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Abstract: Accurate measurement of water area phase fraction is one of key factors for precise measuring of wet 
gas flow rate. As variation in water salinity affects water area phase fraction measurement, therefore for having 
accurate water area phase fraction measurement, it is required to measure water salinity and take that into 
account in water area phase fraction measurement. In this paper, various methods for measuring water salinity in 
wet gas fluid are reviewed. Then the methodology for considering measured water salinity in water area phase 
fraction measurement is explained. Since accurate measurement of water area phase fraction is necessary for 
having precise wet gas flow rate measurement, therefore by considering water salinity in water area phase 
fraction measurement, the overall accuracy of wet gas measurement increases. In addition, knowing water 
salinity is very valuable in wet gas flow measurement as water breakthrough can be sensed using the measured 
salinity. Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Salinity measurement, Wet gas flow meter, Microwave sensor, Water area phase fraction, 
Permittivity. 
 
 
 
1. Introduction 
 

The gas extracted from gas wells has typically 
some liquid. This liquid could be a hydrocarbon 
based material (called condensate) or can be water. 
Normally there is some water vapor in the gas 
extracted from gas reservoir. Typically, the pressure 
and temperature of the extracted gas declines when it 
comes to the surface level (or sea bed in case of sub-
sea equipments). Due to this decline in the pressure 
and temperature, some part of the water vapor 
changes to water in liquid form [1]. This is due to the 
fact that by decrease in pressure and temperature of 
the gas, the amount of the water vapor that can be 

solved in the gas decreases. Therefore some part of 
the water vapor turns into water in liquid form. This 
water which is produced from changing water vapor 
to liquid phase is called condensed water [2]. 
Condensed water travels with the gas in the form of 
water droplets and annular flow [3]. In annular flow, 
some part of the water travels along the pipe wall (in 
addition to water droplets which travel with the gas). 

In addition to condensed water, there is another 
source of water which may be expected in wet gas 
extracted from gas well. This water is called 
formation water. In most of the gas reservoirs, there 
is a water section below the gas section (gas cone). 
Normally gas is located at the top section of reservoir 
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while water located at the bottom section of gas 
reservoir. When the gas wells are drilled, some holes 
are created between the well and the gas section of 
the reservoir (called perforation). By extracting of 
gas from gas reservoir, the pressure of the gas in the 
reservoir decreases and the same causes that the 
water level goes higher. Then there is a probability 
that the water level reaches the perforation (where the 
gas is supposed to be extracted). In this case, some 
water is extracted with the gas. The characteristic of 
formation water is that it has a lot of ions solved in 
the water. Production of formation water from gas 
well is causing several problems. For example, since 
there are a lot of ions (e.g. Na+, K+, Ca++, Mg++, Cl-, 
SO4--) in formation water [4], production of the 
formation water causing corrosion in the pipes as 
these ions can chemically interact with the pipe 
molecules and this interaction introduces corrosion in 
the pipe [5]. In order to avoid this, typically corrosion 
inhibitors injected in the gas pipelines but corrosion 
inhibitor is an expensive material and therefore 
producing formation water requires using this 
expensive corrosion inhibitor to protect the pipe  
from corrosion. 

In addition to corrosion, producing formation 
water has other side effects such as hydrate and 
scaling. When the water content of wet gas is high 
(e.g. formation water is produced) and also if 
pressure and temperature of the gas falls to certain 
degrees, water molecules form a crystal structure in 
the pipe. This crystallized water is called hydrate and 
the same may cause reduction of pipe cross section 
and even pipe blockage. The same create serious 
problem as it reduces or even prevents production of 
gas from gas wells [6]. The other affect of producing 
formation water is scaling. In scaling, the ions in the 
formation water deposit in the pipeline. This scaling 
will also cause reduction of gas production. Scaling 
may also increase the cost of gas production as there 
is more pressure drop in the pipeline due to reduced 
cross section and therefore more energy is required 
for compressing and transferring the gas in the  
pipe [7].  

