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1 INTRODUCTION

The development of off-shore natural gas fields is demanding because the equipment is not
readily accessible. One of the challenges is the prevention of wax and scale deposition and
hydrate formation. The latter two problems are related to the water production of the wells and
because the capacities of the scale and hydrate inhibition systems are limited, it is essential for
the flow assurance that the water flow rate is measured for inhibition dosage. To that end,
several wet-gas flow meters are able to measure the water flow rate as a separate parameter.
One of the techniques, which is applied in several wet-gas meters, uses microwaves to
determine the water flow rate.

At first sight, the technique seems rather straightforward and as the relative dielectric constant of
liquid water is roughly 81, one would expect that such systems have a high sensitivity for liquid
water. Unfortunately, the situation is more complex than this and under realistic conditions, the
contribution of the liquid water is only a minute fraction of other contributions, the major one —
surprisingly- being the gas itself. This leads to severe complications and in this paper we will
discuss the different contributions to the microwave reading and the consequences for the scale
and hydrate inhibition systems.

2 THE PRINCIPLE OF THE WATER FLOW RATE MEASUREMENT USING THE
MICROWAVE TECHNIQUE

A wet-gas meter in a well flow line has to cope with the following three contributions to the total
water flow rate:

1. The water vapour in the gas
2. Liquid water, due to condensation of water vapour from the gas
3. Formation water, liquid by nature, usually carrying minerals

Ad 1.

In most cases, the gas in the reservoir is saturated with water vapour at the initial pressure and
temperature’ because the gas is in contact with an aquifer. When produced, the gas
temperature and pressure drop which mostly results in the condensation of a part of the water
vapour. At meter conditions, the gas is therefore still saturated with water vapour, but a part has
condensed. When the meter is close to the well, the pressure and temperature are usually so
high that the water vapour flow is still a major contributor to the water flow rate when no or little
formation water is produced. Using PVT simulation, the water vapour molar fraction in the gas
can be estimated accurately, provided the pressure and especially the temperature at the meter
are measured with a high accuracy. The temperature is so important because the water vapour
partial pressure increases exponentially with temperature (the water vapour molar fraction in the
gas increases by more than 4% / K), as is illustrated in fig. 1. Unfortunately, the contribution of
water vapour to the primary measurement is significantly stronger than the contribution of the
same amount of liquid water in mass terms. This will be discussed in more detail in sec. 2.3.

! Initial means before production started.
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Ad 2.

Part of the water vapour from the reservoir condenses due to the lower pressure and
temperature at the meter. Provided the initial pressure, temperature and composition of the
reservoir are well known, the initial water vapour molar fraction in the reservoir can be calculated
using PVT simulation and by subtracting the water vapour molar fraction at the meter (see
above), the condensed water flow rate can be calculated. The uncertainties in this calculation
are the initial temperature in the reservoir and the possibility that water vapour is supplied by
e.g. connate water when the pressure in the reservoir drops, thus increasing the water vapour
molar fraction in the gas gradually over field life.

Ad 3.
As most reservoirs are in contact with an aquifer, it is possible to produce water from this aquifer
together with the gas. There is no way to predict the formation water flow rate from PVT or by
any other means, so it is necessary to measure this flow rate in one way or another.

So we have two uncertain contributions to the liquid water flow rate, being the condensed water
flow rate, which could be influenced by the presence of connate water (and thus gradually
increase over field life), and the formation water flow rate. The microwave technique should
enable the measurement of the liquid water flow rate. This is not trivial and therefore we will
have to look deeper into the physical principles of the technique. We will see that the
contribution of the liquid water to the primary measurement is only very small compared to other
contributors. But in order to understand this, we will need to get a deeper understanding of the
measurement principles and how the primary measurement depends on the different
parameters.

