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SUMMARY

This report presents the results of the NPL dielectric reference liquids measurements
programme, which was undertaken in the years 1997-2000. The measured results, together
with conservatively evaluated uncertainties, were originally published in NPL Report
CETM 33 in 2001 [1]. Since that publication, the authors have undertaken further modelling
and analysis, which have resulted in improved measurement uncertainties, as reported here.
This report therefore supersedes Report CETM 33.

Comprehensive tables of the complex permittivity of high purity methanol, ethanol,
propan-1-ol, propan-2-ol (isopropanol), butan-1-ol, dimethyl sulphoxide and ethanediol are
presented over a range of temperatures, in most cases at 5° C intervals between 10 °C and
50 °C, at frequencies up to 5 GHz. To make the data more convenient to use, tables of fitted
relaxation parameters are also provided. A suitable relaxation equation for each of these polar
liquids is selected according to whichever is observed to give the best fit. The Davidson-Cole
relaxation equation is used for ethanediol. For the remaining liquids, single-Debye
(3 parameters), Debye-I" (4 parameters), or double-Debye (5 parameters) equations are
chosen. Static permittivity measurements are presented for all these liquids, and also for pure
water, acetone, silicone fluid and cyclohexane. All the data presented are traceable to UK
National Standards. Advisory notes on the use of the tables are provided.

Since the publication of CETM 33 [1] minor corrections to the static permittivity
measurements have been made, although these are appreciable in only a few cases. Some
minor corrections to the high-frequency data have also been made. The parameters in the
relaxation models that have been fitted to the data have been re-estimated and an improved
scheme for evaluating the uncertainties associated with the data has been provided, which has
in many cases enabled these uncertainties to be reduced. The ethanediol data is now fitted to
the Davidson-Cole relaxation equation (instead of the Debye-I', as in CETM 33). A journal
paper on the static permittivity measurements has been published [2], and a second paper
providing technical details of the high-frequency measurements and the new uncertainty
evaluation has been submitted for publication [3].
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In this second issue of report MAT 23 (January 2012), some minor changes have been made,
and notes 31—33 on pages 11—12 have been added. Notes 31—32 report the conclusions from
two studies of the validity of the relaxation models (tabulated in Section 7) over an extended
frequency range:

(1) Even pure samples of polar liquids can have significant ionic conductivity, which will
affect the complex permittivity (predominantly the imaginary part) at the low-
frequency end of the spectrum. A study of the effect of ionic conductivity on the
validity of the data at frequencies below 30 MHz is reported on in note 31. This was
based on further analysis of our measurements and on a literature review.

(i1) Relaxation models were applied at frequencies up to 10 GHz in some simple
experiments using the fitted parameters given in Section 7. For three of the liquids
(methanol, ethanediol and DMSO) we obtained evidence that extrapolated complex
permittivity maintains a good level of accuracy at frequencies up to 10 GHz — see
note 32.

None of the tables of data have been changed.
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1. Introduction

1.1 The NPL Reference Liquid Measurements Programme 1997-2000

Reference materials are required for calibrating and testing instruments that are used for
dielectric measurement. Pure liquids make particularly good reference materials, as they are
completely uniform and homogeneous (unlike many solid materials), and if they are of
sufficient purity their properties vary negligibly from one sample to another. The liquids
measured in this programme also have the advantage of being readily available
commercially. The main purpose of the 1997-2000 programme was to obtain measurements
of the complex permittivity of common polar liquids (i.e. those with polar molecules), largely
alcohols, for the benefit of users of dielectric instrumentation. This programme follows on
from similar work carried out at NPL a decade earlier [4, 5], but it covered a wider range of
frequencies and temperatures, and employed improved instrumentation and techniques. The
results of the 1997-2000 programme were originally published in NPL Report CETM 33 [1]
in 2001. Since the publication of that report, the authors have undertaken further analyses of
the data that have enabled a better model for the measurement uncertainties to be employed,
as reported here. This report therefore supersedes Report CETM 33. Two papers [2, 3] have
been written describing in detail the measurement techniques used, so the descriptions given
here are brief. In further work [6], it has been demonstrated that the data can be used for
calibrating and testing coaxial sensors accurately to achieve consistency between
measurements.

At RF and microwave frequencies polar liquids exhibit high permittivity and loss and a
distinctive relaxation behaviour that can usually be described empirically using simple
formulae such as those derived from the Debye relaxation equation (Section 2). The
measurements presented here are particularly relevant for Specific Absorption Rate (SAR)
metrology on radio-frequency emitting devices such as mobile phone handsets, because the
complex permittivity of human tissue is similar in magnitude to that of the polar liquids
measured. Data previously available in the scientific literature has often been patchy in
temperature and frequency coverage, and in some cases the uncertainty and traceability of the
measurements cannot be determined. What is more, some of the literature sources contradict
each other on the dielectric properties of the liquids (this is discussed further in reference [4]).
Published literature on methods for measuring polar liquids has been reviewed by the present
authors [7]. Reference [7] also cites a number of other sources of published data.

1.2 Summary Description of the Data Supplied in this Report

This report contains measured data (Sections 6 and 8), dielectric relaxation parameters
obtained by fitting to the data (Section 7) and a set of numbered notes (Section 4) giving
guidance on various aspects of the data provided. Users of this report should read these notes
carefully. The relaxation equations are described in Section 2: it should be noted that the
choice of model has been made purely on the basis of best fit over the range of frequencies
measured. The aim is to simplify the use of this data in metrological applications: no attempt
is made to derive a physical explanation of the processes underlying these relaxations, and no
implication is made that the equations employed will be valid outside the frequency range
measured (i.e. above 5 GHz). In Section 9, computed values of the standard ‘chi-squared’
statistical measure of ‘goodness of fit’, % are tabulated. Finally, in Section 10 some new
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measurements on ethanediol are presented. These measurements were performed in different
cells from those used in the 1997-2000 programme as an additional check on the
measurements and uncertainty evaluations within this report.

Measurements of complex permittivity were made in the frequency range 30 MHz to 5 GHz
using coaxial cells and vector network analysers [3, 4]. The temperature range was 10 °C to
50 °C. One reflection cell (for 30 MHz to 1 GHz) and two transmission cells of different
lengths were used: a 14-mm cell for 1 GHz to 5 GHz, and a 40-mm cell for 0.6 GHz to
3 GHz. The coaxial cells were made from precision coaxial line having a 14.29 mm inner-
diameter outer conductor (commonly called ‘14 mm line’). Using three measurement cells for
each liquid reduces uncertainties, extends the measured frequency range and increases
confidence in the measurements; see Figure 1. As the frequency 1 GHz is within the range of
all three cells, measurements at this frequency can be compared directly. There are slight
differences in the results presented compared to those given in the report CETM 33 [1].
These are due some additional minor corrections for mechanical imperfections in the
measurement cells. The uncertainly analysis has also been improved.

