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Measurements of the Relative Permittivity of 
Liquid Water at Frequencies in the Range of 0.1 to 
10 kHz and at Temperatures Between 273.1 and 
373.2 K at Ambient Pressure 
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The static relative permittivity (dielectric constant) of water has been deter- 
mined from capacitance measurements at frequencies between 0.I and 10 kHz, 
in the temperature range from 273.2 to 373.2 K at ambient pressure. The 
capacitor used for these measurements was formed from sapphire-insulated 
concentric cylinders. The specific conductance of the water used was maintained 
within 20 % of the lowest value ever observed, which is better than in all pre- 
vious experiments in this range. The new data shed some light on a discrepancy 
between sets of literature data in liquid water between the triple and boiling 
points. 

KEY WORDS: audiofrequency measurements; coaxial-cylinder capacitor; 
electrical conductivity; electrode-polarization correction; static dielectric 
constant; sample purification; water. 

1. I N T R O D U C T I O N  

Recently, we compiled and evaluated a database for the zero-frequency 
(static) relative permittivity (dielectric constant) of water and steam [ 1 ]. In 
the range of maximum practical importance, namely, in liquid water from 
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the triple point to the boiling point at ambient pressures, discrepancies 
exist between two groups of data sets that lead to appreciable uncertainty 
in the temperature derivative of the dielectric constant in this range. The 
resolution of the discrepancy was the motivation for the present work. We 
report new measurements of the dielectric constant of water in this range, 
with particular attention paid to cell stability, water purity, and the 
elucidation of instrumental effects. 

In the temperature range from 273 to 373 K in liquid water there are 
nine sources of high-quality data [ 2-12]. These data were obtained by either 
of two experimental techniques, capacitance measurements [2, 3, 6-12] or 
resonance techniques [4, 5], each with quite different sources of systematic 
error. For details the reader is referred to Ref. 1 and the original work cited 
therein. 

In Fig. 1, we compare the various data sets, using a fit to the data of 
Malmberg and Maryott [2] as the reference, simply because these data 
appear to be the most precise and extensive. The nine independent data 
sets fall essentially into two groups that differ systematically; the group 
defined by the data of Malmberg and Maryott [2] and those of Dunn and 
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with ecal= from a fit to the data of Malmberg and Maryott [2].  x [4, 5]; ~" [2];  
+ [3];  -I- [6, 7]; A [8];  �9 [9]; O [10]; �9 [12]. Ref. 1 contains all these data, 
corrected to the ITS-90 temperature scale. 



Relative Permittivity of Liquid Water 931 

Stokes [3] fall below the other data at temperatures from 273 to 320 K, 
:and above them at the higher temperatures, leading to an uncertainty in 
the derivative of the dielectric constant, e, with respect to temperature 
(Oe/OT)p of approximately 1%. The data of Malmberg and Maryott [2] 
are in excellent agreement with the values reported by Dunn and Stokes 
[3]. Malmberg and Maryott obtained their values of the static dielectric 
constant from capacitance measurements at frequencies from 3 to 96 kHz 
[2], and Dunn and Stokes did similarly, at frequencies from 10 to 520 kHz 
[ 3 ]. As we discuss in more detail, however, the purity of the water samples 
used by Malmberg and Maryott and by Dunn and Stokes was not as high 
as that of many of the other data sources. 

Capacitance measurements at audio frequencies are quite sensitive ,~o 
the conductance of the sample. To make this point, we plot, in Fig. 2, .the 
capacitance measured by us as a function Of the inverse frequency ,at 
298.15 K for two samples of different conductivity. The sample with .the low 
conductance represents the best purity we have been able to obtain, 
approximately 20 % above the pure-water limit. The other sample has a 
conductance higher by about a factor of 5. The significant parts of Fig. 2 
are the behavior at low frequencies (right-hand side) and the behavior near 
the minimum of the capacitance, at around 5 kHz. At frequencies exceeding 
5 kHz, near the abscissa, the particular instrument used, described in Sec- 
tion 2.1, quickly loses precision, and the steep rise in capacitance observed 
there is probably within the uncertainty of the measurement. The most 
striking feature in Fig. 2 is the increase in the measured capacitance of the 
impure sample, compared to that of the pure one, at low frequency (right- 
hand side), by as much as 5 % for f =  0.1 kHz. A more subtle, but more 
ominous effect, however, is the decrease in the measured capacitance of .the 
impure sample, relative to the pure one, at the high-frequency end .of t.he 
usable range, by about 0.1% at f = 5 kHz. Qualitatively similar behavlior 
was found at 373 K. The first effect is well characterized, and due to elec- 
trode polarization, discussed below in more detail. This is why, .tradi- 
tionally, capacitance data obtained at a range of audiofrequencies are 
extrapolated to f--* ~ .  Here, however, is where the second effect, .no.ted by 
us at 5 kHz, can lead to an erroneously low value of the dielectric constaaa~t 
if the purity of the sample is not optimal. That increasing electrolyte con- 
centration leads to a lower dielectric constant is known from 'the work of 
Pottel I" 13], who reported dielectric relaxation in electrolyte solutions, and 
extracted the static permittivity from available data. The effect observed by 
us in samples of very low electrolyte concentration, however, is much 
larger than that seen by Pottel [ 13 ] and, therefore, not fully explained. 'llae 
role of impurities is most serious at low temperatures, where "the intrinsic 
conductance of water is low. 

840/16/4-6 



932 Ferntndez, Goodwin, and Levelt Sengers 

2780 

2740 

2700 
0 

2660 

2620 

2580 

f, kHz 
1 0.5 0.2 
I I I 

l, kHz  
5 1 0.5 

2570  | . / 

2565  I" ~ " 

,~ 2560 J- 106.s ~  . 

2665 ,of" o . -  ~ 

2550  I'~_ o ~ 1 7 6  " 
'~1 7. ~ ~ ~ 20 ~S 

2545  L ~ = 8 . .  - ~ - ~  ~ o . 

2 5 4 0 1  i i i I I I I I f I I 
O.O 0.4 0.8 1.2 1.6 2.0 2.4 

1If, kHz  "1 / 

/ /  
/ /  

/ 
/ /  

/ /  
j "  o 

/ 
/ ,  / 

/ 

D J"  
/ /  

,o-" 

1 2 3 

0.1 
I 

,,,P 

106 ITS,," 
/ I  / 

z / 
j "  

/ /  

, 7  
/ i  

20 gS 

I I 

8 9 

2540 ~ I ? I I 
0 4 5 6 7 10 11 

1/f, kHz "t 

Fig. 2. Variation with inverse frequency f of the capacitance C of our cell filled with water, 
as determined with an LCR meter at T=298.15 K: (D) water with conductance G=20#S; 
(�9 water with G=106pS. ( ) Equation(2) with coefficients adjusted to fit the data 
shown for water with G = 20 pS; ( . . . . .  ) Eq. (2) with coefficients adjusted to fit the data shown 
for water with G = 106 p S. The inset provides details for the important region 0 ~<f-t ~< 2.4. 