2.1 The Microwave Technique

A simple description of the microwave technique is as follows: an antenna sends out microwave
radiation into a cavity, created in some way in the flow line. At a certain frequency, the
wavelength of the microwave radiation "fits" in the cavity, which starts to act as a resonator (a bit
similar to a pipe in an organ). This frequency is therefore a characteristic of the cavity. But not
only of the cavity: also the electrical and magnetic properties of the fluids which fill the cavity (i.e.
the produced fluids!) play a role. Regarding the physical properties of the fluids, the magnetic
properties can be taken the same as those of vacuum; the electrical properties, however, are a
different story. The well fluids are polarizable and thus influence the dielectric constant of the
medium, filling the cavity. Both the magnetic and electrical properties of the fluids in the cavity
determine the velocity of electromagnetic waves. In equations:

=1 (1)
Jeu
in which:
c = velocity of light m/s
€ = dielectric constant As/Vm or A%s*/kgm®
u = magnetic permeability Vs/Am or kgm/A%s?

The dielectric constant of a medium is usually expressed as:

E=gr &0 )
in which:
& = relative dielectric constant
& = dielectric constant of vacuum As/VVm or AZS“/kgm3

The specific electrical properties of a medium can thus be captured in & which always > 1.
Therefore, we will use &, from here on. Knowing that

f

c
— 3
WS 3)

in which:
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frv = resonance frequency of the cavity in vacuum Hz
A = wavelength, determined by the geometry of the cavity m
it is not hard to combine the above equations to obtain:
f
f o — Cv —_ v (4)

Aer e
in which:
Cy = velocity of light in vacuum m/s
frm = resonance frequency of the cavity filled with one or other medium Hz

The resonance frequency thus decreases with an increase of the relative dielectric constant of
the medium, filling the cavity. Therefore, by measuring the (change of the) resonance frequency
when the cavity is filled with a medium, the relative dielectric constant of the medium can be
determined. The determination of the resonance frequency is the primary measurement of the
technique. Unfortunately, this primary measurement is not only dependent on the liquid water
water flow rate, because in the case of wet-gas, the relative dielectric constant is a function of
the gas composition, pressure & temperature, the condensate dielectric constant & volume
fraction, the water density & volume fraction and the distribution of the liquids over the cross
sectional area. So basically, by the determination of the ¢, the relative dielectric constant of the
mixture in the cavity, one can get information about the mixture, albeit in a complicated way and
with contributions from the gas and condensate. The latter contributions will show to be
dominant. To shed some light on this complex matter, we will study it step-by-step to gain
insight in the different contributions. We will start off with the &, the relative dielectric constant of
the gas.

2.2 The Depedencies of & on the Gas Properties

The gas basically acts as a dielectricum, similar as the dielectricum in a capacitor. One can
understand that the effect is smaller than with a "normal" dielectricum, because far less
molecules are present in a gas, compared to a solid. But it is also easy to see that there will be
a dependence on the pressure and temperature, because these parameters determine the
amount of molecules per unit volume. Also, it is reasonable to assume that the type of molecule
is of importance. Quantitatively, for low pressures, the &4 is described by the Clausius - Mossotti
equation:

g-1 1
: ==~ Nnan ()]
gqt 2 3
in which:
N, = Number of molecules per unit volume m?
am = Specific property of the molecule, often larger for polar substances m°

From this equation, it is easy to see that if £ « 3, then g, -1 is roughly proportional to the density
and thus the pressure for a specific gas. Using this equation to determine the a,, for some
substances, the following table has been compiled:

Table 1: The Constant to Estimate the Relative Dielectric Constant for Different

Substances.
Component Constant
(ppm/bar’)
Methane 944
Ethane 1500
n-Pentane 2500
Carbon dioxide 990
Water vapour 12600

2 7o avoid small numbers, the figures are equal to 10° (€g- 1), Eg measured at 1 bar.
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Although the information in Table 1 is rather sketchy, some trends can be distinguished. The
polarizability of the alkanes increases with C-number, which is not surprising as their electron
cloud will be more extended and will deviate more from spherical with increasing C-number.
Also, the water molecule, which is a dipole, is significantly more polarizable than the alkane
molecules. This is the same in liquids, liquid water has a relative dielectric constant of 81,
whereas hydrocarbon condensates have relative dielectric constants in the range 1.5 - 2.5,
depending on the composition as will be discussed in sec.2.4.