Although there are various ions (salt) in the 
formation water, but Sodium Chloride (NaCl) is 
predominant salt in formation water [8]. Salinity is 
mostly specified as the ratio of salt (e.g. NaCl) 
weight to the water solution weight and is typically 
indicated in ppm (part per million) unit. As formation 
water has a lot of dissolved ions comparing to 
condensed water, therefore by measuring water 
salinity, the production of formation water (which is 
often called water breakthrough) can be identify. 
Understanding water breakthrough will help the 
operators to take necessary action to reduce its side 
effects such as corrosion, hydrate and scaling. 
Therefore measuring water salinity is a promising 
feature of any wet gas flow metering solution. 
Measuring water salinity can also be used to 
accurately measure water area phase fraction (ratio of 
the area occupied by water to the pipe cross  
section area). 

Water area phase fraction is typically measured 
using microwave sensors [9]. Water area phase 
fraction is used to identify water flow rate in wet gas 
fluid. As mentioned before, except water, there could 
be some hydrocarbon-based liquid in wet gas fluid. 
This hydrocarbon based liquid is called condensate. 
Condensate consists of heavier hydrocarbon 
molecules present in wet gas fluid. As the pressure 
and temperature of the wet gas declines when it 
comes from gas reservoir to surface level (or sea bed 
in case of subsea structure), the heavier molecules of 
wet gas change their phase from gas to liquid 
(condensed) and therefore condensate is created. 
Condensate flow rate is typically measured using 
PVT algorithm. PVT algorithm uses the fluid 
composition and actual pressure and temperature of 
the fluid to identify the ratio between gas and 
condensate. Then the liquid flow rate which is 
derived by adding water flow rate and condensate 
flow rate can be used to correct the gas reading 
obtained from primary element (e.g. Venturi) in wet 
gas flow meters.  

The reason for using microwave sensors in water 
area phase fraction measurement is that the 
propagation of microwave depends on the 
permittivity of the media. As the permittivity of the 
water is much higher than permittivity of the gas and 
condensate, therefore microware sensors are very 
sensitive to water in wet gas fluid. As water salinity 
affects the water permittivity and since microwave 
sensors are sensing the permittivity of the wet gas 
fluid and correlate the same to water area phase 
fraction, therefore variation of water salinity changes 
the measured water area phase fraction. Therefore by 
measuring the water salinity and considering water 
salinity in water area phase fraction calculation, 
uncertainty in water area phase fraction measurement 
due to changes in water salinity is minimized. 

Finally, measuring salinity has other advantage in 
wet gas flow measuring application [10]. Since 
salinity variation causes changes in water density, 
therefore by knowing water salinity, water density 
can be estimated more correctly. Since density of the 
water is used in wet gas flow measurement, therefore 
knowing water salinity will help to have better 
measurement of wet gas flow rate.  

In the following sections on this paper, first 
various methods for measuring water salinity in wet 
gas application is reviewed. Then the methodology 
for considering the measured water salinity for 
accurate estimation of the water area phase fraction is 
investigated. Finally the conclusion and references 
are added. 
 
 
2. Various Methods for Measuring Water 

Salinity in Wet Gas Application 
 

To measure salinity of water in wet gas 
application, typically microwave sensors are used. 
The idea behind using microwave sensor for salinity 
measurement is that propagation of microwave 
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signals in wet gas fluid depends on the permittivity of 
the wet gas. In this section, available methods for 
measuring water salinity using microwave sensors 
are reviewed. There are other methods available for 
measuring salinity using gamma ray [11] or X-ray 
[12] scattering. In this paper, the focus will be on 
measuring water salinity using microwave sensors. 
The reason for this focus is that using gamma ray or 
X-ray scattering methods has some safety concerns. 
This is due to the fact that gamma ray and X-ray are 
some type of ionizing radiation and if any part of 
body is exposed to these radiations, there is a  
risk of biological effects on cells exposed to these 
radiations [13]. 