To give an idea of the water purity of the various experimenters, we 
note, first, that at T = 298 K, the conductivity of pure water is 5.5/~ S. m -  1 
[4] .  Malmberg and Maryott  [2] ,  according to an estimate we made on 
the basis of the information provided by them, used a sample with conduc- 
tance of 50/~S. m -~, while Dunn and Stokes's [3]  sample had a conduc- 
tivity greater than 80/IS.  m -~. The other data sets in Fig. 1 appear to be 
less precise than those of [2] .  The data sets obtained in the audiofrequency 
range from 0.1 to 10 kHz, however, were carried out on samples with a 
much higher water purity than that of Ref. 2, while in the experiments 
carried out at higher frequencies the impurity effects are less significant. 
Thus the audiofrequency data reported by Vidulich et al. ['7] at 298.15 K 
were obtained for a water sample with a conductivity of 7/~S .m -~, and 
those of Srinivasan ['8] for a sample with a conductivity of 10/IS .m -1. 
Vidulich and Kay [6]  discussed the effect of conductivity on capacity 
measurements, and its dependence on frequency, and drew attention to the 
high purity of their own sample compared to that of Malmberg and 
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Maryott [2]. Rusche [15], whose values, mostly in the supercooled 
region, are not shown in Fig. 1, used water with a conductivity of 
15 pS- m- t ,  only about three times the lowest observed value. The remaining 
data sets in Fig. 1 had a lower water purity, but the data were taken at 
higher frequencies than the experiments mentioned above, typically from 
10 kHz to several megahertz. Milner [4] and Cogan [5] (who both used the 
same apparatus), and Lees [11], reported a conductivity of 150pS.m -l. 
Heger [9], as well as Deul and Franck [ 10] used water with significant 
impurities, quoting upper bounds of 2000pS.m -~ at 298.15 K [9] and 
10,000 pS. m - '  at 373.15 K [ 10], respectively. For further details, see Ref. 1. 

For the experimental work reported here we choose to measure the 
capacitance of a fluid-filled concentric cylinder at frequencies between 0.1 
and 10 kHz. A capacitor of this geometry was chosen because corrections 
for alignment are negligible and the device was, as we demonstrate, 
mechanically stable. Our design is close to that described by Younglove 
and Straty [ 16]. This design was also used by others, for example, to 
determine the dielectric constant of liquid hydrocarbons [ 17, 18]. 

Prior to commencing the present measurements we were aware of 
three sources of dispersion: (i) electrode polarization, (ii) ionic atmosphere 
relaxation, and (iii) dielectric relaxation. The magnitudes of these items 
depend on the ionic concentration. We describe each error source in turn. 

The term electrode polarization refers to the nonuniform distribution 
of solutes in the fluid surrounding the capacitance electrodes. It is respon- 
sible for the universally observed increase of the capacitance of water-filled 
cells when the frequency decreases. See, for instance, Fig. 2 (right-hand 
side) and Refs. 2, 6-8, and 15. There is a variety of phenomena occurring 
near the electrodes that are dependent on the amplitude and frequency of 
the applied voltage [ 19]. In our case the potential difference between the 
electrochemically inert metallic electrodes is about 0.1 V and Faradaic 
processes are negligible; this corresponds to an ideally polarizable elec- 
trode, in which no exchange of electrons occurs between the solution and 
electrode. In these circumstances the only effect of the electric field is to 
change the charge density at the metallic surface. That is, the ions migrate 
in an electric field. At low frequency these ions have sufficient time to reach 
the surface of the electrodes in large numbers and thus add an impedance 
to the system. This is called double-layer capacitance and is considered 
responsible for the increase in capacitance with decreasing frequency. Any 
model for the double-layer capacitance must describe the behavior in the 
vicinity of the electrode as well as the decay into the bulk fluid (diffuse 
layer). The former is extremely dependent on the properties of the surface, 
especially its ability to adsorb the ions present in solution, and is conse- 
quently difficult to predict. Several workers have proposed quantitative 
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models to describe the frequency behavior in the bulk fluid. For example, 
the theory reported by Buck [ 20 ] indicates that the diffuse layer relaxation 
may occur at a few kilohertz and has an f - 2  frequency dependence. 

In an applied field, the counterion charge cloud around a given ion 
becomes asymmetric. The mobility of the ion is decreased because of the 
opposite motion of the counterions and their solvated water molecules. 
This effect lowers the fluid conductivity. At higher frequencies, when the 
period of the applied field is shorter than the dielectric relaxation time 
of the ionic atmosphere, the asymmetry of the atmosphere disappears 
and the conductivity rises, lowering the dielectric constant. The frequency 
dependence for the dielectric constant of an electrolyte solution due to the 
ionic atmosphere has been modeled, with the result that the relaxation time 
of the ionic atmosphere for pure water at 298 K corresponds to frequencies 
of about 1 MHz, far exceeding the audiofrequency range used by us [21 ]. 

Finally, we mention dielectric relaxation, which describes the decay of 
the molecular polarization during the reorientation of the dipoles in an 
applied oscillating electric field. At sufficiently high frequencies, the dipoles 
do not have time to equilibrate during the period of an ocillation. The 
dielectric relaxation time is about 8.27ps at 298.15 K [22]. Dielectric 
relaxation becomes a significant source of uncertainty only at frequencies in 
the GHz range. At f = 1 GHz, for instance, the real component of the per- 
mittivity is 0.5 % below the static value. It is clear that dielectric relaxation 
is of no concern in the experiments discussed in this paper. 