From fig. 2, using the data from [1], it can also be seen that the constants differ strongly for
different substances. Also, closer examination reveals that the Clausius - Mossotti equation is
not exact at elevated pressures, because it does not take the molecular interaction into account.
The deviations for elevated pressures are illustrated in fig. 3, where the Ethane behaviour is
illustrated when the low pressure constant (ppm/bar) is used to remove the slope. If &5 - 1 would
be proportional to the pressure, the whole curve would have collapsed to a constant at the value
of 1. But above 15 bar, the deviations become very clear and can no longer be neglected.
When the pressure is replaced by the density to correct for compressibility effects, still
deviations occur as is illustrated in fig. 4. Later on we will see that these deviations are not
negligible either, even though these seem small at first sight. Similarly, the Clausius - Mossotti
equation is not exact for mixtures, again because of the molecular interactions [2]. From table 1
and figs. 2, 3 and 4, some important conclusions can be drawn:

. With constant composition, €4 usually does not depend linearly on the density.

. When different substances are compared, ¢4 does not uniquely depend on the density.
Compare e.g. Ethane (mol. weight = 30) with Carbon Dioxide (mol. weight = 44).

. Because of the above, & is hard to predict outside the calibration range of pressure and
temperature for a given gas composition.

. Because of the above, ¢4 is hard to predict for gases with a different composition.

As has been shown above, it is not easy to predict accurately the ¢4 and as the &, is determined
mainly by the & as we will see shortly, the question is how errors in the determination of &,
"translate” into errors in the liquid water flow rate. This problem is enhanced by the contribution
of the condensate. To estimate these, we need to study the effect of liquids on the ¢,,. This is,
however, not simple either.

2.3 The Liquid Contributions to g,

Because of the complexity of gas-liquid systems, we will start with a simplified system first.
Assume that the liquids are distributed homogeneously as small spherical droplets in the gas, so
the gas is the "continuous" phase, see fig. 5. Regarding the condensate and water flow rates in
high pressure wet-gas flows, this last assumption is valid in many cases, but should be verified
in each individual case. The first model which springs into mind is that the ¢, is the volume
weighted avarage of the &, and the ¢, similar to the average density of a mixture:

Em :(1_¢|)59 +d& (6)

But this is unrealistic: the droplets influence the field lines and reduce the voltage drop over their
own diameter, but these effects contribute far less than eq. [6] predicts. To get a more realistic
number, the “stratified” model can be used: all the liquid is brought as a thin layer to one of the
capacitor plates and then the total capacitance can be calculated as a series of two capacitors,
one filled with gas and one filled with liquid, as is illustrated in fig. 6. The outcome is

_ Eg &l
Em= (7)
T L) et e
in which:
Em = relative dielectric constant of mixture
& = relative dielectric constant of liquid
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&g =

h

relative dielectric constant of gas
liquid volume fraction

The difference between the outcome of the two models is illustrated in fig. 7 when water is taken
as liquid. The predictions of the proportional model are far larger than those of the stratified
model and further analysis shows that the differences are far smaller with condensate with an &,
of 2. This is because the stratified model predicts a saturation effect, which is easy to
understand: the liquid filled capacitor is in series with the gas filled capacitor, so even if this
capacitance would be infinite, the gas filled capacitor would limit the total capacitance, as can be
seen from fig. 8. The proportional model does not predict such a saturation, but looking at the
distribution of the liquid, it should level off with increasing &. This is a disadvantage for this
specific application as this reduces the sensitivity for water; a phenomenon which will be
discussed in more detail later.

It is obvious that both models are gross simplifications of reality and in the previous century,
more sophisticated models of such systems have been made. A model, which describes the ¢,
of a homogeneous mixture with a low volume fraction of liquid well, is the the Bruggeman
model. It is outside the scope of this study to go into the details of the derivation. Although
other models exist, there is general agreement that the Bruggeman model works well for low
liquid volume fractions (LVF’s). The equation, which holds both for water and condensate is:

_ Aa
(—gw 5J(ﬂ] =1-9, 8)
Sw-gg Em

in which:

Ew = relative dielectric constant of water

Em = relative dielectric constant of the mixture
& = relative dielectric constant of the gas

A, = shape factor (= 1/3 for spherical droplets)
Dw = water volume fraction

As this is an implicit equation, it needs to be solved iteratively, which is not very complicated.