Cole-Cole plot for methanol at 20 °C
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Figure 1: Cole-Cole (single-Debye) plot for methanol at 20 °C, showing all three sets of data, plus the
admittance-cell measurement of ‘static’ permittivity. Uncertainty bars are not discernible on this scale, so have
not been plotted. The extrapolated high-frequency permittivity ignores the effects of high-order microwave

relaxations and molecular vibrational phenomena that occur in the infrared, and is therefore higher than the
square of the optical refractive index.



NPL Report MAT 23

Static (low frequency) permittivity (tabulated in Section 6) was measured using a
micrometer-driven parallel-electrode admittance cell [2]. The cell was used in earlier work at
NPL, but for this programme of measurements it was partly re-designed to improve
temperature control. For most of the liquids, measurements were at 5° intervals between 5 °C
and 50 °C. Two non-polar (low permittivity, low loss) liquids, cyclohexane and Dow-Corning
200 1cS silicone fluid (polydimethylsiloxane), were measured. The polar liquid water was
also measured. Reliable low-frequency data for water and cyclohexane are available from
other sources [8] (see reference [2] for further discussion), so these are useful as check
measurements to increase confidence in this work.

Uncertainties associated with individual complex permittivity measurements were calculated
on the basis of the evaluated uncertainties of “input” quantities, such as cell dimensions and
S-parameters, using the propagation of uncertainties method given in UKAS Technical Report
M3003 [9] and the JCGM Guide to Uncertainty in Measurement [10]. Relaxation parameters
determined from the combined data are given in Section 7. These enable complex
permittivity to be calculated easily at any arbitrary frequency within the measurement range.
Permittivity values derived in this way should, in general, have smaller associated
uncertainties than those of the individual measurements.

The tables in Section 8 contain both measured data and ‘best-fit’ data (i.e. data calculated
using the fitted relaxation parameters). In almost all cases there is good agreement between
the measurements in the coaxial cells and the fitted data. All of the liquids except ethanediol
were found to be fitted well by single-Debye, Debye-I" or double-Debye models within the
frequency range of the measurements. Ethanediol data has been fitted by the Davidson-Cole
equation. These equations are stated in Section 2, below.

Most of the liquids are fitted by the same relaxation equation at all temperatures. For
propan-1-ol, propan-2-ol and butan-1-ol, the double-Debye equation is used where possible,
but at the highest temperatures reliable fits cannot be obtained (as the frequency of the second
relaxation is too far above the measured range) so the Debye-I" equation is used instead.
Relaxation parameters for both equations are presented for these liquids in Section 7. The
equation that is believed to be most satisfactory is used for computing the ‘best-fit’ data
shown in the tables in Section 8. The equation used for this is specified in every table in
Section 8.

The uncertainties associated with fitted relaxation-equation parameters (Section 7) are
evaluated by means of Monte Carlo modelling [3, 11]. This is an advance over the approach
taken in report CETM 33 as the systematic frequency dependence of errors in the measured
data can now be taken into account. The uncertainties associated with the fitted relaxation
parameters themselves are given in Section 7; however a warning should be issued about
their use. Strictly, a full correlation analysis (employing covariance matrices with non-
zero off-diagonal elements) is required if uncertainties associated with complex permittivities
at specific frequencies are to be computed from them — it is formally not sufficient to use the
uncertainties associated with the individual fitted model parameters that are given in this
report. To overcome this problem, and for the convenience of users of this data, pre-
calculated uncertainties associated with the ‘best-fit” data, based on the appropriate relaxation
models, are also tabulated in Section 8 as this avoids the extra complexity of computation
using correlation matrices. The mechanism by which these uncertainties were obtained is
described in reference [3]. Uncertainties at intermediate frequencies not listed in the tables
can be estimated by linear interpolation (see the example in Section 1.3).
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Although the authors have taken a thorough approach to uncertainty evaluation, unforeseen
experimental errors will inevitably have occurred. A small uncertainty contribution, whose
magnitude is based on practical experience with such measurement cells, has therefore been
added in quadrature to the uncertainties associated with the ‘best-fit’ data to allow for these
errors. For all liquids except propan-2-ol this contribution to the uncertainty is taken to be as
follows: for the real part of complex permittivity 0.3 % (for a coverage factor of k = 2) of the
change in the measured permittivity from the static value; for the imaginary part 0.3 %
(at £ = 2) of the measured permittivity. This scheme is based on the fact that confidence in
the values of the static permittivity, as measured in the admittance cell, is high and so they
can to some extent be used to “anchor” the ‘best-fit’ values at lower frequencies (e.g. up to
500 MHz). For propan-2-ol, for which no admittance cell measurements of static permittivity
are available, the minimum uncertainty is taken to be 0.3 % (at £ =2) for both real and
imaginary parts of the permittivity.

In some cases there is a slight divergence between ‘best-fit” modelled data and the actual
measurements at the higher frequencies (indicated by ‘boxes’ in the tables in Section 8 — see
notes 25 and 30). This is most likely due to the fact that the particular relaxation equation
used does not describe the behaviour of the liquid exactly, e.g. because of the influence of a
higher-order relaxations, although it could also indicate experimental error. In all cases the
uncertainties associated with the ‘best-fit’ data are sufficient to account for the divergence.

Particular note should be taken of the ‘best-fit’ values at zero frequency. The static
permittivity value for each liquid was not taken as a parameter to be fitted in the modelling;
rather, the measured value obtained using the admittance cell [2] was assumed to be the
correct value for the real permittivity (propan-2-ol is the only an exception here because no
admittance cell data is available for it, see note 30 in Section 4). Thus, for liquids that have a
high relaxation frequency, such as dimethyl sulphoxide, it can be seen that at 0.1 GHz (the
lowest frequency presented in the tables), the real part of permittivity and its associated
standard uncertainty are very close to the values given in the static permittivity table in
Section 6. Note also that the imaginary permittivity of all liquids is taken to be identically
equal to zero at zero frequency in all the relaxation equations'. Therefore it is inevitable that
at the lowest frequencies the uncertainty associated with the imaginary part of permittivity of
the ‘best-fit’ data tends also towards zero.

! The relaxation models used do not include an ionic conductivity term, but if the ion concentration is low
(which we would expect for pure liquids) ionic conduction is negligible at frequencies above ~30 MHz. The
‘best-fit’ data here is presented for use at RF and microwave frequencies only; there is no implication that the
conductivity, imaginary permittivity or loss will actually be close to zero for any real liquid at low frequencies
(see note 31). Note also that the admittance cell measurements of ‘static’ permittivity were actually made at a
minimum frequency of 200 kHz to avoid electrode polarisation effects.