2. E X P E R I M E N T S  

2.1. Apparatus 

The concentric-cylinder capacitor is shown in Fig. 3; it was fashioned 
after that described by Younglove and Straty [I6]. The two concentric 
cy.clinders and central conical support were each machined from 316 
stainless steel and electropolished. Each cylinder was insulated from the 
central post by six 1-mm-diameter sapphire spheres, three of them located 
at each end. The vacuum capacitance between the plates was about 33 pF. 
The assembled capacitor was attached to the end closure of a stainless-steel 
~ytindrical pressure vessel, in which the capacitor was suspended. The 
containment vessel and conical support formed the third terminal in the 
capacitance measurement. This vessel was sealed with a gold o-ring. The 
electrical feedthroughs consisted of the center conductor of stainless-steel 
coaxial cable, a polytetrafluoroethane ferrule, and a compression n~ut 
brazed to the outer sheath of the coaxial cable. This cable had an air 
dielectric and PTFE disk spacers and it continued unbroken out of the 
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Fig. 3. Cross section through the 
concentric-cylinder capacitor. Sapphire 
spheres were used to insulate the two 
electropolished stainless-steel cylinders 
from the grounded conical support. 
The vessel was sealed with a gold 
o-ring and electrical feedthroughs were 
constructed from PTFE and stainless 
steel. An industrial-grade platinum 
resistance thermometer protruded into 
the fluid-filled cavity. The assembled 
device was suspended inside a stirred- 
fluid thermostat. 

thermostat fluid. An industrial-grade 100-C2 platinum resistance ther- 
mometer, which was sealed into the vessel lid with a compression fitting, 
was in direct contact with the fluid. It was used solely to monitor the 
stability of the temperature within the cell. 

The assembled vessel was placed in a stirred fluid, which was an equal 
mole fraction mixture of 1,2-ethanediol and water, thermostat controlled to 
better than 3 mK. The temperature of the bath fluid was measured with a 
long-stem platinum resistance thermometer, which was checked frequently 
at the triple point of water and was reported on the ITS-90 temperature 
scale [ 23 ]. The temperature was determined from resistance measurements 
by means of a ratio bridge. The thermometer's sensing element was located 
in a plane which passed through the center of the capacitor and was about 
0.3 m below the thermostat's fluid-air interface. The sample temperature 
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was inferred from that of the thermostat fluid. For  the liquid-water 
dielectric-constant measurements at 298 K where de/dT,~-0.36 K -~, an 
uncertainty not exceeding 0.15 K in the temperature will generate less than 
0.05 % uncertainty in the dielectric constant. In view of the excellent thermo- 
stat stability and the low uncertainty of our thermometry, we conclude that 
inferring sample temperature from the thermostat fluid value should not 
have introduced a significant systematic error into our measurements. 

Three devices were used to determine the capacitance of the cell: (a) an 
automatic transformer bridge Model CGA-78, which was based on the 
General Radio 1615A and operated at frequencies between 0.1 and I0 kHz; 
(b) an Andeen-Hagerling bridge Model 2500A, which operated solely at a 
frequency of 1 kHz; and (c) a GenRad LCR meter, which operated at 
about  200 discrete frequencies between 0.1 and 100 kHz. 5 Items b and c 
were calibrated by the manufacturers prior to use. The precision of the 
capacitance C obtained from each device depended on the fluid conduc- 
tivity, frequency, and capacitance. According to information supplied by 
the manufacturers, in the best case, devices a and b could provide values 
of C with a precision of 0.0005 %, while device c had a precision of about 
0.02 %. We used all three devices to determine the vacuum capacitance but 
did not use b for most measurements with water, because of its single 
operating frequency; it was used at 1 kHz to check the values obtained 
from the other two devices. 

Pressures between 0.2 and 0.4 MPa  were measured with a strain-gauge 
pressure transducer, which, when calibrated against an air-lubricated 
deadweight gauge, was found to have an uncertainty of 0.1%. Since for 
water (Oe/ap)r.~O.04 MPa -~, use of this pressure gauge should not intro- 
duce an uncertainty in the dielectric constant greater than 0.004%. 
Measurements were corrected to a pressure of 0.1 MPa,  by means of values 
for (ae/Op)r obtained from the correlation of Archer and Wang [24].  

2.2. Sample Purity 

Preliminary measurements of the water-filled cell capacitance indicated 
that variations in the fluid conductivity G introduced a significant 
systematic error. At 298 K, and a frequency of 10 kHz, we estimated from 
the inset of Fig. 2 that (OG/OC)e,r.~-0.02pF'/~S -1, while at l kHz 
(OG/aC)p,r~ +0.04pF. /zS  -~. Hence, it is of paramount  importance to 

5 To describe materials and experimental procedures adequately, it is occasionally necessary 
to identify commercial products by the manufacturer's name or label. In no instance 
does such identification imply endorsement by the National Institute of Standards and 
Technology, nor does it imply that the particular product or equipment is necessarily the 
best available for the purpose. 
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Fig. 4. Schematic for the water purification apparatus. Fresh distilled water flowed 
from a plastic container, where CO2 was displaced by N2, through an E-pure ion- 
exchange column, into a chromatographic pump, required to create a pressurized 
fluid, on through the cell and back into the reservoir. All interconnecting tubing 
and valves were stainless steel. 

maintain the water purity at the highest possible level. In our work we 
adopted the following procedure to maintain the fluid at the lowest 
possible conductivity, with the equipment shown schematically in Fig. 4. 
First, a sample of distilled water was placed in a Nalgene (see footnote 5) 
plastic container, and dissolved CO2 was then displaced by passing 
nitrogen through the sample. The water was then passed into the "E-pure" 
water purification system supplied by Barnstead Inc. (see footnote 5). It 
was capable of providing water at a temperature of 298 K with a conduc- 
tivity of 5.5/z S. m- i ,  which equals the value obtained from the correlation 
by Marshall [ 14]. The water circulated from the storage vessel through the 
purifier and back into the feed tank until the fluid had reached the expected 
conductance. It was then ready to be pumped into the cell. 

2.3. Procedure 

The cell components were thoroughly washed in the following fluids 
before assembly and use: (a) a 1% HNO3 aqueous solution at a tem- 
perature of 350 K, (b) propanone with a mole fraction purity of better than 
0.999, and (c) distilled water at 373 K. 