The value of & has been discussed in the previous section and as the largest molar fraction of
the gas is Methane, we will use as a typical value @ 100 bar £, = 1.10 (see Table 1), which
should not be too far out. And for the determination of the sensitivity on the different
parameters, it is not really essential.

Now assume that an accurate value for the relative dielectric constant of the gas is available,
say the above mentioned 1.100 @ 100 bar. First, two-phase mixtures are studied, either gas-
water (&, = 81) or gas-condensate (& = 2). When these values are used to solve the Bruggeman
equation, the following results are obtained:

Table 2: The Effects of the Presence of a Homogeneous Liquid Mist in the Gas, Based on
the Bruggeman Equation.

LVF (%) &m (water) Em- & £, (cond) Em- & Ayl A,
0.1 1.103175 0.003175 1.100707 0.000707 4.49
0.3 1.109561 0.009561 1.102123 0.002123 4.50
0.5 1.115996 0.015996 1.103540 0.003540 4.52
0.7 1.122479 0.022479 1.104959 0.004959 4.53
1.0 1.132290 0.032290 1.107090 0.007090 4.55

From Table 2, two aspects become clear. First of all, the effect is -at these small LVF's- very
close to proportional to the LVF for a given liquid and -surprisingly- the effect of water is less
than five times the effect of condensate, even though its dielectric constant is 40 (!) times higher.
The Bruggeman equation, based on the homogeneous distribution of small droplets, is not so
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easy to understand, but some of the above mentioned effects can be qualitatively understood by
a the stratified model.

In fig. 9, three different models are shown. The simple proportional model, the stratified model
and the Bruggeman model. For very small values of ¢ - &, the three curves coincide, above
that, the stratified model deviates stronger from the proportional model than the Bruggeman
model as illustrated in fig. 10. However, also for the latter the effect is smaller than LVF - (g, -
&). This is related to the above mentioned saturation effect, which will be discussed in more
detail in paragraph 2.4. As a first approximation, the effect of 0.1 vol% of liquid water is about
the same as a change in pressure of the gas of 3 bar @ 100 bar. In other words, an error of 1%
in the gas pressure reading @ 100 bar alone results in an error of the liquid water volume
fraction of 0.033%. This makes clear that the actual relative dielectric constant of the gas needs
to be known with a very high accuracy in order to determine the liquid water volume fraction.

2.4 The Condensate Contribution

The contribution of the condensate has already been mentioned in the previous section, but the
relative dielectric constant was taken as 2. However, from literature, it is clear that the relative
dielectric constant of liquids depends on their composition [5]. Although there seems to be a
unique relation between density of alkanes and their relative dielectric constant, it is not certain
that this relation holds for e.g. aromates and/or at elevated pressure and temperature, when a
large molar fraction of the condensate consists of light alkanes like Methane and Ethane (N.B.
In the example below, the molar fraction of C; and C; in the condensate is roughly 40%,
whereas in the liquids, used for the determination of the &, correlation, it is next to zero). The
contribution of the condensate to ¢, however, strongly depends on the ¢, as is illustrated in fig.
11. As a first approximation, the contribution is proportional to (. - &5). This enhances errors in
the value of ¢; significantly. Note that the relation is not completely linear and the deviations
increase with increasing value of ¢, as is illustrated in fig. 12. The reason is that the effect
saturates: the electric field lines will tend to concentrate in the droplets because these have a
higher relative dielectric constant. The higher the value of the ¢;, the more the field lines will
tend to creep into the droplets, but there is a limit to this. Once all the field lines move through
the droplets, there is nothing more to achieve, so the effect saturates and when the droplets
consist of water, virtually all the electric field lines go through the droplets. As a result, the ¢,
does not increase significantly when ¢, > 20, as can be seen from fig. 13, and therefore the ratio
between the water and condensate contributions (see table 2) is far smaller than the ratio of
their relative dielectric constants.