4
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1.3 Frequency and Temperature Interpolation Example — Permittivity of Methanol
at 2.2 GHz and 22.0 °C

The complex permittivity of methanol at 2.2 GHz at 5 °C steps can be computed by
substituting the relaxation parameters given on pages 15—17 into eqn. (1). No data at 22.0 °C
is provided, but the complex permittivity at this temperature may be estimated using an
interpolation technique. Between the two nearest temperatures (20 °C and 25 °C) linear
interpolation gives & =23.33 and £”=13.24 at 22 °C. Quadratic interpolation (i.e. using a
function of the form y = ax’ + bx + ¢ to connect three points) will give marginally improved
accuracy. Use of quadratic interpolation between the three nearest temperatures (15 °C,
20 °C and 25 °C) gives € =23.35 and £”=13.24 at 22 °C. Investigations have shown that
linear interpolation will in almost all cases suffice. For the worst case (ethanediol at
frequency 0.9 GHz and temperature 17.5 °C) the discrepancy between the two interpolations
is 0.1 in £”, approximately equal to the uncertainty of the ‘best-fit* data.

Evaluations of the associated standard uncertainty can be obtained by linear interpolations
from the ‘best-fit” uncertainties given in tables on pages 55 and 56 (columns 3 and 5) to the
required frequency and temperature. These uncertainties vary little between 2.0 GHz and
2.5 GHz, and between 20 °C and 25 °C, and there is no reason to suppose that they should be
significantly larger or smaller at frequencies and temperatures between these. Hence we
obtain £'=23.35+0.07 and £"=13.24+0.05 at 22°C (uncertainties for coverage
factor k = 2).

The above figures lack a contribution for temperature uncertainty. If the methanol is to be
used as a reference sample, then the temperature should be monitored using a calibrated
thermometer. Suppose that the uncertainty of the temperature of the methanol (22 °C) is
+0.4°C (for coverage factor k=2) arising from the uncertainty associated with the
calibration of the thermometer and perhaps an allowance for non-uniformity due to
evaporative cooling. From note 15 we know that the methanol measurements at 20 °C and
25 °C given in this report have an associated temperature measurement uncertainty of + 0.1
°C for coverage factor k =2. Therefore the expanded uncertainty associated with the
temperature measurements is V(0.4x0.4 + 0.1x0.1) = 0.41 °C. The equivalent standard
uncertainty associated with permittivity at 22 °C is easily evaluated as 0.06 (real part) and
0.07 (imaginary part). These uncertainties can be combined in quadrature to those given
above. Hence, the real and imaginary parts of complex permittivity that would be observed
accounting for the total temperature measurement uncertainty are & = 23.38+0.09 and
£”=13.21 £ 0.09 for coverage factor k = 2. This analysis follows the UKAS Technical Report
M3003 [9] and the JCGM Guide to Uncertainty in Measurement [10].

2. Relaxation Equations

For a polar liquid that exhibits single-Debye relaxation behaviour, the tabulated values of the
static permittivity (&, ), the relaxation frequency ( f,) and the high-frequency permittivity

limit (&) given in Section 7 allow the complex permittivity (¢*) to be calculated at a given
frequency ( /) using the equation

* 8S_€m
E =€ +————,
144

/

(1



NPL Report MAT 23

where £" =¢’— je” and j°=-1. Note that & and ¢&”, the real and imaginary parts of
permittivity, are both positive numbers. Eqn. (1) is usually referred to as the Debye
relaxation equation or the Debye relaxation function. A plot of £” vs & for eqn. (1), often
referred to as a Cole-Cole plot, is shown in figure 1.

For a dielectric with two dielectric relaxations (double-Debye) this equation becomes:

8*28 + gs_gh gh_goo

+ .
” if if
I+ % 0,

where f,; and f,, are the relaxation frequencies of the two relaxations and ¢, is the notional
high frequency permittivity limit of the lower frequency relaxation. The maximum frequency
of the NPL data is 5 GHz. When a second relaxation at a frequency of greater than
approximately 8 GHz was present, we were not able to obtain satisfactory fits to eqn. (2),
even though the second relaxation has a significant effect upon ¢*. Satisfactory fits were
instead made to a simplified version of eqn. (2), in which the positive quantity I" represents
the “tail” of the second relaxation:

(2)

e =g, + b _ep 3)
1+]ff

We refer to this as the Debye-I' relaxation equation. Eqn. (3) is found to provide an
acceptable level of accuracy at frequencies up to approximately a third of the frequency of
the second relaxation. In equation (3), f. refers to the first (i.e. lowest) relaxation, but the

suffix ‘1’ has been dropped for convenience.

None of the above equations was found to describe the behaviour of ethanediol adequately
over the full measured frequency range. The data is fitted instead by the Davidson-Cole
equation (eqn. (4)), which is found to be appropriate over this frequency range. The
parameter f is positive and smaller than unity.

E = +———"—. (4)

(1+jffr)ﬂ

Elsewhere in this report, the terms single-Debye, double-Debye, Debye-I" and Davidson-Cole
are used to indicate eqns. (1) to (4) respectively.
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In many publications, eqn. (1) is written as:

* gs_gm
E =€ +—,
I+ jor

)

where 7 is the relaxation time. The relaxation time is related to the relaxation frequency by

t=Qaf)".

Note that none of the above equations includes a term for ionic conduction. If the ionic
conductivity is low (which would be expected for the pure liquids measured here) there is
negligible effect on the complex permittivity at RF frequencies.

3. Warnings and Disclaimer

Great care is needed when using dielectric reference liquids as they are easily contaminated
and, if allowed to evaporate, they can change temperature very rapidly. The parameterisation
of their dielectric properties using the single or double-Debye or related relaxation equations
can only be valid over a limited frequency and temperature range. For these reasons careful
attention should be given to the notes in this document on the use of the liquids. Some of the
liquids are flammable and/or toxic, so standard safety procedures and COSHH guidelines
should be followed when they are being used.

The authors of this report hope that the information within it will prove to be useful to others.
Several measurement techniques have been employed to increase confidence in the
measurements and uncertainty evaluations. However, an underlying metrological problem in
this type of RF and Microwave measurement is the fact that the dominant uncertainties relate
to systematic errors, which makes them difficult to evaluate. In revising this report, the
authors have committed considerable effort to devising models that describe these
uncertainties. Despite these improvements, the data presented here may be subject to
amendment if better data becomes available. For these reasons the National Physical
Laboratory cannot be held liable for any consequences arising from the use of this data
elsewhere. The authors have produced two papers on the work [2, 3] so that the techniques
that were used can be scrutinised by other workers in the field. We would like to propose that
similar careful programmes of measurement should be undertaken in other laboratories, and
that the results should be compared with the intention of reaching an international agreement
on the properties of these dielectric reference liquids.
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4. Adyvisory Notes on Use of the Tables

The numbered notes below provide guidance on how the data was obtained, and how it
should be used. Notes 1-16 give general information about the data within this report. Notes
17-23 are relevant to the admittance cell measurements (Table 6). Other notes apply to
Tables in Sections 7 and 8. Where appropriate, cross-references to these notes accompany the
Tables.