In addition to the procedures described above, we list the typical 
sequence of operations required to obtain the capacitance of the water- 
filled cell under precisely defined conditions: (a) The cell was evacuated for 
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Table I. Capacitance of the Concentric Cylinder Filled with Water Extrapolated to 
Infinite Frequency C~ = C(T, p =0.1 MPa, f---, o% H20 ) and Under Vacuum 

C,,= C(T, p = 0), Static Dielectric Constant e, Conductance G, and Conductivity x at 
Temperature T for Liquid Water ~ 

T C~ Uc~ Cv G x 
Index (K) (pF) (pF) (pF) e U,. (/~S) (/zS. m -I )~ 

LCR01 273.174 2850.50 0.20 32 .434  87.883 0.033 4.59 1.25 
LCR02 283.142 2725.58 0.18 32.441 84.014 0.01 s 9.55 2.61 
LCR03 293.143 2603.51 0.10 32 .446  80.239 0.011 16.9 4.61 
LCR05 298.1.39 2544.10 0.12 32 .449  78.401 0.01 o 21.4 5.84 
LCR06 298.154 2544.48 0.08 32 .448  78.414 0.01 o 20.7 5.65 
LCR07 303.132 2486.91 0.15 32 .452  76.631 0.00~ 28.7 7.83 
LCR08 313.125 2377.07 0.08 32 .457  73.235 0.009 44.3 12. l 
LCRI0 323.129 2270.64 0.12 32 .462  69.946 0.011 67.0 18.3 
LCRI 1 323.139 2270.24 0.08 32 .461 69.934 0.011 63.4 17.3 
LCRI3 343.].27 2072.75 0.40 32 .473  63.827 0.01~4 ~ 146 39.8 
LCR14 3'43..1.34 2071.62 0.38 32 .472  63.790 0.014 127 34.6 
LCR15 343.I47 2072.08 0.16 32 .472  63.806 0.014 126 34.5 
LCRI7 353;128 1979.68 0.38 32 .479  60.946 0.018 176 48.0 
LCRI8 353.130 1978.70 0.28 32 .479  60.919 0.018 179 48.8 
LCR19 353.154 1977.48 0.42 32 .479  60.878 0.018 170 46.5 
LCR21 363.137 1888.77 0.22 32 .485  58.137 0.029 225 61.3 
LCR23 373.113 1803.57 1.86 32 .493  55.503 0.049 305 83.1 
LCR24 373.147 1803.96 1.20 32 .491 55.51 s 0.049 298 81.2 
TB01 273 .174  2850.30 0.06 32 .434  87.877 0.01 s 4.59 1.25 
TB02 283 .142  2725.07 0.14 32.441 83.99 s 0.01 o 9.55 2.61 
TB03 293 .143  2603.09 0.12 32 .446  80 .226  0.009 16.9 4.61 
TB04 298 .138  2556.11 0.08 32 .606  78 .388  0.008 21.5 5.84 
TB05  298 .139  2544.11 0.03 32 .449  78.401 0.008 21.4 5.84 
TB06 298 .154  2544.18 0.14 32 .448 78.406 0.008 20.7 5.65 
TB07 303.132 2487.02 0.18 32.451 76.637 0.007 28.7 7.83 
TB08  313 .125  2376.48 0.24 32 .457  73.216 0.009 44.3 12.1 
TB09 313.131 2387.97 0.13 32 .613  73.195 0.009 44.7 12.1 
TBI0 323.129 2270.74 0.13 32 .463  69.946 0.012 67.0 18.3 
TBll 323 .139  2270.8.1 0.16 32.461 69.952 0.012 63.4 17.3 
TBt2 33"3.120 2179.31 0.32 32 .624  66.790 0.01s 97.6 26.5 
TBI3 343 .127  2073.92 1.24 32 .474  63.861 0.02o 146 39.8 
TB14 343 .134  2971.79 0.52 32 .472  63.797 0.02 o 127 34.6 
TBI5 343 .147  2072.39 0.42 32 .472  63.817 0.020 126 34.5 
TBt6 353 .121 1990.10 0.48 32 .636  60.96 s 0.032 182" 49.4 
TBI 7 353 .128  1982.61 0.74 32 .479  61.039 0.032 176 48.0 
TBI8 353 .130  1983.60: 1".46 32 .479  61.070 0.032 179 48.8 
TBI9 3'53.154 1979.83 0.62 32 .479  60.952 0.032 170 46.5 
TB20'  363 .127  1894.52 2.06 32 .485  58.317 0.052 235 64.1 
TB21 363 .137  1893.55 2.54 32 .485  58.286 0.052 225 61.3 
TB22 373.111 1819.35 1.08 32 .650  55.718 0.08 o 325 88.1 
TB23 373 .113  1813.53 2.00 32 .493  55.808 0.080 305 83.1 
TB-24 373 .147  1810.52 2.46 32 .491 55.720 0.08o 298 81.2 

a Uncertainties Uc| and U, are reported as 2 standard deviations. See text for details. 
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about 12 h, until the pressure in the pumping line was below 0.3 Pa at the 
required temperature; (b) the vacuum capacitance was measured at the 
required temperature; (c) the cell was filled with water, from the purifier 
described above, to a pressure of about 0.15 MPa; (d) the purge valve was 
then opened and water allowed to flow through the cell, usually for 2 days 
but not less than 12 h, until the conductivity had reached a minimum; 
(e) the flow was shut off, and the cell sealed and then connected to a 
vacuum pump to degas the sample; (f) water was again allowed to flow into 
the cell until the pressure reached about 0.15 MPa and the degassing process 
was repeated; (g) the pressure in the cell was increased, with a chromato- 
graphic pump, until it reached the value required for the measurements; (h) 
the capacitance was measured as a function of frequency with both instru- 
ments; (i) the water was removed by purging with nitrogen gas, and the cell 
evacuated to a pressure less than 0.4 Pa; and (j) the vacuum capacitance 
was measured again. The procedure was repeated at each temperature. 

In total, successful measurements of the capacitance of the water-filled 
cell were performd for 24 samples. For  many of these samples, both trans- 
former-bridge (TB) and LCR meter (LCR) results are available. For  each 
instrument, we report the results, discussed in the next section, in Table I, 
in ascending order of temperature, labeling each result by the instrument 
used and by the sample number. Thus, the symbols TB05 and LCR05 refer 
to the identical sample but different instruments. 

3. RESULTS AND ANALYSIS 

3.1. V a c u u m  Capaci tance  

Prior to commencing the measurements with water we assembled the 
cell and determined the vacuum capacitance Cv = C(T, p = 0), required to 
calculate the dielectric constant e as a function of temperature. We used all 
three capacitance instruments discussed above in Section 2.1 and found, at 
any one temperature, that the capacitance values measured with the two 
high-precision devices (a) and (b) differed fractionally by less than 
5 x 10 -6. After one thermal excursion of about 100 K we found that the 
capacitance values at any temperature differed fractionally by no more than 
1 x 10 -5  

The vacuum capacitance, about 32 pF, determined before and after a 
capacitance measurement of the water-filled cell never differed by more 
than 2 .10  -5 over the 3 h needed to determined the capacitance of the 
water-fdled cell. The average of these two values is listed in Table I for each 
sample. We took the value of 0.0005 pF as an estimate of the standard 
deviation of the value of the vacuum capacitance. 
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The linear thermal expansion coefficient, obtained from capacitance 
measurements at 10 temperatures, agrees to 1% with the literature value 
for type 316L stainless steel [25].  

