











Determinations of the dielectric constant of water
were made in cell A at 5-deg intervals, using two
or more samples of water at each temperature. As
a further check on the correction for C,+ Cy, the use
of samples of corresponding conductivity was avoid-
ed. Without exception, the values of dielectric
constant obtained at each temperature agreed to
0.01 unit or better with respect to their mean.

As an over-all check on the accuracy of the meas-
urements with cell A, some additional experiments
were made at 25° C, using auxiliary cells B and €
both as two- and as three-terminal cells. The na-
ture of the residual errors and the procedures used
in their evaluation are similar to those discussed
above for cell A. However, as these cells are of the
differential type, they require twice as many meas-
urements of capacitance and associated corrections.
The dielectric constant of water was redetermined
in cell B, whereas ethylene chloride and 2-ethyl-
hexanol were measured in cell €. The latter ma-
terials were of technical grade. The degree of purity
was immaterial as the sample was used for inter-
comparison in cell A. The values of dielectric con-
stant obtained with the three cells are listed in table
1. The differences are quite negligible except in
the case of water, where cell B gives a value about
0.03 percent larger than cell A. However, as the
experimental uncertainties associated with cell B are
at least twice those of cell A, this difference is hardly
significant.

TasLe 1. Intercomparison of values of dielectric constants
measured at 25° C with the different cells
Dielectric constant
Cell
Water CsHj;30# C;H4Cl;2
A o 78. 301 6. 8315 10. 376
B{2—termina1 ,,,,,,,,,, 78.825 |- |
3-terminal _ _ - 7Y B
{Z-terminal ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 6.831 10.377
3-terminal___________________ | .. 6.8314 10.378

a Technical grade, unpurified,

It was assumed in the previous analysis that the
test cell and its leads are adequately represented by
the series-parallel combination of r, [, and (,, and
R,, shown in figure 4, for which the equivalent
parallel capacitance is given to a sufficient approxi-
mation by

0,=C, (I odC—2r/R,)—l/RZ. (3)
A more rigorous consideration of its properties as a
three-terminal impedance with associated leads re-
sults in the equivalent circuit of figure 6. 1), B, and
@ are the points of connection to the bridge and to
ground, and D’, B’, and G’ are the corresponding
electrodes of the cell. Analysis of this circuit was
made by using the star-mesh transformation [9].
The equivalent parallel capacitance is given to a
sufficient approximation by
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Ficure 6. Schematic circuil for the three-terminal cell.
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It is evident from this relation that significant lead
impedances can seriously limit the utility of a three-
terminal cell unless the admittances from each of
the test electrodes to the guard electrode are kept
small compared to the direct admittance between
the test electrodes. The procedures described pre-
viously for evaluating the residual errors are not en-
tirely valid when the effective capacitance is calcu-
lated by eq (4) rather than eq (3). In the present
measurements, however, where the admittances to

. the guard electrode were comparatively small, com-

putations indicate that the use of eq (3) should not
lead to an error in dielectric constant greater than
0.01 unit in any case. In fact, if any difficulty had
arisen from this simplification, it would have be-
come evident at various stages during the course of
the measurements, as, for example, in a discrepancy
in the calibrations for C,+C, when the conductivity
and dielectric cells were used.

5. Results

The values of the dielectric constant of water
measured over the range 0.1° to 99° C fit the equation

€=87.740—0.4008t+9.398(10~*)1?*—1.410(10~%)#, (5)

where ¢ is the temperature in degrees Celsius. The



values computed from this equation are listed in
table 2, together with the differences between these
values and those actually measured at each of the
specified temperatures. The maximum difference
does not exceed 0.01 unit. The last two columns
list the values of de/dt and the temperature coeflicient
(1/e)(de/dt). Tt is interesting to note that the tem-
perature coefficient is remarkably constant over

the entire range. In fact, the alternative relation
)
logioe=1.94315—0.0019720, (6)

fits the data nearly as well as eq (5). In this case
the maximum deviation is 0.02 and the average
deviation 0.01 unit in dielectric constant.

It is estimated that the over-all accuracy of the
tabulated values of dielectric constant is 4+0.05 unit
or better,
determined to 1 percent or better at all temperatures.