1. The measurements are traceable to UK National Standards of length, frequency,
impedance and attenuation.

2. The results presented are based on measurements of high-purity grades of liquid taken
directly from newly opened bottles obtained from commercial chemical suppliers (see
Section 5). This contrasts with some of the literature data, where ultra-pure samples have
been especially prepared. In previous work at NPL no significant property differences
have been found between high-purity samples of high loss liquids sourced from different
suppliers, but it should be noted that the uncertainties presented do not account for
variations in composition.

3. Users are advised always to use fresh samples of dielectric liquid, as a number of these
liquids are hygroscopic (i.e. they absorb water from the atmosphere, which changes their
dielectric properties). Certain liquids may also be subject to oxidation if left exposed to
the atmosphere. Most of the liquids are volatile, so evaporative cooling can significantly
change their dielectric properties. In general, guidelines for dielectric liquid handling
presented in the NPL ‘Guide to the characterisation of dielectric materials at RF and
microwave Frequencies’ [12] are recommended.

4. Dimethyl sulphoxide (DMSO) and ethanediol are found to be particularly hygroscopic. A
beaker of either liquid left exposed to air is observed to increase in temperature as a result
of exothermic reaction, and at the same time the real part of permittivity is observed to
increase. Any laboratory using these liquids should be aware of these problems.

5.  Measurements are given in 5 °C steps. Permittivity is observed to vary fairly linearly with
temperature, so interpolation allows values at intermediate temperatures to be estimated.
Simple linear interpolation will often be sufficient, although quadratic interpolation will
generally give better accuracy. An example is given in Section 1.3. Static permittivity and
other relaxation parameters can also be interpolated to other temperatures if required.

6. Columns 2-5 in the Tables listed in Section 8 give the ‘best-fit’ permittivity, and the
associated expanded uncertainty obtained by Monte Carlo modelling at selected
frequencies. The authors have followed a thorough approach to uncertainty evaluation,
but nevertheless unforeseen experimental errors could have occurred. For this reason the
‘best-fit’ standard uncertainties presented include a minimum uncertainty that has been
added in quadrature. For more information about the evaluations of uncertainty see
Section 1.2 and reference [3].

7. The ‘best-fit’ data given at selected frequencies in columns 2-5 in the tables in Section 8
are computed from the relaxation parameters given in Section 7. Linear interpolation can
be used to evaluate the uncertainty associated with the ‘best-fit’ data at frequencies and
temperatures between those listed in the tables in Section 8 — see the example in Section
1.3. Note that one should not evaluate the complex permittivity uncertainty for any given
frequency and temperature directly from the uncertainties associated with the relaxation
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parameters given in Section 7. This will lead to erroneous values for the uncertainties
because no correlation data are presented in the tables. Correlations save been taken into
account, however, in the individual uncertainties presented in the tables, so interpolation
is the best approach to use to derive uncertainties associated with frequencies and
temperatures not explicitly included in the tables.

For this new report the measured data has been re-processed. Although they are small,
cell expansion effects at temperatures above and below room temperature are now more
thoroughly accounted for. A more comprehensive uncertainty evaluation has been used
than was possible in Report CETM 33. Several uncertainty contributions have been
reduced in magnitude, and in many cases overall measurement uncertainties are
appreciably reduced.

The fitted relaxation parameters and their associated uncertainties (Section 7) were
obtained from data at many more measurement frequencies than can be included in the
Tables in Section 8.

To help to identify experimental errors every set of measurements began and ended with
measurements at 20 °C, which were compared as a check. Furthermore, for each liquid a
measurement at 20 °C was performed on at least two separate occasions in each cell.

Uncertainties are derived in accordance with references [9] and [10], and are stated as
expanded uncertainties with a coverage factor of k& =2, approximately equivalent to a
95 % confidence interval.

Permittivity expanded uncertainties in the Tables of data (Section 8) that were evaluated
as being less than 0.01 have been rounded up to 0.01.

Some of the data may appear to be presented with more decimal places than is strictly
necessary. The reason for this is that rounding to fewer decimal places would in these
cases obscure trends in the data that are much smaller than the absolute uncertainties, but
are nevertheless significant as permittivity changes.

The expanded uncertainties associated with the measured data, ‘best-fit’ data, and fitted
relaxation parameters (Sections 6, 7 and 8) do not include contributions associated with
the temperature measurement. Users of the data in this report should combine the
uncertainty associated with the temperature of the reference sample that is being used
with the uncertainty given in note 15. A simple calculation (Section 1.3) allows an
evaluation of the uncertainty associated with the ‘best-fit’ permittivity that includes an
overall temperature contribution to be made.

Uncertainties associated with the temperature of the measurements presented here are
taken to be + 0.2 °C at 40 °C and above, and + 0.1 °C at all other temperatures (both at
coverage factor k = 2).

The evaluations of uncertainty have been subject to careful scrutiny in preparing this
report. In nearly all cases the data from the new analysis is self-consistent and plausible.
Discrepancies between the measurements made using the three coaxial cells are observed
to be larger for the two highest permittivity liquids, DMSO and ethanediol. Additional
measurements on ethanediol were performed in 2008-9; see Section 10. These
measurements provide evidence that supports the view that, despite the discrepancies
observed, the ‘best-fit’ values, and their associated uncertainties, have not been subject to
errors significantly greater than those accounted for by the uncertainties quoted.
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Static permittivity €, was calculated from measurements of AC capacitance in the

frequency range 200 kHz to 1 MHz [2]. For pure polar liquids without ionic contaminants
at these frequencies measurement errors in the real part of the permittivity caused by
electrode polarisation effects and direct conductivity between the electrodes become
negligible, yet the real part of the permittivity differs insignificantly from its ‘static’, i.e.
notional DC, value (as can be confirmed by computation from the relaxation equations
for these frequencies).

The static permittivity results for acetone (Section 6) at 45 °C and 50 °C are shown
italicised since bubbling in the liquid occurred within the admittance cell, which might
have affected the results. The boiling point of acetone is 56 °C.

The non-polar liquids cyclohexane and silicone fluid have very low loss and therefore
almost constant permittivity throughout the measured frequency range. The admittance
cell used is not of ideal design for measurements on low-loss low-permittivity liquids, but
the measurements have proved useful as a check on our uncertainty evaluation
procedures. The static permittivity results given for cyclohexane, a long-established
dielectric reference liquid, are consistent with those given by Kienitz and Marsh [8].