3.2. Capacitance and Conductance of the Water-Filled Cell 

Values of capacitance C' (T ,p , f ,  H 2 0  ) and conductance G were 
obtained from measurements of the complex impedance of the water-filled 
capacitor, by means of two of the instruments described earlier, namely, the 
transformer bridge (TB) and the LCR meter (LCR). The frequencies used 
with the transformer bridge were 0.1, 0.3162, 1, 3.162, and 10 kHz. For  t h e  
LCR meter we used about 15 frequencies in the range from 0.1 to 10 kHz. 

The measured conductances did not appear to have any appreciable 
frequency dependence. They were converted to values of conductivity x by 
means of the relationship x = G e o / C ( T  , p =0).  Our values of tc so deter- 
mined are shown in Fig. 5 as deviations from the values reported in Ref. 14. 
At all temperatures our values of the specific conductivity were no more 
than 20% above the accepted value for pure water [14].  

After equilibration for a time of at least 300 s, the measured 
capacitance of the cell filled with liquid water at 298 K changed less than 
0.005 % in 1 h (which corresponds to a conductivity change of less than 
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the fluid in the cell from the correlation by Marshall [ 14]. 
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0.3 % per h) at a frequency of 1 kHz. At 373 K the capacitance changed by 
0.02 % per h and the conductivity by 2 % per h, again at 1 kHz. 

We also determined the change in the capacitance reading for the 
water-filled cell as a function of sine-wave excitation amplitude. At 333 K, 
with a fluid of conductance of 100/~S, the capacitance values obtained from 
the LCR meter changed by less than 0.005 % when the amplitude was 
increased from 0.5 to 1.3 V a.c. at I kHz; this change leads to negligible 
error. For  the same experimental conditions, the capacitances obtained 
from the transformer bridge varied noticeably when the voltage was varied 
over the range from 0.03 tO 1.5 V a.c. The actual change of measured 
capacitance over this voltage range had a nonuniform dependence on 
frequency: It was 0.03% at i0 kHz, 0.01% at 3.2 kHz, 0.06% at 1 kHz, and 
0.18% at 0.3 kHz. In actual experiment with the transformer bridge the 
excitation voltage is set automatically and is therefore not a controlled 
parameter. Since the dielectric constant values that we report are deter- 
mined by the high-frequency capacitance data, the observed variations for 
the transformer bridge are marginally significant at worst, and they are 
considered in the data analysis as a source of random error. 

3.3 Correction for Effect of  Conductance on Instrument Performance 

As a check on the performance of each instrument, we compared the 
values of capacitance obtained from each device with that of a model 
circuit shown in Fig. 6. It was constructed from two standard capacitors, 
denoted Cl and C2, each with a capacitance of (1000.001 +0.001) pF, in 
parallel with a low-inductance metal film resistor. The resistance of each 
metal film resistor was measured with a Hewlett Packard multimeter with 
a fractional resolution and reproducibility of better than 5 • 10 -5. The 
resistance was chosen such that the conductance G of the resistor was 
within 10% of the value corresponding to the conductance of the water- 
filled cell at each temperature .  

We found that the LCR meter was able to reproduce the values of 
capacitance and conductance of the model circuit over the entire tem- 
perature, conductance, and frequency range encountered in our experi- 
ment, and the maximum value for the quantity (CM--CI -  C2) did not 
exceed 0.5 pF. 

For  the transformer bridge, however, the measured capacitance CM at 
a selected conductance did not equal C~ + C2, or 2000 pF. As Fig. 7 shows 
for the case of this bridge, the difference between the measured capacitance 
and CI + C 2 was as large as 100 pF at 0.1 kHz, but only 13 pF at 10 kHz, 
at the highest conductance shown, 300 ~tS, which is typical of that of the 
water-filled cell at the normal boiling point. At lower conductances, the 
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Fig. 6. Schematic of the equiv- 
alent circuit used to determine the 
variation in measured capacitance 
Cra with frequency. The conduc- 
tance G(T) is chosen to represent 
the conductance of the water-filled 
cell at the experimental tem- 
peratures. The two standard, air- 
dielectric, capacitors each have a 
capacitance Ci, where for i=1 
and 2, Ci=(1000.001 +0.001 ) pF. 

residual capacitance (CM--C1--C2)  decreased, irregularly but repro- 
ducibly varying as a function of temperature, to reach 1 pF  at 273 K. We 
found that ( C M - C ~ -  C2) was independent of the value of the standard 
capacitor between 0 and 200 pF; this supports the conclusion that this 
uncertainty arises because the bridge assigns a parallel capacitance to the 
resistance in order to establish the balance condition. We assumed that the 
transformer bridge performed identically when determining the capacitance 
of a water-filled cell of the same conductance and used the differences 
shown in Fig. 7 to correct the experimental values measured with the trans- 
former bridge. 

In some cases, the difference between the model circuit conductance 
and that of the water-filled cell was as large as 10 %. Consequently, the 
quantity ( C M - - C 1 -  C2) could not be determined with negligible uncer- 
tainty; this results in another source of random error in capacitance 
measurements with the transformer bridge. In the absence, however, of any 
better calibration for this instrument, we corrected the values of C obtained 
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Fig. 7. Values of (CM-CI-C2} for the transformer bridge 
determined at conductance G values between 0 and 303 pS typical 
of the conductance of a water-filled cell at experimental tem- 
peratures from 273.15 to 373.15 K. The lines are guides to the eye, 
marking the results for the lowest two frequencies. 

when the cell was filled with water assuming that the following relationship 
held: 

C(T,p,f, H20)=C(T,p,f, H20)--{CM(f,G(T))--CI--C2} (1) 

with C'(T,p,f, H20 ) the measured value, C(Z,p,f, H20 ) the corrected 
value, and CM(f, G(T)) the bridge reading of the model circuit at a con- 
ductance G representative of that of the water-filled cell at temperature T. 