2.5 The Sensitivity of g, for the Shape Factor A,
The sensitivity of ¢, for A, can be derived from the Bruggeman equation. But as this is an

implicit equation, some approximations need to be made. Assuming that &, » & and &, = €5, the
Bruggeman equation can be approximated by:

Aa Aa
sl e s
Ew~ &y Em Em "

Using €4 = £, - A€ and At « g, the Taylor series development gives:

Aa
(%_—MJ zl_Aa(Ej:1-¢w (10)
Em Em



26" International North Sea Flow Measurement Workshop
21% — 24" October 2008

Assuming ¢, « 1, the result is:

¢ng (11)
Aa

which means that Ac is inversely proportional to A,. As the shape factor can vary from A
(spheres) to '/, (needles), the effect is strong. The complexity is further enhanced by the
probably more or less random orientation of the major axis of the non-spherical droplets. Note
that these assumptions are valid for water, but not for condensate. As a result, the primary
measurement is more sensitive for the shape factor of water droplets than for the shape factor
of condensate droplets.

Ae=

2.6 The Sensitivity of &, for the Slip Velocity between the Gas and Droplets

The liquid, dispersed as droplets in the gas phase, usually moves slower than the gas. This is a
bit paradoxical, because one would expect that the gas would accelerate the droplets until they
have reached the gas velocity. But this phenomenon can be understood in the following way:
due to the turbulence, the droplets move around chaotically in the flow and ever so often they hit
the wall, where they stick. Due to the large velocity gradients between the liquid and the wall,
the liquid decelerates quickly, creating (a part of) the pressure drop in the flow line. On the other
hand, the large velocity difference between the gas and the liquid film at the wall creates a very
high shear, which tears of drops from the liquid layer. These drops are subsequently
accelerated by the gas until they again hit the wall. Due to this phenomenon, the liquid,
dispersed as drops, moves -on average- slower than the gas and there is always a liquid layer
at the wall, which moves far slower than the gas. These two liquid fractions do, however, have
significant different effects on the microwave unit.

The ¢, is not determined by the LVF, but by the amount of liquid, dispersed in the cavity.
Therefore, on the one hand, the slip velocity of the droplets creates a larger effect than can be
expected, based on the LVF alone. The actual concentration is increased by a factor which is
equal to v, / vy in which v is the actual average gas velocity and vy is the actual average droplet
velocity. By definition, vg - vy is the slip velocity. On the other hand, the entrained fraction is
never 100%, which reduces the contribution. In equation:

Aga:ﬁASLVF E:= Yo Agir E¢ (12)
Vd Vg ~ Vs

in which:
Ag, = contribution of droplets to €, under actual conditions
Vg = gas velocity m/s
Vy = droplet velocity m/s
Vs = slip velocity m/s
Ag e = contribution of droplets to ¢, based on LVF
E; = Entrained fraction

This equation makes clear that the modelling of the multi-phase flow plays an essential part in
the calculations. In principle, it could also be calibrated, but this has its own problems, as will be
discussed later.

2.7 The Sensitivity of &, for the Liquid Film at the Wall

The liquid at the wall is not interacting in the same way as the liquid, dispersed as droplets. The
question is whether it interacts at all. It is in contact with a conducting wall and therefore, it is
likely to behave differently. It is not unlikely that the contribution of the liquid film should
probably be subtracted from the total liquid contribution. Because of the high relative dielectric
constant of water, a water film is more likely to behave this way than condensate.

N.B. Equation [12] in sec. 2.6 describes in that case the total contribution to the &,
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However, there is another effect, which could play a role: the liquid film at the wall might change
the dimensions of the cavity (compare with the simple "stratified" model) and therefore, it could
indirectly influence the result. If it is assumed that A is constant, a change in A could result in an
apparent change in &g,

_2A
Agapp_Tgm (13)

in which:

Ay = apparent change in &, due to the change AA of the cavity.

AA = change in length of resonant cavity due to liquid at the wall

m

N.B. The factor of 2 is caused by the square relation between A and ¢, see eqgs. [3] and [4].
Also in this case, water is likely to be more effective than condensate.