The admittance cell used here was designed for measurement of static permittivity in the
range 5 to 40. Static permittivity measurements on water (which has higher permittivity)
were undertaken to enable the results to be compared to those of Kienitz and Marsh [§],
Ellison [13] and Kaatze [14] to increase confidence in results for the other liquids. The
data presented is not intended to replace that published in these papers. The
measurements of the static permittivity of water were made on distilled samples.
However, there is every reason to believe that deionised (low DC conductivity) water will
have virtually identical dielectric properties.

Since the publication of Report CETM 33, a minor correction to the static permittivity
measurements has been made for electrode expansion. In the worst case, that of water at
50 °C, the permittivity is reduced from 70.06 to 69.99. At 20 °C there is no correction.
Where appropriate, other tables in the report have been re-calculated.

Since the publication of Report CETM 33, evaluated uncertainties associated with the
measurements of the static permittivity of water have been slightly increased, following a
re-evaluation of the data. As stated in note 15, the measurements on water were
undertaken only for validation purposes.

The relaxation frequencies of water and acetone are much higher than the maximum
frequency that could be measured using the available equipment; hence only the static
permittivity results are given.

The tabulated static permittivities (in both Sections 6 and 7) are admittance cell low-
frequency measurements [2]. The remaining relaxation parameters (eqns. (1)—(4)) were
determined by fitting to the combined coaxial cell high-frequency measurement results
[3]. The reason for choosing this strategy instead of obtaining all the relaxation
parameters at once from admittance cell and coaxial cell data combined is that the
uncertainties associated with the admittance cell are thought to be better understood.

The fitted relaxation parameters and their associated expanded uncertainties (Section 7)
were obtained with the assumption that the model used (eqns. (1)—(4)) can accurately
describe the dielectric behaviour within the frequency range of the data. Results for all
the polar liquids were each successfully fitted to one of the relaxation equations. These
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26.

27.

28.

29.

30.
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measurements only extended up to 5 GHz. Measurements at higher frequencies would for
many of the polar liquids (particularly those with longer-chain molecules) reveal
additional relaxations, which the fitted parameters do not describe. For a number of
liquids, the presence of a second relaxation at a higher frequency is evident from the data,
but the frequency range of data was not sufficient to allow its fitting to eqn. (2) (double-
Debye). For these liquids data has been fitted to eqn. (3) (Debye-I') instead. Very
approximately, this equation is accurate to within the quoted uncertainties up to a third of
the frequency of the second relaxation. In some of the tables a box has been placed over
‘best-fit’ data where the trend of the data would suggest that the Debye-I" relaxation
equation is approaching its upper frequency limit.

For propan-1-ol, propan-2-ol and butan-1-ol, liquids, parameters for both double-Debye
(eqn. 2) and Debye-I" (eqn. 3) equations are given in Section 7. At the highest
temperatures the frequency of the second relaxation is so far above the measured range
that it becomes impossible to obtain a reliable fit to the double-Debye equation; hence
data is only given for the Debye-I" equation. However, it should be noted that in some
cases (e.g. propan-1-ol at 35 °C) there is significant divergence between the Debye-I"
equation and the data at the highest frequencies — see note 25. The equation that was used
for computing the ‘best-fit’ values and the uncertainties given is specified in every table
in Section 8. For propan-2-ol the static permittivity is fitted using the high-frequency data
because a measurement using the admittance cell was not made — see note 30.

The frequency range for the measurements on ethanol is sufficient only to allow reliable
fitting by the Debye-I" equation. However, as there is a second Debye relaxation, the real
part of permittivity diverges from the Debye-I" equation at frequencies above 4 GHz.
Where appropriate a box has been placed over the ‘best-fit’ data to indicate this. The
quoted uncertainties are adequate to account for the discrepancy at the measured
frequencies — see note 25. If the Debye-I" equation is applied at frequencies much above 5
GHz, significant errors can be expected. In a future report, the authors intend to publish
data for ethanol at higher frequencies.

During measurements using the coaxial cells, liquid samples were circulated through
pipes for a number of hours as part of the temperature control system, by means of a
peristaltic pump. As some of the liquids are hygroscopic, exposure of liquids to air was
kept to a minimum. There is a greater chance of water absorption from the air occurring
in the coaxial cell measurements than in the static permittivity measurements. This is
because the latter were made in a sealed system. The uncertainties shown do not include a
contribution for this possible effect.

The ethanediol results are fitted to the Davidson-Cole equation. This is a change from
Report CETM 33. See note 33.

Measurements on propan-2-ol were made only in the 40-mm transmission cell (up to 3
GHz), and the reflection cell. No admittance-cell measurements of static permittivity
were undertaken, and there are no published data available that the authors considered to
be reliable enough to use. Therefore the ‘best-fit’ static permittivity was obtained by
fitting to high frequency data only. The fact that there is no static permittivity value to act
as an ‘anchor’ means that differences between the actual behaviour and that predicted by
the relaxation equation can be apparent at low as well as high frequencies. Therefore the
‘best-fit’ & values published in Section 7 of this report are expected to show deviations
from measurements that would be obtained using an admittance cell (“boxes” are used to
highlight deviations at the lowest frequencies in some of the Tables in Section 6). The
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double-Debye equation is expected to provide a more accurate value for static
permittivity than the Debye-I" equation, but it was only possible to fit the double-Debye
equation to the complex permittivity data at the lower temperatures.

The relaxation equations used in this report assume that there is no conduction from free
ions and electrons, but in practice polar liquids can exhibit significant conduction at the
lowest frequencies, causing actual values of the imaginary part of permittivity to deviate
from those calculated. This effect is not significant for the measurements on pure samples
that are presented in this report at the measured RF frequencies, i.e. 30 MHz and above,
but users of this report should be aware that the relaxation equations may not be reliable
if applied at frequencies below ~10 MHz. Measurements obtained using the reflection
cell show that the imaginary part of measured permittivity increases rapidly as the
frequency is reduced below 10 MHz. While uncertainties at these frequencies are large,
methanol showed a more rapid increase than any of the other liquids, suggesting a higher
conductivity (see note 32).

