T,
a polynomial in 7, — T containing a term with a fractional
exponent, and a binomial equation in 7, — T with noninte-
gral exponents.

The tables submitted by the Soviet delegation were
based on the mean values of the most accurate low-tempera-
ture experimental data®>® and the high-temperature
data'>1*'17 corrected for the effect of temperature on the
contact angle. The tables were approximated by a seven-
term polynomial in T, — T with the first term having a frac-
tional exponent.

‘These three submissions were considered by Working
Group 3. Since the values of the surface tension recommend-
ed by the different submissions did not differ greatly, the
decision was made to use the arithmetic means of the values
given in the different submissions in the international tables,
In 1976 this table was adopted by the International Associ-
ation for the Properties of Steam and promulgated in an
official release.?

These values of o are presented in Table 1 along with

t°C 10~*N/m 40:107°N/m  60:107>N/m t°C o 107°N/m 40:107°N/m  60-107°N/m
0.01 75.64 0.38 0.01 190 39.95 0.22 0.00
5 74.95 0.37 0.00 195 38.82 0.22 0.00
10 74.23 0.37 —0.01 200 37.69 0.22 . —0.01
15 73.50 0.37 —001 205 36.55 0.22 —0.01
20 7275 0.36 —0.01 210 35.41 0.22 —0.02
25 71.99 0.36 —0.01 215 34.25 0.22 —0.01
30 71.20 0.36 0.00 220 33.10 0.22 —0.02
35 70.41 0.35 0.00 225 31.93 0.22 —0D.02
40 69.60 0.35 0.00 230 30.77 0.22 —0.02
45 68.78 0.34 0.00 235 29.60 0.22 —0.02
50 67.94 0.34 0.01 240 28.42 0.22 —0.02
55 67.10 0.34 0.00 245 27.24 0.22 —0.01
60 66.24 0.33 0.00 250 26.06 0.22 —0.01
65 65.36 0.33 0.01 255 24.87 0.21 0.01
70 64.47 0.32 0.02 260 23.67 0.21 0.03
75 63.58 0.32 0.01 265 22.48 0.21 0.04
30 62.67 0.31 0.01 270 21.30 0.20 0.05
85 61.75 0.31 0.01 275 20.11 0.20 0.06
S0 60.82 0.30 0.00 280 18.94 0.20 0.06
95 59.87 0.30 0.01 285 17.77 0.19 0.07
100 58.91 0.29 0.01 290 16.61 0.19 0.07
105 57.94 0.29 0.01 295 15.45 0.19 0.07
110 56.96 0.28 0.01 300 14.30 0.18 0.07
115 55.97 0.28 0.01 305 13.17 0.18 0.06
120 54.96 0.27 0.01 310 12.04 0.17 0.06
125 53.95 0.27 0.01 315 10.92 0.16 0.06
130 52.93 0.26 0.01 320 9.81 0.16 0.07
135 51.89 0.26 0.02 325 8.73 0.15 0.06
140 50.85 025 .0t 330 7.66 0.14 0.05
145 49.80 0.25 0.01 335 6.61 0.13 0.05
150 48.74 0.24 0.01 340 5.59 0.12 0.05
155 47.67 0.24 0.01 345 4.60 0.11 0.04
160 46.58 0.23 0.02 350 3.65 0.10 0.03
165 45.49 0.23 0.02 355 2.75 0.10 0.00
170 44.40 0.22 0.01 360 1.90 0.10 —0.10
175 43.30 022 0.01 365 1.13 0.10 —0.04
180 42.19 022 0.01 370 045 0.10 —0.06
185 4107 0.22 0.01 374.00 0.00 0.00
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FIGURE 1. Deviation of experimental points from the international values of
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SP. L. K. Gross, The Theory of Atomic Collisions, the Determination of a
Standard for Surface Tension Measurements, Ph.D. thesis, University of
Chicago, 1926. See also Ref. 19.

’E. L. Warren, Philos. Mag. 4, 358 (1927).

®H. Moser, Ann. Phys. 82, 993 (1927). .

°W. R. Ramsey and J. Shields, J. Chem. Soc. 63-64, 1-89 {1893).

19S. Sugden, J. Chem. Soc. 125, 32 (1924).

'T. F. Young and W. D. Harkins, in International Critical Tables of Nu-
merical Data, Physics, Chemistry and Technology (McGraw-Hill, New
York, 1928), Vol. 4.

'2J. R. Heyks, M. K. Barnett, L. V. Jones, and E. Orban, J. Phys. Chem. 58,
48 (1954). :

'*A. Watanabe, H. Watanabe, and K. Watanabe, Data Survey and Correla-
tion of Surface Tension of Water with Saturation Temperature. Report to
the meeting of Working Group III of The International Association for

o: O Vargaftik and others (Refs. 16 and 17); + Voljak (Ref. 14);
O Heyks and others (Ref. 12); A Ramsey and Shields (Ref. 9).

their uncertainties estimated from the reliability of the ex-
perimental data. _

As is evident from Fig. 1, most of the experimental
points from the works used in evaluating the surface tension
over a wide range of temperature fall within the estimated
uncertainty of o. The results of Refs. 3-8 fall well within
these limits. )

The values in the table are well represented by Eq. (1)
with T, = 647.15 K and this equation is recommended for
use as an interpolating equation

Y el o PO ek s K
o=n| S [lire( )] w

where B = 235.8 X 107>N/m, b = — 0.625, and u = 1.256.
Table 1 also gives the divergences (50) of the values (o, )

calculated using Eq. (1) from the values recommended in the

table. o = o, — 0. As is evident from the table, the diver-
gence lies well within the estimated uncertainties.
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