3 DISCUSSION

The actual question is how the different contributions relate to one another. Of course, this
depends strongly on the actual composition of the reservoir fluids, the pressure and temperature
downhole and the pressure and temperature at the meter. We will give a representative
example, but it should be clear that this is only an example and with different gas fields, the
actual situation will be different. The composition we used is from a test-loop in which we did
some experiments a few years ago, the initial reservoir pressure and temperature have been set
at 210 bar and 100 °C with saturated water vapour and no down-hole condensation (neither of
water nor of hydrocarbons). The meter conditions have been chosen to be 100 bar and 70 °C.
As a result of the latter, the WVF at the meter is 0.0282%, the CVF is 3.52% and the Lockhart-
Martinelli parameter is almost 0.1, so a typical wet-gas condition. The contributions to the
microwave resonance frequencies, expressed as (€ - 1) are presented in fig. 14. As the liquid
water contribution is hardly discernable, the same data are presented in fig. 15 where vertically
a logarithmic scale is applied. It is clear that the gas contribution is roughly two orders of
magnitude larger than the liquid water contribution and the condensate contribution is roughly
20 times as high. Slight errors in either (or both) of these estimates will easily outshine the liquid
water contribution.

The obvious question is whether these effects can simply be calibrated in a test-loop. This, too,
is not as simple as it might seem because there are severe limits to the possibilities of
calibration. This will be discussed in the next section.

4 THE LIMITS TO CALIBRATIONS

The available test-loops have only a limited operational envelope. K-lab, Norway, is one of the
best, but it cannot operate above approx. 120 bar and 70 °C. So first of all, the operational
envelope of the test-loops prohibits that all P&T conditions are calibrated.

The second major issue is that the number of test-points cannot grow unlimited. In the case of a
recent development, the following independent parameters have been be identified:

Pressure

Temperature

Gas composition

CVF

WVF

Gas velocity

Salinity

NogokrowNh=
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Maybe some other parameters could be included, but even with the above and using 5 points
per dimension (which is not excessive), the total number of test-points would end up at 78125,
which is unrealistic.

This problem could be mitigated if we were able to "translate” the test-loop conditions to the
actual conditions (so including pressure, temperature, gas composition and relative dielectric
constant of the condensate). But this is unlikely: the accuracy of the PVT simulation for the
prediction of properties like densities is commonly estimated to be around 2% at elevated
pressure (say, 100 bar and above), but the prediction of the electrical properties of the fluids is
not included. And as we have seen, density and ¢4 are not directly related. This is illustrated by
another example: we replace 2 mole % of Methane by 2 mole % of Carbon Dioxide in the
reservoir stream. As Methane and Carbon Dioxide have virtually the same contribution per
molecule (see table 1), this will not influence the gas contribution to the ¢, notably, but the gas
density will increase by almost 3.5%. If we would assume that the gas contribution is
proportional to the density, we would assume an increase of the & of 3800 ppm, more than 4
times the liquid water contribution to ¢,! Added to this concern is the influence of water vapour,
which partial pressure increases exponentially with temperature, as is illustrated in fig. 1.
Because the water vapour contributes far more to the ¢, than the same amount of water as
liquid, this rapid change of the water vapour fraction could give rise to serious errors when the
pressure and temperature are not measured with a very high accuracy. Note also that water
vapour contributes per molecule 13 times as much as methane, even though their molecular
weights are about the same.

The major consequence of these limitations is that the microwave technique can not in all cases
provide sufficiently accurate liquid water flow rates for the optimum injection of hydrate and
scale inhibitors. Other ways might have to be found and used in each specific application. This
is an essential limitation on this approach, a direct consequence of basic physics.

5 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
5.1 Conclusions

1. The microwave technique to determine the water flow rate is hampered by the
sensitivity of the reading by the relative dielectric constants of the gas and the
condensate and the condensate volume fraction. These contributions are far larger
(100, resp. 20 times in a realistic example) than the liquid water contributions.

2. The accuracy of the determination of the gas and condensate contributions depends on
the accuracy of the measurements of pressure and temperature at the meter and the
availability of a detailed and accurate composition. Especially the rapid change of the
water vapour partial pressure with temperature requires an accurate temperature
measurement.

3. The "translation" from test-loop to actual conditions is not trivial as the relative dielectric
constant of gas is not uniquely related to "simple" physical properties like density. In
most cases, it cannot be done with sufficiently high accuracy to predict the liquid water
flow rate without an in-line calibration.