Since permittivity of water changes as a result of 
its salinity and since permittivity of water in much 
more than permittivity of gas and condensate in wet 
gas fluid, therefore permittivity of wet gas is affected 
as a result of changes in salinity of the its water 
phase. Since propagation of microwave signals are 
very dependent on the permittivity of the media (e.g. 
wet gas fluid in this application), therefore 
propagation of microwave signals are affected when 
the salinity of water varies in wet gas fluid. Here 
below, various methods for measuring salinity of the 
water in wet gas using microwave sensors  
are explained. 
 
 
2.1. Microwave Salinity Sensors which Sweep 

the Frequency 
 

In the first type of microwave salinity sensors, the 
trick behind salinity measurement is that the pattern 
of permittivity curve of the wet gas in various 
frequencies varies when salinity of the water portion 
is getting changed. Therefore these type of salinity 
sensors works based on the dependency of 
permittivity to frequency. In this type of microwave 
salinity sensors (at least) three different probes are 
placed flush mounted to the pipe wall where wet gas 
is passing through [14]. One of these probes works as 
microwave transmitter. Also the other two probes 
work as microwave receivers. The distance between 
each of these receivers and the transmitter probe is 
different. This means that the microwave signal 
should travel different distances to reach from 
transmitter probe to these two receiver probes and as 
a result, the received signals by two receiver probes 
have different phases. Then there is an electronic 
circuit which compares the signal received by these 
two receiver probes and identifies the phase 
difference between the signals from these probes. 
When salinity of water increases, the curve of phase 
difference versus frequency is get more flat (the slope 
of the curve of phase difference versus frequency is 
less when the salinity of the water is more).  

Another advantage of having two different 
receivers is that the dependency of measurement to 
various parameters such as gas composition, supply 
voltage variation, noises, etc. is reduced as these 
parameters have similar affects on the output of both 

receivers and therefore by comparing the phase 
difference between two receivers, these affects are 
minimized. The slope of phase difference curve in 
various frequencies is identified using suitable 
software and this slope is correlated to the salinity  
of water. 
 
 
2.2 Microwave Salinity Sensors which Work 

with Fixed Frequency 
 

In this type of microwave salinity sensors, the 
frequency of microwave signals is fixed. This type of 
sensors works based on dependency of both 
attenuation and phase of microwave signals to 
salinity. Again there is one transmitter probe and two 
receiver probes in this type of salinity sensors as 
shown in Fig. 1. 
 
 

 
 

Fig. 1. Microwave salinity sensor consists of one 
transmitting probe and two receiving probes  

mounted at pipe wall [15]. 
 
 

The distance between the transmitter probe and 
the receiver probes are different. The difference 
between attenuation of the microwave signals 
received by two receiver probes is shown by A . 

Also the phase difference between the signals 
received by two receiver probes is shown by  . 

Both A and   depend on the water area phase 

fraction and salinity of water. Therefore by having 
both A  and  , both water area phase fraction 

and water salinity can be estimated.  
It should be noted that the water area phase 

fraction measured by this method is the water area 
phase fraction at the point near to the salinity sensor. 
So the same should not be considered as the water 
area phase fraction of the whole wet gas fluid (as in 
various cross section of pipe, the water area phase 
fraction may not be the same).  

Since there are two different parameters to be 
calculated (water area phase fraction and salinity) and 
as there are two measurements (phase difference and 
attenuation difference), therefore these two 
measurements shall give uncorrelated results. It is 
understood that uncorrelated results can be obtained 
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only if the frequency of the microwave signal is 
bigger than about 2 GHz. In such high frequencies, 
the attenuation of microwave signals is very high. 
Therefore in order to have measurable received 
signal, the transmitter and receiver probes should be 
placed near to each other. 
 
 
2.3 Microwave Salinity Sensors which Work 

Based on Q Factor 
 

In this type of microwave sensors, microwave 
circuit will make a resonance circuit. Then the Q  

factor of this resonance circuit is measured. Q  factor 

equals to the ratio of resonance frequency to the 
bandwidth of resonance circuit. In Fig. 2, the typical 
curve of energy level of a resonance circuit versus the 
frequency is depicted. The bandwidth of the 
resonance circuit (ΔF) is the frequency band where 
the energy of resonance circuit is more than  
half of the peak energy level (which occurs at 
resonance frequency). 
 