We likewise corrected the readings of the LCR meter by means of 
Eq. (1), but as mentioned before, these corrections never exceeded 0.5 pF. 

3.4. Toward an Estimate of the Variance of the Capacitance Measurements 

The variance of the capacitance of the water-filled cell at a given fre- 
quency, for a sample at given pressure and temperature, if not a priori 
known, could in principle be obtained from many repeat measurements. In 
our case, we know the variance induced by the uncertainties in pressure 
and temperature measurements; it is negligible for all practical purposes. 
We also know to some extent the variance of the correction of the 
capacitance reading that we obtain from the calibration by means of the 
model circuit, as described in the pevious section. The major contribution 
to the variance, however, is that due to the instrument performance during 
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actual measurements. This contribution cannot be estimated a priori. Only 
in a limited number of cases (298 and 363 K) did we have more than two 
repeat measurements at several frequencies. In those cases, we estimated a 
standard deviation as half the spread of the measurements. This crude 
estimate immediately revealed an important feature: The variance so 
estimated was roughly proportional to lift This feature is exploited in the 
analysis of the electrode polarization effect described next, and in subse- 
quent uncertainty analyses. 

3.5. Correction for Electrode Polarization 

As discussed in Section 1, there are three effects that dominate the 
frequency dependence of the water-filled capacitor. Dielectric relaxation 
(at f >  1 GHz) and the electrophoretic effect (at f >  1 MHz) introduce 
insignificant uncertainty into our measurement. The third, and most signifi- 
cant, effect under the frequency conditions of our experiment arises from 
the phenomenon of double-layer capacitance (electrode polarization), 
which is most important at low frequency and high conductance. Figure 8 
shows the variation of C(T, p, f, H20), the capacitance of the water-filled 
cell corrected according to Eq. (1), as a function of inverse frequency, at 
frequencies between 10 and 0.1 kHz. At 298 K, where the fluid conductance 
is about 21 pS, the capacitance changes, as Fig. 8a shows, by about 1% 
over this frequency range, while at 343 K, where the conductance is about 
130pS, the same frequency range corresponds with a 15% change in 
C(T, p, f ,  H20). 

The capacitance as measured by the transformer bridge levels off at 
the higher frequencies. The capacitance as measured by the LCR meter, as 
mentioned in Section 1, passes through a minimum at a frequency of about 
5 kHz. The increase at the higher frequencies (near the origin in Fig. 8) is 
an artifact indicating the rapid loss of reliability of this instrument at fre- 
quencies exceeding 10 kHz. In no case have we made use of LCR-meter 
data on the left side of the minimum in Fig. 8. 

Double-layer capacitance effects may be significant for capacitance 
measurements at frequencies of less than 10 kHz, and increase with 
decreasing frequency according to an f - 2  dependence [20]. The actual 
form of this frequency dependence is still a subject of controversy. In the 
actual corrections of experiments for this frequency dependence, any power 
between 0.5 and 2.0 has been used [ 2, 3 ]. 

In the absence of any complete model, we adopted an empirical proce- 
dure to extract the so-called infinite-frequency capacitance (a misnomer, 
because all our data are effectively at zero frequency), to be identified with 
the desired zero-frequency capacitance later, from our measured values, as 
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Fig. 8. The corrected capacitance C(T, p,f, H20) ,  
Eq. ( I ), of the cell filled with pure water as a function 
of reciprocal frequency at (a) a temperature of 298.15 K 
and (b) a temperature of 343.15 K. Values obtained 
from (O)  the transformer bridge, ( [ ] )  the LCR meter, 
( ) Eq. (2) for the transformer bridge, and ( . . . . .  ) 
Eq. (2) for the LCR meter. 

had previous workers [2, 3]; we used a leading correction term propor- 
tional to f - 2 .  The procedure is to extrapolate all data for the transformer 
bridge, or the data on the right-hand side of the minimum (cf. Fig. 8), for 
the LCR meter (all of our data are in the effective zero-frequency range 
characteristic of the static permittivity), to infinite frequency, to eliminate 
the low-frequency electrode polarization effect. Thus, for both instruments 
the capacitances, corrected according to Eq. (1), were fitted to the empiri- 
cal function 

C(T,p,f, H20)=C(T,p , f  ~oo, H20)+(a/f2)+(b/f 3) (2) 
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Fig. 9. The deviations of the corrected capacitance C ( T , p , f , H : O  ) as a function of 
frequency from Eq. (2). (a) Transformer bridge data for sample TB04 at 298 K and for sample 
TB20 at 363 K. (b) LCR-meter data for sample LCR05 at 298 K arid for sample LCRI3 at 
343 K. 

where a and b are adjustable parameters, and C( T, p, f ~ ~ ,  H 2 O ) ,  which 
we denote by Co~, is the desired infinite-frequency intercept of the fit. We 
gave all data points a relative weight w; proportional to the frequency; 
of. Section 3.4. Analyses were performed for each instrument at each tem- 
perature. Some cases where we have, a sufficient number of measurements 
for a given sample are shown in Fig. 9. Figure 9a represents deviations 
from Eq. (2) of the capacitance measurements obtained by means of the 
transformer bridge at 298 K for sample TB04 and at 363 K for sample 
TB20 in Table I. Figure 9b represents deviations from Eq. (2) for LCR- 
meter measurements at 298 K for sample LCR05 and at 343 K for sample 
LCR13. 

We found Eq. (2) adequate for representing the data in almost all 
cases, except at 273 and 283 K. Here we .found, for both instruments, 
systematic deviations of up to 0.4 pF that we could not eliminate satis- 
factorily by changing the functional form. 

The values for the infinite-frequency intercept C~ are listed in Table I, 
separately for the transformer bridge and for the LCR meter. 
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We have tested in several cases how the value of the intercept changes 
if the functional form of the frequency dependence is changed. For  about 
a dozen cases we tested the intercept value if only the first two terms in 
Eq. (2) are used. This is not an adequate description at any but the lowest 
two temperatures. Nevertheless, the intercepts so obtained differed by less 
than 0.01% from the values obtained with the full Eq. (2) at all but the 
highest temperature, 373 K. We also varied the weight assignment, for 
instance, by using the actual spread of the data at the higher frequencies as 
a measure of the variance. Although, incidentally, this made a difference, in 
general, the intercept did not change by more than 0.01%, compared to 
the one obtained by weighting with the frequency. 