TasLE 2. Dielectric constant of water and related data at

various temperatures

| 1de

|
| Y (3 o | - o ——
’ (4 ’ eeq (5) : eeq (5)—e obs de/dt o
‘ [
oQ [ ‘ |
0 87.740 I 0.4001 | 4.560X10% |
0.1 | 87700 | 40.004 { N
5 85.763 | —.001 L3908 | 4.
10 83.832 | —.002 L3817
15 | 81.946 —. 004 .3729
20 i 80.103 | +.003 . 3642 4,547
25 [ 78.304 | —+.003 3557 4,543
30 76.546 | +. 006 | 4539
35 | 74.828 | —. 004 | 4.537
40 [ 173.151 +. 002 4.534 |
[ |
45 71.512 | +.004 4,532 |
50 69. 910 —. 007 4,530
55 68.345 | - 000 4.529
60 | 66.815 | —.005 4,528
65 | 65.319 —+.002 4.528
70 —.002 4,529
75 —+.009 4,531
80 +.008 [ 4.535
85 +.001 4.541
90 [ +.005 4,547
95 [ —.001 [ . 2597 4.555
99 —. 008 [ S
100 | 55720 | oo [ . 2544 4,566
| | |

6. Discussion

A comparison of the present data with those re-
ported, over a wide range of temperature, by certain
mmvestigators in the last quarter century is shown in
figure 7. The differences between the values of di-
electric constant obtained in the earlier work and the
present investigation are plotted as a function of the
temperature. Smooth curves are shown where the
data were fitted to empirical relations. With re-
spect to the variation of dielectric constant with
temperature, only the data of Wyman and Ingalls [5],
which were obtained in terms of Wyman’s [1] value
at 25° C, are in satisfactory agreement with the
present measurements over an extended interval of
temperature. Although their values are consistently
higher, the temperature coefficient derived from the
two sets of data agrees to better than 1 percent at
all temperatures above 20° C.
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Fiaure 7. Comparison of the differences in the values of the
dielectric constant of water obtained by various workers.
Ae= e literature—e present work.
Drake, Pierce, and Dow (1930).
Wyman and Ingalls (1938).
. \o\'ymzm (1930).
Akerlof and Oshry (1950). [11].
__ Lattey, Gatty, and Davies (1931).

+ Albright (1937).

® Albright and Gosting (1946).

O T. T. Jones and R. M. Davies (1939).

m} Mean of 17 values selected from literature, Lattey, Gatty, and

Davies (1931).

Various reported values of the dielectric constant
at 25° C are compared in table 3. The value of
Lattey, Gatty, and Davies [10] resulted from a sur-
vey of the literature prior to 1930. Although this
value is closest to that obtained here, the agreement
is not significant because of the wide scatter in the
individual results (mean deviation 40.4 unit). The
remaining values, each obtained by a different ex-
perimental procedure and considered to have an
accuracy of the order of 0.1 percent, are roughly 0.3
percent higher than that reported in this investiga-

tion. The close agreement between these earlier
values at 25° C would appear to be rather fortuitious

in view of the sizable discrepancies existing at other
temperatures, as shown by figure 7.

Tasre 3. Comparison of values of the dielectric constant of
water at 25°
€5 Method | Frequency Authors |
) —— o T s
78.25 | Mean of 17 reported ... _____________ Lattey, Gatty, Da-

values prior to 1930.

‘ vies (1931).
Resonators suspended \ 4 to 81 Mec...__
[

|

[ <-7& 54 | Wyman (1930). |
\ | in medium. |

18 57 | Standing waves in co- | 12to 77 Mec____. Drake, Pierce, Dow ‘

| | axial line. | (1930). |

| "ﬁ( 48 | Bridge = | 570ke. . Albright (1937). |

| a78.49 ‘ \()llxlk(‘](‘\()Ildll(t‘,_,, | 670 ke_ _ Jones and Davies |

[ (1939). j

‘ 78.30 ‘ Present work. ‘
|

Bridge ... _________ | 3to96 ke |

a Values apparently relative to air rather than to vacuum.



Although the work of Jones and Davies [4] was
of high precision and conducted with unusual care
and attention to possible sources of error, the method
was a comparative one in which benzene was em-
ployed as the primary standard. Consequently, any
error in the assumed value for the dielectric constant
of bernzene would result in a percentage error nearly
twice as large in the value for water. Furthermore,
direct comparisons of water and benzene in the same
cell were not feasible, so that additional cells and
liquids of intermediate dielectric constant were re-
quired. The number of operations upon which the
value for water was dependent was thereby increased
and the over-all uncertainties of the method somewhat
enhanced. In view of these limitations the difference
between this and the present work does not appear
to be excessively large. In fact, if the data of Jones
and Davies are corrected for the value of benzene
recently recommended [6], this difference is re-
duced to about 0.1 percent.