 

 
 

Fig. 2. The curve of energy versus frequency in a typical 
microwave resonance circuit. 

 
 

Q  factor extracted from microwave sensor 

depends on the Q  factor of different material in the 

microwave circuit. The same can be mentioned as per 
the following relation [16, 17]: 
 
 

dmextl QQQQ

1111
  (1) 

 

where lQ is the measured Q factor, extQ  is the Q  

factor of the electronic circuit, mQ is the Q  factor of 

metal and dQ is Q  factor of wet gas fluid. 

Q  factor of the metal ( mQ ) is a function of 

metal temperature and frequency. Also extQ is a 

function of frequency. For both these Q  factors, 

proper model can be obtained. Therefore the Q  

factor of circuit and metal can be estimated. As a 

result, dQ can be estimated by measuring lQ and 

using equation (1). 
The relationship between the Q  factor of wet gas 

fluid ( dQ ) and the salinity is not linear. First when 

the water is not saline, by increasing the salinity in 

wet gas fluid dQ starts to decreases. By further 

increase of salinity, dQ is saturated (does not change 

as response to increase in salinity). Finally, 

dQ increases as a result of increasing the salinity. For 

salinity measurement, the first portion of curve where 

dQ decreases with increasing salinity is used. This 

region can be used only when the salinity of water is 
low. Therefore this measurement method is mostly 
suitable for lower salinity ranges. For example this 
method is used for identifying the appearance of 
formation water in the wet gas fluid. 
 
 
3. Methodology for Improving Water 

Area Phase Fraction Measurement 
using Water Salinity Information 

 
In this section, the methodology for using the 

measured water salinity in accurate measurement of 
water area phase fraction in wet gas fluid will be 
discussed. Typically there is a water area phase 
fraction sensor in wet gas flow meters by which the 
percentage of water to total fluid is identified in cross 
section of the pipe. Since water area phase fraction 
measurement is used for measuring water flow rate 
and also the accuracy of water area phase fraction 
measurement finally affects accuracy of gas flow rate 
measurement, therefore accurate measurement of 
water area phase fraction is crucial in wet gas flow 
measurement application. 

To improve accuracy of water area phase fraction, 
first it is explained how microwave resonance sensors 
are used to measure water area phase fraction in wet 
gas application. It is shown that water area phase 
fraction microwave sensors need the permittivity of 
water and hydrocarbon phases in order to be able to 
estimate water area phase fraction. As explained, the 
permittivity of water depends on water salinity. 
Therefore, in order to improve accuracy of water area 
phase fraction measurement, the methodology for 
considering water salinity in calculating water 
permittivity is elaborated. Also the method to 
measure permittivity of hydrocarbon (i.e. 
gas/condensate) in wet gas fluid is explained. Then 
by knowing permittivity of water and hydrocarbon, 
water area phase fraction can be estimated accurately 
using microwave resonance sensor. By taking salinity 
of the water into account, the permittivity of water is 
estimated accurately and therefore water area phase 
fraction measurement will be more immune to 
changes in water salinity. 



Sensors & Transducers, Vol. 162 , Issue 1, January 2014, pp. 208-214 

 212

3.1. Using Microwave Resonance Sensor  
for Water Area Phase Fraction 
Measurement 

 
For measuring water area phase fraction using 

microwave sensors, microwave circuit forms a 
resonance system in which wet gas fluid is part of the 
system. In the microwave resonance system, the 
microwave signal travels between two reflecting 
surfaces and the same create a standing microwave 
resonance pattern [17]. Since propagation of 
microwave signal depends on permittivity of wet gas 
fluid, and since wet gas fluid is part of resonance 
circuit, therefore when permittivity of wet gas fluid 
changes, resonance frequency of the resonance circuit 
also varies. Effective permittivity of wet gas fluid can 
be predicted from the frequency of resonance circuit 
using following relation [9]: 
 