4. The condensate contribution to the reading of the microwave system is a strong
function of the relative dielectric constant of the condensate. Little is known about this
property under realistic conditions when small alkanes (e.g. Methane and Ethane) make
up a large molar fraction of the condensate and with different types of molecules (e.g.
aromates).
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Recommendations for Future Work

The relative dielectric constant of hydrocarbon liquids at high pressures and
temperatures, as occur in wet-gas flows, so including high molar fractions of e.g.
Methane and Ethane, should be determined experimentally.

PVT simulators should be extended to include the electrical properties of gas mixtures
at wet-gas well flow conditions in order to enhance the "translation" from test-loop to
actual conditions.

The distribution of the liquids in wet-gas flows and the slip velocities should be studied
both experimentally and theoretically to improve the interpretation of the microwave
measurement results.
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shape factor (= 1/3 for spherical droplets)

velocity of light m/s
Entrained fraction

resonance frequency of the cavity filled with one or other medium Hz
resonance frequency of the cavity in vacuum Hz
Number of molecules per unit volume m*
droplet velocity m/s
gas velocity m/s
slip velocity m/s
Specific property of the molecule, often larger for polar substances m°

contribution of droplets to €, under actual conditions
apparent change in g, due to the change AA of the cavity.
Contribution of droplets to ¢, based on LVF

change in length of resonant cavity due to liquid at the wall

dielectric constant As/Vm or A%s’/kgm®
dielectric constant of vacuum As/Vm or A%s’/kgm®
relative dielectric constant of the gas

relative dielectric constant of liquid

relative dielectric constant of the mixture

relative dielectric constant

relative dielectric constant of water

liquid volume fraction

water volume fraction

wavelength, determined by the geometry of the cavity m
magnetic permeability Vs/Am or kgm/A%s?
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Figure 1. The water vapour partial pressure as a function of temperature. Note the
exponential increase (more than a factor of 2 over 20 K), which makes the contribution to &
sensitive to temperature measurement errors.
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Figure 2: The & of different gases as a function of pressure. Note the non-linear response of
especially Ethane and Carbon dioxide.
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Figure 3: The deviation from a linear response of Ethane (see also fig. 2). The slope in the
range from 0 — 15 bar has been removed to enlarge the non-linear behaviour above 15 bar.
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Figure 4: The deviation from a linear response of Ethane (see also fig. 3), plotted against
density instead of pressure to correct for the compressibility of Ethane. The values at 0 bar
and 35 bar have been used as references.
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Figure 5: The droplets in a capacitor will influence the capacitance.

Figure 6: As an approximation, all the liquid will be assumed to be in a thin layer at one of the
plates.
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Figure 7: The difference in the estimated &, when the proportinal and stratified models are
used in gas with water as liquid.
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Figure 8: The influence of the capacitance of 0.1 v% of liquid as a thin layer at one of the
plates as a function of the relative dielectric constant of the liquid with g; = 1.1. Note the rapid
saturation (compare with fig. 7).
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Figure 9: The changes of the relative dielectric constants as predicted by the Bruggeman
model and the statified model. For reference, the proportional relationship is also shown. LVF
=0.1%, &=1.1.
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Figure 10: Enlargement of the changes of the relative dielectric constants as predicted by the
Bruggeman model and the statified model. For reference, the proportional relationship is also
shown. LVF = 0.1%, & = 1.1. Note that for small values of g the change is proportional to the
relative dielectric constant of the liquid.
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Figure 11: The contribution to & for a fixed LVF of 0.1% as a function of the relative dielectric
constant of the liquid using the Bruggeman model. The & of the gas is 1.1
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Figure 12: The contribution to & for a fixed LVF of 0.1% as a function of the relative dielectric
constant of the liquid using the Bruggeman model. The & of the gas is 1.1. Note the
deviations from a linear response of the effect.
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Figure 13: The contribution to & for a fixed LVF of 0.1% as a function of the relative dielectric
constant of the liquid using the Bruggeman model. The & of the gas is 1.1. Note the
saturation of the effect.
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Figure 14: The contribution of the gas, condensate and liquid water to the & of the mixture.
(expressed as 10° . (- 1))
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Figure 15: The contribution of the gas, condensate and liquid water to the & of the mixture.
(expressed as 10° . (& - 1)). Note the logarithmic scale on the vertical axis.
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