If complex permittivity &£ is calculated at frequencies of ~10 MHz and below using the
relaxation equations on pages 5—6, a correction for ionic conductivity ¢ could in

principle be applied. Corrected permittivity is given by (8*) =& - je’ where

£’=0/(2x fe,). The quantity &, is the permittivity of free space, 8.854 x 10™'* F/m,
and f is the frequency in Hz. A satisfactory correction may not be possible because:

(1) Even a small amount of ionic contamination has a large effect. (i) There are electrode
polarisation effects [2] in systems that use metal electrodes. These vary considerably
according to the cleanliness and surface condition of electrodes. For pure polar liquids the
effect on the real part of permittivity is almost negligible above 100 kHz (see note 17),
but for the imaginary part this may not be the case. (iii) To the authors’ knowledge,
published conductivity data presently available for the polar liquids measured here is very
limited. (iv) It is normally assumed that o is a purely real quantity that does not vary
with frequency, but this might not be the case: theoretical models for the conductivity of
weak electrolytes (such as the Debye-Falkenhagen effect [15]) predict that o varies with
frequency and is complex. Such effects, if they occur, appear to be small [16].

Our measurements with the reflection cell when compared with 500 Hz conductivity data
given in reference [17] provide some limited evidence that ¢ is frequency independent.
Methanol has a higher intrinsic conductivity than the other pure liquids measured (or
water), so it is the best liquid to consider here. The conductivity of methanol [17] is given
as 0 =1207 x 107 S/m at 20 °C from which we compute £, =0.07 at 30 MHz. At this

temperature and frequency we measured €”+¢, = 0.32 +0.22. From Debye equation

parameters (page 17) we calculate £”=0.30. While this is consistent, the measurement
uncertainties at these frequencies are clearly too large to make this test definitive.

While it is possible to apply relaxation models at frequencies above the maximum
frequency of the measurements (5 GHz) errors in the computed permittivity will occur for
significant extrapolations (see note 25). In the case of ethanol, the Debye-I" equation used
here has reached its upper limit by 5 GHz. However, recent measurements at NPL have
demonstrated that good accuracy is maintained at frequencies up to at least 10 GHz for
three liquids: methanol (single-Debye equation), DMSO (single-Debye equation) and
ethanediol (Davidson-Cole equation). These are also the most useful of the measured
liquids at frequencies above 5 GHz as they have the highest permittivity.

12
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Purities of the Measured Liquids

The information below is obtained from the manufacturers’ data sheets.

Liquid Min. assay  Max. water content
Acetone 99.5% 0.1%

Butan-1-ol 99.5% 0.1%

Cyclohexane 99.8% 0.01%

Dimethyl sulphoxide 99.5% 0.1%

Ethanediol 99.5% 0.1%

Ethanol 99.8% 0.2%

Methanol 99.8% 0.05%

Propan-1-ol 99.5% 0.1%

Propan-2-ol 99.7% 0.1%

Dow-Corning 200 1cS
Silicone fluid
(polydimethlysiloxane) N/A N/A

13
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Tables of Fitted Relaxation Parameters

NPL Report MAT 23

In the tables below, uncertainties are shown at coverage factor of k=2, approximately
equivalent to 95 % confidence level. Temperature measurement uncertainties are not included
in the overall uncertainties (see note 14) and Section 1.3. The estimated temperature
uncertainties are + 0.2 °C for 40, 45 and 50 °C measurements, and = 0.1 °C for all other
measurements (see note 15). For some of the liquids two tables are provided giving data fitted
to different relaxation equations (see note 26). The recommended values at each temperature
can be identified as they are shown in a non-italicised font.

Temperatures are given in °C and relaxation frequencies (f,, f-; and f,>) are given in GHz.

Butan-1-o0l (Debye-TI', eqn. 3) — See note 26. Recommended range 45-50 °C.

Temp.

10
15
20
25
30
35
40
45
50

&s

19.54
18.86
18.19
17.53
16.89
16.26
15.65
15.03
14.44

unc.
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Jr
0.171

0.212
0.261
0.322
0.397
0.487
0.596
0.728
0.883

unc.

0.001
0.001
0.001
0.001
0.002
0.003
0.004
0.005
0.007

€H

3.412
3.422
3.406
3.416
3.418
3.419
3.418
3.418
3416

unc.

0.014
0.013
0.009
0.013
0.014
0.014
0.017
0.018
0.022

r

0.079
0.075
0.068
0.066
0.061
0.058
0.054
0.051
0.047

unc.

0.002
0.002
0.001
0.002
0.003
0.003
0.004
0.005
0.007

Butan-1-o0l (Double-Debye, eqn. 2) — See note 26. Recommended range 10-40 °C.

Temp. &
10 19.54
15 18.86
20 18.19
25 17.53
30 16.89
35 16.26
40 15.65

unc.

0.04
0.04
0.04
0.04
0.04
0.04
0.04

Jr
0.167

0.207
0.257
0.318
0.393
0.483
0.592

unc.

0.001
0.001
0.001
0.002
0.002
0.003
0.004

15

€n

3.528
3.527
3.505
3.506
3.501
3.493
3.484

unc. f

unc.

0.016 4.878 0.354
0.016 5.259 0.452
0.010 5.865 0.416
0.016 5.979 0.861
0.019 6.433 1.232
0.021 7.234 2.019
0.024 8.139 3.349

€

2914
2914
2.900
2.921
2.923
2.902
2.883

unc.

0.027
0.033
0.026
0.052
0.074
0.115
0.181
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7. Tables of Fitted Relaxation Parameters (continued)

Dimethyl Sulphoxide (Single-Debye, eqn. 1) — See notes 4 and 33.

Temp. & unc. f; unc. €oo unc.
20 47.13 0.06  7.555 0.116  6.802  0.575
25 46.49 0.06  8.323 0.226  6.501 1.003
30 4586  0.06 9.077 0.281 6.357 1.144
35 45.19  0.06 9.924 0.341 5.984 1.264
40 44.53 0.06  10.733 0.460  5.828 1.558
45 43.86 0.06  11.588 0.565  5.637 1.760
50 43.19  0.06 12477 0.697 5410  2.002

Ethanediol (Davidson-Cole, eqn. 4) — See notes 4, 29 and 33, and Section 10.