2

0
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effmix f

f
  (2) 

 

where effmix
 
is effective permittivity of wet gas 

fluid, rf  is resonance frequency when wet gas fluid 

is present, 0rf  
is resonance frequency in case of 

vacuum. 
Effective permittivity of the wet gas fluid is 

dependent on the effective permittivity of the 
components in wet gas fluid namely condensate, gas 
and water. Since effective permittivity of water is 
much higher than effective permittivity of 
gas/condensate, therefore effective permittivity of 
wet gas fluid is a good identifier of water in wet gas 
fluid. Bruggeman formula is used to estimate the 
water area phase fraction of wet gas fluid from the 
effective permittivity of the wet gas as follow [9]. In 
this relation, it is assumed that gas has taken the most 
portion of the fluid and therefore the gas is 
continuous phase in wet gas fluid and the water is the 
dispersed phase [18]. This assumption is true for wet 
gas as typically more than 90 % of the wet gas is 
made from gas. 
 

3
1

1 























effmix

effh

effheffw

effmixeffw
w 





  (3) 

 

In above formula, w  
is the water area phase 

fraction, effw is effective permittivity of water 

phase, 
effmix  

is effective permittivity of wet gas 

fluid obtained from equation (2). effh
 
is effective 

permittivity of gas/condensate mixture. Effective 
permittivity of gas/ condensate mixture can again be 
estimated using Bruggeman formula and by knowing 

the effective permittivity of the gas ( effg ), 

effective permittivity of the condensate ( effc ) and 

ratio between gas and condensate. In this case also, it 
is assumed that the gas is the main component of 
gas/condensate mixture. The same is further 
explained in section 3.3 of this paper. Now in order 
to estimate water volume fraction, effw , effg  

and effc  need to be determined. effmix is already 

obtained from relation (2). 
 
 
3.2 Estimating Water Permittivity Based  

on Water Salinity 
 

As explained before, effective permittivity of the 

water ( effw ) depends on water salinity. So the 

salinity obtained from salinity sensors are used to 
estimate effective permittivity of water. In order to 
estimate effective permittivity of the water as a 
function of salinity, Deybe formula is introduced. 
Deybe formula models the complex permittivity of 
water as a function of frequency as follow [19]: 
 

f
i

fi
iK ww *

0

0'

221 



 




 
 (4) 

 

K is complex permittivity of water, w is real part of 

water permittivity, '
w is imaginary part of water 

permittivity, 0  
is static permittivity of water,   

is high frequency permittivity of water,   is 

relaxation time,
*
0  is permittivity of free space  

(8.854 × 10-12 F/m),   is conductivity of the 

medium and f is microwave frequency.  

Also effective permittivity of water can be 
calculated as follow: 
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w and '
w are obtained from equation (4). In 

equation (4),   is not changing with water 

temperature and water salinity ( 9.4 ) while 0  
and   depend on water temperature and water 
salinity. In order to define this dependency, first 
dependency of these parameters to temperature and 
normality is formulated. Normality is the 
multiplication of molarity of NaCl in saline water and 
the equivalent active No. Afterward the relation 
between salinity of water and normality  
is introduced. 
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Following relations define dependency of 0 and 

 to temperature and normality [19]. 
 

     NaTNT  0,, 00   

     TNbTNT ,0,,    
(6) 

 

T  is water temperature in Deg C and N  is 

normality of saline water.  Na  and  TNb , which 

defines dependency of static permittivity and 
relaxation time to water normality can be estimated 
as follow [19]: 

 
  2210151.52551.0000.1 NNNa    

             3310889.6 N  
  NNTTNb 04896.0000.1101463.0, 2  

               332 10644.502967.0 NN 

(7) 

 
 0,0 T  

is static permittivity of pure water at 

temperatureT . It can be estimated as follow [19]: 
 

  TT 0008.474.870,0   
3624 10410.110398.9 TT    

(8) 

 
Also  0,T  is relaxation time of pure water at 

temperature T  [19]: 
 