3.6. Calculation of the Static Dielectric Constant 

As stated before, in our frequency range all data are effectively at zero 
frequency as far as dipole relaxation effects are concerned. To so-called 
infinite-frequency intercept C(T, p, f ~  oo, H 2 0 )  is no more than a mathe- 
matical device to free the low-frequency data from electrode polarization 
effects. We assume that C ( T , p , f ~  00, H 2 0 )  equals the zero-frequency 
capacitance C(T, p, f = 0 ,  H 2 0 )  from which to determine the static dielec- 
tric constant e. Thus we used 

C(T,p,f--, oo, H 2 0 )  
e = (3) 

C( T, p=O) 

as the ratio of the capacitance extrapolated to infinite frequency, and the 
mean of the vacuum capacitance measured before and after the cell was 
filled with water. This analysis provided a result at a pressure of 0.2 MPa 
at temperatures below 333 K and at 0.4 MPa at higher temperatures. The 
dielectric constant was then corrected to 0.1 MPa by means of the value 
(Oe/Op)r~O.044 MPa -I  from the correlation of Archer and Wang [24].  
This correction was always less than  0.03 % and was made with negligible 
uncertainty. 

In Table I we list the values of the static dielectric constant at a 
pressure of 0.1 MPa obtained from these analyses, along with the fluid con- 
ductance and conductivity. The data obtained with the transformer bridge 
and those obtained with the LCR meter are listed separately. 

3.7. Uncertainty of the Infinite-Frequency Intercept 

Each of the capacitance measurements included in the regression of 
Eq. (2), and also the corrections determined by the model circuit, are subject 

840116/4-7 
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to random variations due to various sources of error. We estimated the 
relative weight at each frequency (Sections 3.4 and 3.5) and use statistical 
means [6]  to calculate the uncertainty of the intercept at infinite frequency. 
The estimate variance s 2 of the weighted fit of the capacitance data as 
function of l/f, Eq. (2), is defined as 

~ l n _ k  (4) 

with r; the residual of each of the n data points, k the number of adjustable 
parameters, 3 in our case, and w~ the relative weights discussed in Sec- 
tion 3.5. The value of s 2 was used to scale the variance of the intercept, ,2 S c ~ ,  

obtained from the variance-covariance matrix with relative weights, to 
yield the estimated standard deviation of the intercept if absolute weights 
had been assigned, Sc~ = s  .S'c~. Table I lists Uc~, which represents the 
uncertainty of the intercept, estimated as twice the standard deviation S c .  
To estimate the variance of the dielectric constant, Eq. (3), the variance of 
the vacuum capacitance (Section 3.1) needs to be added. If we compare the 
uncertainty so obtained (not listed in Table I, because it is not realistic) 
with the actual variability of dielectric constant data for different samples 
obtained at the same temperature, we find, perhaps not surprisingly, that 
the intersample differences exceed the estimated uncertainties by a factor of 
five or more in many cases. We use this variance, the sum of the variances 
of the infinite-frequency intercept and vacuum capacitance, only as a 
relative weight assignment in some of the further data processing. 

3.8. Temperature Dependence of the Dielectric Constant, and a Final 
Estimate of the Uncertainty 

As the last step in the analysis, the static dielectric constant data are 
fitted as a function of temperature. We have used a cubic in inverse 
temperature, 

e = Co + c l / ( T / K )  + c2 / (T /K)  2 + c3 / (T /K)  3 (5) 

assigning to each data point a relative weight in accordance with the 
variances of the intercept, from Sc| = Uc| in Table I, and from the 
vacuum capacitance (Section 3.1 ). The data for the transformer bridge and 
those for the L C R  meter were fitted separately. The coefficients of each fit 
are listed in Table II. In the first case, the variance of the fit was 23, and 
in the second case, it was 30, both much larger than unity, and reaffirming 
that the uncertainties of the dielectric constants of the individual samples 
had been underestimated by a factor of about 5. Figures 10a and b show 
the departures of the dielectric constant data from the fitted curves for the 
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Fig.  10. Dev ia t ion  ~ t  = c --  e=:: of the dielectric constant e 
of water from Eq. (5) fitted to our data: ( O )  transformer 
bridge; (I-I) LCR meter. Full curves indicate two standard 
deviations calculated on the basis of the respective fits [6] .  
(a) Equation (5) fitted to the transformer bridge data, with 
relative weights assigned on the basis of the error bars 
indicated; (b) Eq. (5) fitted to the LCR-meter data, with 
relative weights as before; (c) Eq. (5) fitted to the combined 
data set, with weights according to the variances calculated 
from the solid curves in a and b, respectively. 
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Table El, Coefficients Obtained from Eq. (5) 

Coefficient TB LCR TB + LCR 

c o -41.1140 -68.5005 -59.1331 
q.lO -5 0.328958 0.573486 0.492117 
c2.10 -7 0.274328 -0.451684 -0.217429 
C3"10 -9 0.574809 0.142582 --0.081075 

transformer bridge and those for the LCR meter, respectively. The vertical 
bar on each data point indicates two standard deviations, as estimated 
from the uncertainty of the intercept (Table I) and that of the vacuum 
capacitance (Section 3.1). The uncertainties of the predicted values [ 26] 
were calculated over the whole temperature range from the variance- 
covariance matrix and the standard deviation of the fit to Eq. (5); they 
do not change if all weights are multiplied by a factor. The solid curves 
in Fig. 10 represent two standard deviations of the predicted value. The 
statistical uncertainties so obtained are representative of the random scatter 
of the body of experimental data. These are obviously more realistic indica- 
tions of the intersample variability for each instrument than the uncertain- 
ties resulting from the 1If fit for individual samples. These uncertainty 
estimates based on the fits on Eq. (5) for each instrument, U,, are listed in 
Table I. 

Finally, we repeated the fit to Eq. (5) for the two data sets combined, 
using the uncertainty values U~ in Table I as a basis for relative weights. 
The coefficients of  this combined fit are given in Table II. The variance of 
this fit was 12, indicating that the uncertainties used to weight the data 
were still somewhat underestimated. The deviations from the fitted function 
are displayed in Fig. 10c. The solid curves again represent two times the 
predicted standard deviations for the fit to the combined data. Figue 10c 
reveals that the data obtained with the two instruments generally agree to 
within combined error at temperatures up to and including 343 K. Above 
that temperature, the transformer bridge data depart systematically upward 
from the LCR-meter data. At 373 K, the actual spread of the dielectric 
constant data is about 0.3, to be compared with the value of 0.08 for two 
standard deviations of the transformer bridge (Fig. 10a), 0.05 for the LCR 
meter (Fig. 10b), and 0.06 for the combined fit. 