Temp. & unc. f, unc. € unc. B unc.
10 4431 0.06 0.599 0.006 4.543 0.079 0.833 0.006
15 43.08 0.06 0.764 0.008 4.568 0.104 0.841 0.008
20 41.89 0.06 0.962 0.009 4745 0.110 0.856 0.008
25 40.75 0.06 1.190 0.017 4.700 0.210 0.859 0.014
30 39.66 0.06 1.451 0.025 4.712 0.297 0.864 0.018
35 38.60 0.06 1.756 0.034 4739 0.410 0.871 0.024
40 37.63 0.06 2.101 0.049 4840 0.538 0.879 0.031
45 36.63 0.06 2.484 0.065 4.782 0.702 0.880 0.039
50 3571  0.06 2912 0.096 4.856 0.984 0.885 0.053

Ethanol (Debye-I', eqn. 3) — See note 27

Temp. & unc. f, unc. e unc. r unc.
10 26.79 0.04 0.596 0.003 4.624 0.021 0.075 0.007
15 2595 0.04 0.700 0.003 4590 0.023 0.071 0.008
20 25.16 0.04 0.829 0.003 4.531 0.017 0.059 0.005
25 2443  0.04 0964 0.005 4505 0.033 0.056 0.012
30 23.65 0.04 1.124 0.007 4.471 0.043 0.054 0.014
35 22.88 0.04 1.303 0.008 4439 0.052 0.053 0.016
40 22.16 0.04 1.511 0.010 4410 0.066 0.050 0.018
45 2145 0.04 1.745 0.013 4394 0.086 0.049 0.022
50 20.78 0.04 2.010 0.016 4378 0.108 0.044 0.025
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7. Tables of Fitted Relaxation Parameters (continued)

Methanol (Single-Debye, eqn. 1) — See note 33

Temp.
10
15
20
25
30
35
40
45
50

&

35.74
34.68
33.64
32.66
31.69
30.78
29.85
28.95
28.19

unc.
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

Jr

2.262
2.532
2.822
3.141
3.490
3.862
4.283
4.738
5.175

unc.

0.019
0.023
0.019
0.033
0.040
0.048
0.059
0.072
0.088

5.818
5.698
5.654
5.563
5.450
5.388
5.251
5.107
5.224

unc.

0.104
0.131
0.104
0.176
0.204
0.228
0.260
0.295
0.325

NPL Report MAT 23

Propan-1-ol (Debye-I', eqn. 3) — See note 26. Recommended range 35-50 °C.

Temp.
10
15
20
25
30
35
40
45
50

&

22.61
21.88
21.15
20.42
19.75
19.07
18.40
17.76
17.11

unc.
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Jr
0.272
0.331
0.401
0.488
0.589
0.709
0.852
1.019
1.218

unc.

0.001
0.001
0.001
0.002
0.003
0.004
0.005
0.007
0.009

€H

3.775
3.763
3.739
3.735
3.724
3.712
3.697
3.692
3.684

unc.

0.015
0.015
0.011
0.016
0.016
0.018
0.023
0.028
0.037

r

0.078
0.073
0.064
0.061
0.058
0.055
0.051
0.049
0.047

unc.

0.003
0.003
0.002
0.004
0.005
0.006
0.007
0.009
0.011

Propan-1-ol (Double-Debye, eqn. 2) — See note 26. Recommended range 10-30 °C.

Temp.
10
15
20
25
30
35

85

22.61
21.88
21.15
20.42
19.75
19.07

unc. f;

0.04 0.268
0.04 0.328
0.04 0.398
0.04 0.485
0.04 0.586
0.04 0.707

unc. &

0.001 3.862
0.002 3.844
0.002 3.821
0.003 3.804
0.003 3.791
0.004 3.774

17

unc.

0.017
0.017
0.012
0.020
0.023
0.027

Jr2
6.871

7.302
7.629
8.290
8.860
9.638

unc.

1.010
1.358
1.055
2.621
3.394
3.943

£

3.126
3.121
3.142
3.129
3.105
3.076

unc.

0.075
0.097
0.069
0.162
0.207
0.229



7. Tables of Fitted Relaxation Parameters (continued)
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Propan-2-ol (Debye-I', eqn. 3, & fitted) — Limited data. See notes 26 and 30.
Recommended range 30-50 °C.

It may be noted that the fitted & values for the Debye-I" equation are significantly
different from those obtained for the Double-Debye equation — see note 30 for
explanation. Debye-I" parameters in italics are outside of the recommended temperature
range, 30-50 °C, and should not be used.

Temp.
10
15
20
25
30
35
40
45
50

s

20.97
20.40
19.79
19.09
18.37
17.65
16.93
16.21
15.50

unc. f; unc.

0.14 0.229 0.002
0.11 0.287 0.002
0.07 0.360 0.001
0.09 0452 0.002
0.07 0.565 0.003
0.07 0.702  0.003
0.06 0.870 0.003
0.06 1.072 0.004
0.05 1315 0.005

€H

3.474
3.478
3.473
3.471
3.466
3.462
3.458
3.454
3.451

unc.

0.015
0.014
0.010
0.015
0.015
0.016
0.017
0.018
0.020

r

0.072
0.069
0.062
0.057
0.052
0.047
0.042
0.038
0.035

unc.

0.002
0.003
0.002
0.003
0.004
0.005
0.006
0.007
0.008

Propan-2-ol (Double-Debye, eqn. 2, & fitted) — Limited data. See notes 26 and 30.
Recommended range 10-25 °C.

Temp.
10
15
20
25
30

21.73
20.89
20.11
19.30
18.50

unc.
0.13
0.11
0.07
0.10
0.09

S
0.217

0.277
0.351
0.443
0.557

unc. g,
0.001 3.573
0.002 3.566
0.002 3.557
0.003 3.551
0.004 3.538

18

unc.

0.019
0.018
0.013
0.022
0.026

Jr2
5.037

5.545
5.721
5.999
6.655

unc.

0.240
0.390
0.446
1.024
1.829

£

3.045
3.035
3.057
3.065
3.056

unc.

0.031
0.040
0.037
0.073
0.112
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9. Results of x2 Testing of Fitted Relaxation Models

To allow the quality of the relaxation model fits to be assessed, the y *-value of fitted data
() ¢ata) has been computed at each temperature. This is shown in the tables below. Values of
the y* distribution (y “ist) Were calculated using a Matlab function according to the number of
degrees of freedom (see below). For adequate fits we expect g qau< ¥, “dist. In principle, the
number of degrees of freedom is the number of measured points less the number of fitted
parameters. As uncertainties associated with the real and imaginary parts relate to partly
correlated effects (e.g. through phase errors) it is expected that, the number of degrees of
freedom (7) falls within the following limits:

m—n<n<2m-n, (0)

in which m is the number of complex points and # is the number of fitted parameters. The y >
values in the tables below were computed at the 95 % quartile for both of the limits in
eqn. (6). As can be seen, a high level of compliance with condition ¥ 2data< Y 2dist 1s obtained.
In practice experimental runs in which several temperatures were measured always began and
ended with 20 °C measurements. These enable extra checks to be made, e.g. for drift. To
illustrate this, entries in the table are given with and without the final 20 °C measurements
(asterisks indicate that they are included). In computing the y *-value, all the available sets of
data were used, including data from additional experiments for checking results at 20 °C.