   TT 1210 10824.3101109.1
2

1
0,  




 316214 10096.510938.6
2
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(9) 

 
Finally normality of water can be defined as a 

function of water salinity. Here salinity is defined as 
weight percentage of NaCl to the saline water and is 
mentioned in the unit of part per thousand (ppt). 
Normality can be estimated from normality as  
follow [19]: 
 

 2952 10058.410205.110707.1 SSSN    

(10) 
 
So if the salinity of the water is measured using 

one of the methods mentioned in section 2, then 
normality of the saline water is estimated using 
equation (10). Then relaxation time and static 
dielectric constant can be computed using relations 
(6) to (9). Afterward, water permittivity at the 
frequency of microwave signal can be estimated 
using relation (5). Then using Bruggeman formula 
(relation (3)) and by measuring wet gas permittivity 
using relation (2), water area phase fraction can be 
computed. Since in this form of water area phase 
fraction measurement, the affect of water salinity on 
water permittivity is considered, therefore the water 
area phase fraction measurement is not affected by 
variation in water salinity. 

3.3. Estimating Permittivity of Gas  
and Condensate 

 
Effective permittivity of gas and condensate can 

be estimated using following formula [20]: 
 





C



2

1
 (11) 

 

In this relation, is the effective permittivity of 
gas or condensate.  is the density of gas or 

condensate and C is molar polarizability of gas or 
condensate [20]. Since in wet gas fluid, gas is a 
compressible fluid, therefore density of the gas (  ) 

is highly dependent on the gas temperature and gas 
pressure. In some type of wet gas flow meters, there 
is a densitometer which measure wet gas density. The 
measurement obtained from gas densitometer and the 
knowledge of water and condensate fractions can be 
used to estimate gas density. In case density is not 
measured, then it can be estimated by knowing the 
pressure, temperature and composition of the gas. 
There are various methods to measure the density of 
the gas using the gas pressure, temperature and 
composition such as those methods specified in  
[21, 22]. 

In order to estimate permittivity of gas/condensate 
mixture, volume fraction of gas in gas/condensate 
mixture is needed. By knowing this volume fraction, 
effective permittivity of gas/condensate mixture can 
be computed using Bruggeman relation using relation 
(12). In this relation, it is assumed that gas is the 
continuous phase in gas/condensate mixture. This 
assumption is correct in case of wet gas fluid as more 
than 90 % of the fluid is gas in wet gas application. 
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effh is effective permittivity of gas/condensate 

mixture and effg  and effc  are effective 

permittivity of gas and condensate which can be 

computed using relation (11). c is the volume 

fraction of condensate in gas/condensate mixture and 
can be estimated using PVT algorithms [9, 23]. These 
PVT algorithms are considering composition of the 
gas/condensate and also operating pressure and 
temperature of the mixture as input and calculate the 
equilibrium point between the gas and liquid phase.  
 
 

4. Results and Discussion 
 

In this paper, first various methods for measuring 
salinity of the water in wet gas application is 
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reviewed. Afterward methodology for considering 
water salinity to estimate water permittivity is 
elaborated. Then this water permittivity is used to 
measure water area phase fraction using microwave 
sensors. Using this methodology, the uncertainty of 
water area phase fraction measurement due to 
variation in water salinity is reduced. Since the water 
available extracted from gas well can be either non-
saline condensed water or saline formation water and 
also since the ratio of condense water to formation 
water varies in different gas wells, therefore variation 
is water salinity is very common in wet gas extracted 
from gas wells. Since water area phase fraction is one 
of the parameters used in wet gas flow measurement, 
therefore improving the accuracy of water area phase 
fraction measurement by considering water salinity 
reduces uncertainty of wet gas flow measurement. 
 
 
5. Conclusion 
 

In this paper, first various methods to measure 
water salinity are reviewed and then by introducing 
the method to consider water salinity in water area 
phase fraction measurement, the uncertainty created 
from salinity variation in water area phase fraction 
measurement is minimized. 
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