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Surface Tension of Low-Temperature
Aqueous Solutions
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Measurements of the surface tension have been carried out to determine the
effects of both temperature and concentration on the surface tension of aqueous
solutions of sodium chloride, propylene glycol, and ethylene glycol. A differen-
tial capillary-rise method was employed for the measurements. The results show
that the surface tension of the ethylene glycol solution and the propylene glycol
solution increases as the concentration of the solution decreases, while for the
sodium chloride solution the surface tension increases monotonically as the con-
centration increases. The surface tension of the liquids was found to be an
almost-linear function of temperature from 20°C to just above the freezing tem-
perature. Equations for the surface tension of the three binary aqueous solutions
as a function of temperature and concentration are presented.
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1. INTRODUCTION

Aqueous binary solutions, such as ethylene glycol in water, are widely
utilized in a variety of engineering fields as a secondary coolant in heat
exchangers. Recently, frozen layers of aqueous solutions are increasingly
used as thermal storage material, so called liquid ice. The authors [ 1] have
carried out an experimental study of the freezing problem of aqueous solu-
tion droplets on a horizontal wall and have found that the change in sur-
face tension due to a change in concentration of the solution exerted a con-
siderable effect on the freezing characteristics. In an analysis of the freezing
problem of solutions with a free surface, such as the freezing of solution
droplets, surface-tension data of the liquid as a function of both the con-
centration and the temperature of solution, in particular at the temperature
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close to the freezing temperature, are needed. However, the dependence of
the surface tension on both the concentration of solution and the tem-
perature has not been investigated extensively, and only restricted data for
normal temperature have been reported [2].

In the present study, the surface tension of aqueous binary solutions
has been measured to determine the effects of both temperature and con-
centration on the surface tension. Specifically, aqueous solutions of sodium
chloride, propylene glycol, and ethylene glycol were investigated. A dif-
ferential capillary-rise method for the measurement and Sugden’s revised
method for the data treatment were employed.

2. MEASUREMENTS

2.1. Measurement System

Figure 1 shows a schematic diagram of the experimental setup. The
experimental facility essentially consists of a thermostat, a sample liquid
vessel, a microscope level meter, and a temperature-regulating system. The
thermostat consists of a transparent lucite box (400 x 350 x 160 mm) and
was carefully covered with insulation material. Within the thermostat, a
heater, a cooler, and a fan for stirring the air were installed to control the
temperature from 20 to —25°C.
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Fig. 1. Schematic diagram of experimental setup.
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In the sample vessel, whose dimensions are 160 x200x 80 mm, a
heater, a cooling tube, and a stirrer were set to keep the temperature of the
sample constant. Two glass tubes of 0.29 mm and 0.68 mm in inner radius
were used for the capillary and were installed horizontally within the
testing liquid.

Temperatues of testing liquid and ambient air were measured by six
chromel-alumel thermocouples with a diameter of 0.3 mm.

2.2. Measurement Procedures

Two glass tubes with inner diameters of 029 and 0.68 mm were
cleaned with pure water and acetone in advance. Then they were set verti-
cally into the sample vessel as capillaries. After the equilibration of the
temperatues of both the sample and the ambient air were achieved at the
prescribed temperature, the levels of the liquid both within the tubes and
sample vessel were measured with a cathetometer with a resolution of
0.01 mm.

A differential capillary-rise method was used for measuring the surface
tension. The measurement results were corrected by Sugden’s revised
method [3].

According to the differential capillary-rise method, the surface tension
of the liquid ¢ is determined by the following equations:

o=a’g(pL—p.)/2 (1)
a*(hy—hy)~'=(1/b, —1/b;)~! (2)

where a? is a capillary constant; b, the radius of curvature at the bottom
part of the meniscus; g, the gravity acceleration; A, the liquid level in the
capillary; p,, the density of the testing liquid; and p,, the density of
ambient air. Subscripts 1 and 2 correspond to capillary 1 and capillary 2,
respectively. Symbols a and b are assessed using the correctrion table by
Sugden.

Measurements were obtained at temperature from 25 to —25°C. The
concentrations of the solution were 5 to 15 wt% for the ethylene glycol
solution, and 3 to 20 wt% for the propylene solution.