Butan-1-ol: y* computed at the 95% quartile

T'C m Loawa  Xas(m-—n) x4y (2m-n) Model

10 76 539 928 177.4

15 76 421 928 177.4

o W7 552 928 177.4 Double.
*193  193.8 222.1 428.6 Db

25 76 386 928 177.4

30 76 303 928 177.4 n=4

35 76 253 92.8 177.4

40 76 271 928 177.4

45 76 708  94.0 178.5 Dby

50 76 503 94.0 178.5 n=

* See text above for explanation.
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T°C

20

25
30
35
40
45
50

NPL Report MAT 23

DMSO: y’ computed at the 95% quartile

m
119
*19
70
70
70
70
70
70

V4 zdata X Zdist (m_n) X Zdist (2 m_n) Model

56.0
1 903
23.4
20.3
15.1
13.7
13.8
133

143.2 272.8

222.1 426.5

88.2 166.4

88.2 166.4 Debye
88.2 166.4 >
88.2 166.4

88.2 166.4

88.2 166.4

Ethanediol: y? computed at the 95% quartile

TC m

10
15

20

25
30
35
40
45
50

76
76
76

*152

76
76
76
76
76
76

2
X data

63.5
57.3
86.8
165.2
43.8
36.0
28.3
29.7
25.2
38.9

X zdist (m-n) x Zdist (2m-n) Model

93.9 178.5

93.9 178.5

93.9 178.5

178.5 342.5 Davidson.
93.9 178.5 Cole

93.9 178.5

93.9 178.5 n=3

93.9 178.5

93.9 178.5

93.9 178.5

Ethanol: y? computed at the 95% quartile

TC m

10
15

20

25
30
35
40
45
50

76
76
127
*254
76
76
86
76
76
76

2
X data

135.4
124.1
81.1
338.3
76.5
65.4
92.0
93.8
133.2
182.2

1 i (m=n) x4 (2m—n) Model
93.9 178.5

93.9 178.5

151.0 289.0

289.0 558.4

93.9 178.5 Debye-I
93.9 178.5 i
105.6 200.3

93.9 178.5

93.9 178.5

93.9 178.5

The measurements on ethanol show a slight but systematic deviation from the Debye-I" equation. This is most
evident at frequencies above 4 GHz and at temperatures below 30 °C. See note 27.
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Methanol: %’ computed at the 95% quartile

T°C m deata
10 74 30.5
15 74 25.6
115 59.2
20 *189 86.3
25 74 26.2
30 74 19.3
35 74 25.2
40 74 14.3
45 74 12.5
50 74 36.2

T°C

10
15

20

25
30
35
40
45
50

T°C

10
15
20

25
30
35
40
45
50

92.8
92.8

138.8
219.9

92.8
92.8
92.8
92.8
92.8
92.8

179.6
179.6
264.2
4222
179.6
179.6
179.6
179.6
179.6
179.6

X Zdist (m-n) Zdist (2m-n) Model

Debye

n=2

Propan-1-ol: y* computed at the 95% quartile

m

76
76
117
*19
76
76
76
76
76
76

3

2
X data

14.7
11.5
28.8
98.7
18.7
17.9
63.8
47.4
48.7
38.2

deist (m—n) 1 zdist (2m— Model

92.8
92.8
138.8
222.1
92.8
93.9
93.9
93.9
93.9
93.9

n)

177.4
177.4
266.4
428.6
177.4
178.5
178.5
178.5
178.5
178.5

Double-
Debye

n=4

Debye-I'

n=3

Propan-2-ol: y’ computed at the 95% quartile

m

35
35
35
*7
35
35
35
35
35
35

0

X
2
data

13.6
12.4
7.5

22.8
8.8

245
17.6
12.8
11.8
10.0

X zdist (m-n) x zdist (2m-n) Model

43.8
43.8
43.8
84.8
43.8
45.0
45.0
45.0
45.0
45.0

84.9
84.9
84.9

163.1

84.9
86.0
86.0
86.0
86.0
86.0

Double-
Debye

n=5 T

Debye-I"

n=4 t

+ For propan-2-ol only, static permittivity is fitted as an admittance cell measurement is not available.
* See text above for explanation.
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10. Validation using new measurements

To help to improve confidence in the data, a limited number of new measurements were
made in 2008-2009 on ethanediol. This liquid was chosen since the discrepancies between
measurements from the reflection and transmission cells were noted to be larger than for the
other liquids in the original data, so some further investigation was merited. Compared to the
original set of measurements the following changes were made: (i) Different Vector Network
Analyser models were used, (ii) all of the cells had been renewed, (iii) a 12 mm length
transmission cell was used in place of the 14 mm cell, and (iv) the reflection cell used a 7 mm
length truncated inner-conductor, whereas in the 1997-2000 programme a 5 mm length
conductor had been used. The new sets of data at 20 °C and 40 °C are presented overleaf. The
‘best-fit” data and uncertainties (columns 2-5) were computed from the new transmission-
line cell data, and the original admittance cell measurements of static permittivity (Section 6).
As with the uncertainty computations for the original data, the uncertainties associated with
the ‘best-fit’ data include an additional uncertainty contribution that is applied in quadrature
to account for unforeseen errors; see Section 1.2, page 3.

As noted above, the original data for ethanediol (pages 35-43) showed some larger than
expected discrepancies between the measurements made using the three cells. However, it
was not possible to deduce which set of data was most in error from the data available.
Comparison with the new data shows that the measurements originally made with the 14 mm
cell probably have the largest discrepancy. The discrepancies observed lie close to the
expected uncertainty limits but are by no means implausible in the light of the uncertainty
evaluation that has been used. It is nevertheless possible that an actual error occurred, e.g. the
cables changed properties by more than the amount allowed for, or the bead seals in the cell
leaked (which is not allowed for at all).

Despite the above comments, the new data are observed to be in good agreement with the
original data. Furthermore, relaxation parameters fitted to the new data (see the table below)
are also in reasonable agreement, as the discrepancies between the two sets of ‘best-fit’ data
lie within the ranges that would be expected from the quoted uncertainties. We believe that
this additional set of data for ethanediol helps to validate the original data and provides
confidence in both the tabulated data and the evaluations of uncertainty that have been
presented in this report.

Parameters of the Davidson-Cole equation (eqn. 4) fitted to the validation data

Temp. & unc. f, unc. . unc. P unc.

10 4431 0.06 0.605 0.006 4.626 0.086 0.836 0.006
15 43.08 0.06 0.770 0.009 4.584 0.123 0.842 0.009
20 41.89 0.06 0957 0.011 4.557 0.123 0.846 0.008
25 40.75 0.06 1.196 0.019 4.873 0.235 0.868 0.015
30 39.66 0.06 1.462 0.028 4962 0.334 0.877 0.021
35 38.60 0.06 1.781 0.038 5.251 0.433 0.898 0.027
140 37.63 0.06 2.079 0.056 4.533 0.658 0.863 0.036

The above parameters may be compared with those determined from the data measured the
1997-2000 programme shown on page 16.
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