The remaining values in table 3 were obtained by
methods essentially absolute in that no standard
medium other than air was needed. Because of the
lack of experimental detail pertinent to the possible
sources of error in the report of Albright [3], no de-
tailed comment on this work is possible. The ex-
perimental methods of Wyman [1] and of Drake,
Pierce, and Dow [2] were comparatively direct and
simple in principle. Although the experimental pre-
cision was less than that obtainable with conven-
tional bridge and resonance methods, this disad-
vantage was seemingly offset by the reduction or
avoidance of troublesome residual errors. In both
cases the value reported at 25° C was the mean of a
number of values obtained at various frequencies
which had a spread of more than 0.3 percent.

The method of Wyman involves the determination
of the resonant frequencies of fixed, metallic reso-
nators suspended in the medium. Seven resonators
of several different designs and of varying frequencies
were employed. Exclusive of the value obtained
with the resonator of lowest frequency, which was
about 5 percent too high, the values of dielectric
constant, when corrected to 25° C, ranged from 78.42
to 78.70. It was assumed that these resonators
behaved as idealized lumped circuits of inductance
L and capacitance (' so that the resonant frequency
S=1/[2=(LC)'*]. Then e=f}/f>, where f, is the
resonant frequency in vacuum, and f is the corre-
sponding frequency in the medium. The strict
validity of this relation is questionable because of the
effect of conductance of the medium on the properties
of resonant circuits and the dependence of the in-
ductance and resistance of metallic conductors upon
frequency through the “skin effect.” A change in
inductance due to the skin effect would lead to a high
value for the dielectric constant.  Although the mag-
nitude of this error is difficult to evaluate without
more specific details regarding the construction of the

resonators, estimates based upon simple U-loops,
which simulate the form of inductance in some of the
resonators, indicate that an error of the order of
several tenths of 1 percent is plausible. From a
study of the behavior of several resonators when the
ionic conductivity of the water was increased by the
addition of small amounts of KCI, Wyman showed
that the resulting error also gave high values for
the dielectric constant, but concluded that the error
was not significant in the case of pure water. How-
ever, estimates based upon the data presented, after
making allowance for the small but significant con-
tribution to the conductivity arising from dielectric
loss, indicate a remaining error of the order of 0.1
percent in most instances.

The procedure of Drake, Pierce, and Dow in-
volved, in essence, the determination of the half
wavelength of the standing waves set up by a source
of known frequency in a 4-m, vertical, coaxial pipe
filled with water. Except for factors computed
to be of negligible proportions, the dielectric con-
stant was given by e=¢*/(f°\,?), where f is the
frequency, N, the wavelength in the medium, and ¢
the velocity of light. The precision obtained in
determining the values of dielectric constant was
governed primarily by the limitations in measuring
half wavelength and temperature, about 0.2 mm
and 0.2° C, respectively, and varied from 0.3 to 0.15
percent, depending upon the frequency. Inasmuch
as the presence of systematic errors of comparable
magnitude would hardly be detected, the difference
noted between their value and the present value is
not unreasonable.

The magnitude of the disagreement shown in figure
7 indicates that, in general, the accuracy of these
data can hardly approach 0.1 percent. This is not
too surprising as the reproducibility obtained was
only rarely better than 0.1 percent.

For the present investigation, the uncertainty due
to any known source of error seems to be limited to
4+0.01 unit. Summation, without regard to sign,
of the individual uncertainties associated with the
recognized sources of error, leads to a possible un-
certainty of 4-0.05 in the values of e or £0.1 percent
at the highest temperature. The over-all repro-
ducibility of separate determinations at any single
temperature, ranging in number from 2 to 10, was
such that the largest deviation from the mean for
any given temperature was never worse than 40.015
unit, which occurred with both cells at 25° C
(4-+6=10 observations); and the average of all 69
deviations from the individual means for 21 temper-
atures was +0.005 unit. This agreement indicates
the absence of significant cumulative error and
should provide a reasonable basis for an estimation
of the accuracy attained. As a consequence, the
assignment of an accuracy of -+0.05 unit to all these
data seems entirely justified.
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