3. RESULTS AND DISCUSSION

3.1. Sodium Chloride Solution

Figure 2 and Table I show the relations between the surface tension
and the temperature for various concentrations of sodium chloride solu-
tion. In the figure, the recommended values of water [4] are also shown.
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Fig. 2. Surface tension of sodium chloride aqueous solution.

It can be seen from Fig. 2 that the measured surface tension of water shows
quite good agreement with the values recommended by IAPS [4] and that
the surface tension increases as the temperature decreases, and also do/d0
for the solution is almost the same as for pure water.

The dependence of the surface tension on the concentration of solution
is shown in Fig. 3. From this figure, the fact that the surface tension of
solutions of sodium chloride in water increases with increasing concentra-
tion of the sodium chloride is confirmed. The present data at 20°C agree
well with previous data [5, 6].

Table I.  Surface Tension of Sodium Chloride Aqueous Solution

o (mN-m~") at 0 (°C)

C (wt%) 25 20 15 10 5 0 25 -5 -—10

0.0 720 727 736 742 749 757 — — —

5.0 — 744 751 158 764 715 717 — —
10 — 762 769 776 17183 792 795 799 —
15 — 779 786 793 800 806 81.0 8i4 B8l9
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Fig. 3. Surface tension of sodium chloride aqueous solution.

3.2. Ethylene Glycol Solution

Figure 4 and Table II show the relations between the surface tension
and the temperature of the ethylene glycol solution. The measurement
results show that do/df decreases as the concentration of the solution
decreases. The measured values for 100 wt% of ethylene glycol at —10 to

Table II. Surface Tension of Ethylene Glycol Solution

g (mN-m~')at 6 (°C)

C (wt%) 25 20 15 10 5 0 -5 =10 —-15 =20

0.0 720 727 736 742 749 757 — — — —
5.0 703 707 712 719 726 730 — — — —

10 681 685 690 694 700 705 — — — —
20 646 649 653 660 666 670 677 — - -
30 614 619 622 629 632 636 642 650 654 —
50 — 570 — 580 — 590 — 596 — 609

100 477 482 — 489 — 500 — 508 — —
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Fig. 4. Surface tension of ethylene glycol aqueous solution.

20°C are well predicted by the following reference equation for the ethylene
glycol solution:

g =>50.21-0.0890 (3)

where 6 is the temperature of liquid (°C). The dependence of the surface
tension on the concentration of solution is shown in Fig. 5. Being different
from that of inorganic salts, the surface tension of the ethylene glycol solu-
tion increases as the concentration of the solute decreases. And it appears
from the figures that do/df may depend on both temperature and concen-
tration.

3.3. Propylene Glycol Solution

Figures 6 and 7 and Table III show the dependence of the surface ten-
sion of propylene glycol solution on both the temperature and the concen-
tration of the solution, respectively. It can be seen from the figures that
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Fig. 5. Surface tension of ethylene glycol aqueous solution.

Table III.  Surface Tension of Propylene Glycol Aqueous Solution

g (mN.m™!) at 4 (°C)

Cwt%) 25 22 20 15 10 S5 0 =5
0.0 720 — 727 736 742 749 757 —
3.0 — 679 683 690 698 706 712 —
5.0 —  — 664 671 680 687 694 —

10 — 617 624 628 637 646 653 —
20 — 565 570 579 586 593 599

840/17/2-14

489



492 Horibe, Fukusako, and Yamada

83 T T T ~
. .0.-
/,O //
b // /// —
'I_E //’/60//107
z Eqla)_ 5&0-7 T "
E q XO///,
: o797
// /,’
B Sodium Chloride
i Solution
70 1 | ]
56 6.0 64
T-0517 00389 x1072

Fig. 8. Surface tension of sodium chloride aqueous solution.
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Fig. 9. Surface tension of ethylene glycol aqueous solution.
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Fig. 10. Surface tension of propylene glycol aqueous solution.

4. CONCLUDING REMARKS

Measurements of the surface tension of aqueous binary solutions have
been carried out to determine the effects of both temperature and concen-
tration on the surface tension. The surface tension of the solutions was
found to increase as the concentration of solute decreases for both ethylene
glycol solutions and propylene glycol solutions, while it increases
monotonically as the concentration increases for sodium chloride solutions
within the parameter range covered in the present study. Furthermore,
correlation equations for the surface tension as a function of temperature
and concentration have been determined.
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