3.9. Predicted Values of  the Dielectric Constant and Their Uncertainty 

From the coefficients of the fit to the combined data set (last column 
in Table II), we have calculated the dielectric constant at the nominal 
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Table HI. Predicted Values and Statistical Uncertainties of 
the Dielectric Constant, Eq.(5), at Nominal Temperatures 

and Ambient Pressure 

273.15 87.911 0.040 
293.15 80.220 0.011 
298.15 78.405 0.009 
303.15 76.632 0.009 
313.15 73.205 0.010 
323.15 69.930 0.013 
333.15 66.800 0.014 
343.15 63.807 0.015 
353.15 60.943 0.020 
363.15 58.200 0.034 
373.12 55.581 0.057 

experimental temperatures. These values, and the predicted uncertainties at 
the two-standard-deviation level, are listed in Table III. Note that the 
uncertainties are based on applying the principles of statistical analysis 
which assume Gaussian distribution of error. In view of the systematic 
differences between the data sets obtained with different instruments, the 
uncertainties in Table III should be considered to be on the low side at the 
high temperatures. 

4. COMPARISON 

The dielectric constant data at ambient pressure reported by other 
workers [2-12] are plotted in Fig. 11, as deviations from Eq. (5), with the 
coefficients from the combined fit (last column in Table III). Below 340 K, 
the results of Milner [4], Cogan [5], Srinivasan and Kay [8], Lees [11], 
and Vidulich et al. [7] are in good agreement with ours, with almost all 
data points reported falling within a band of -0.05 to +0.05 from the 
fitted curve, and the Lees data falling within -0.02 to +0.01 from this 
curve. At 298 K, the value reported by Deul and Franck [ 10] is in good 
agreement with the predicted curve. In the range below 340 K, the data of 
Malmberg and Maryott [2] and those of Dunn and Stokes [3] depart 
systematically from the other group of data and have a temperature slope 
differing by about 1 O/o, as mentioned in Section 1. 

At temperatures above 340 K, the data we obtained with different 
instruments no longer agree. The data obtained with the LCR meter follow 
the trend indicated by the data point of Lukashov at 373 K [ 12], while the 
data from the transformer bridge follow the trend of the Malmberg and 
Maryott data. At 373 K, the latter data depart from the our equation by 
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Fig. 11. Deviation zle =e-eerie of the dielectric constant e of water from 
Eq. (5) fitted solely to the combined new data presented here (Fig. 10c). 
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i [12]; �9 this work, transformer bridge; I-q, this work, LCR meter. Solid 
curves: two standard deviations as in Fig. 10c. 

+0.15. The results of  Heger et al. [9]  and the most  recent work of Deul 
and Franck [ 10], from the same laboratory, differ from our equation at 
373 K by -0 .27.  

5. D I S C U S S I O N  

The dielectric constant data for liquid water between triple point and 
340 K fall into two mutually inconsistent groups, the group of the Malmberg 
and Maryot t  [2]  and Dunn and Stokes [3]  data and that of all others, 
including new data presented here. The reasons can be understood at least 
partially, be it not fully. 

The two main sources of error in the audiofrequency range are elec- 
trolytic contimination of the water and high intrinsic conductance of the 
water at the higher temperature. 

The effect of electrolytic contamination, which raises the conductance, 
is most severe at the lower temperatures, where the intrinsic conductivity 
of the water is low. In the audiofrequency experiments, this lowers the 
capacitance in the range where the infinite-frequency extrapolation, which 
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eliminates the double-layer capacitance effect, is performed and, thus, leads 
to a dielectric constant value that is too low. Since the conductance in the 
Malmberg and Maryott experiment was approximately 10 times that of 
pure water in the range around 298 K, this explains the departure of these 
data from the audiofrequency experiments with higher water purity and 
from the higher-frequency data in the temperature range below 320 K. 

That the experimental results of Dunn and Stokes [ 3 ] agree fully with 
those of Malmberg and Maryott [2] is a fact that defies explanation. 
Although the water purity was worse than that of Malmberg and Maryott, 
the Dunn and Stokes experiment was carried out at higher frequencies, 
from 10 to 520 kHz, and by means of a transformer bridge (whereas 
Malmberg and Maryott used a bridge without inductive elements), while 
attention was paid to the effect of electrolytes added, with the surprising 
conclusion that the results were independent of ionic concentrations, over 
a range high enough to bring the resistance down to a few ohms. 

At the higher temperatures, on the other hand, the intrinsic conduc- 
tance of water is much higher (at 373 K, the intrinsic conductivity of water 
is 80 times higher than at 273 K), and impurities should play a less promi- 
nent role. The principal correction to be made is associated with the low 
impedance of the cell, and depends on the specific bridge or meter used, as 
discussed in Section 3.3. Our transformer bridge readings of the capacitance 
in the model circuit, Fig. 6, for instance, were considerably too high when 
a resistance typical of the water-filled cell at 373 K was used. Malmberg 
and Maryott [2] state that they did not correct for this effect. 

Above 320 K, our transformer bridge data remain high with respect to 
the LCR-meter data even after considerable corrections on the basis of the 
results for the model circuit. Also, the model-circuit measurements with the 
transformer bridge are ill behaved in the sense that they do not depend in 
a uniform way on the frequency. In contrast, the correction measured with 
the LCR meter is always smaller than 0.5 pF at any frequency and conduc- 
tance in our range. 

We could, in principle, not have reported the data obtained with the 
transformer bridge. This bridge, however, is a more precise instrument than 
the LCR meter. Also, at the lower temperatures the two instruments agree 
very well mutually after the still substantial correction determined with the 
model circuit is applied to the transformer bridge data; the data agree with 
most other literature data. 

The transformer bridge corrections are large and more uncertain at 
the higher conductances. It is, of course, possible that the model circuit 
(Fig. 6) is not an adequate representation of the distribution of capacitive 
and conductive elements of the water-filled cell at the higher conductances. 
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If the model circuit is not adequate, however, the small size of the correc- 
tion for the L C R  meter might conceivably be an artifact as well. 

For the two reasons given, innate instrument precision and model- 
circuit inadequacy possibly affecting both instruments, we have included 
both sets of data, with a lower weight for the higher-temperature transfor- 
mer bridge data, in our final fit. Our data, therefore, cannot categorically 
exclude the results of Malmberg and Maryott above 330 K but present a 
strong case for the incorrectness of these data below 320 K. 
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