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Microwave NDT for in situ monitoring of fresh/saline water
fraction in natural gas flow
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ABSTRACT
This paper proposes a microwave non-destructive testing (NDT) method
to detect and estimate the volume fraction of fresh or saline water in
natural gas pipelines. The gas pipe is modelled as a waveguide that is
filled with gas and different quantities of static liquid water placed at the
bottom of the pipe. A transceiver antenna is inserted into the pipe and
the return loss is measured over a broad spectrum. It is observed that the
increase in the water fraction will cause a downward shift in the resonant
frequency of S11. HFSS software was used to simulate the wave char-
acteristics for different water volume fractions (WVFs) inside the pipe and
the experimental data showed that a water fraction as low as 0.2% can
be quantified. The presence of saline water as opposed to fresh water
causes a decrease in |S11| especially for larger than 0.4% WVFs. A curve
fitting formula was developed to estimate the quantity of water from |
S11| for both fresh and saline water.
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1. Introduction

Water, oil, and natural gas exist naturally together in oil wells. Water is also injected into the oil well
to push gas out. Some of this water may therefore leak into the pipes that transport gas from one
place to the other causing these pipes to corrode. An estimate of the amount of water (either fresh
or saline) that leaks into the gas pipe therefore becomes a must in order to enhance the quality
aspects of production, and optimise the process for both operation and transportation.

Various techniques have been developed to detect the presence of fresh or saline water in the
pipes, such as, electromagnetic (EM) waves (D’Ambrosio, Massa, Migliore, Ciliberto, & Sabatino,
1992; Shibata, Hashizume, Kitajima, & Ogura, 2005; Zhu, Tian, Lu, & Zhang, 2011; Zoughi, 1989), ion
chromatography (Kadnar, 1999; Tomic & Nasipak, 2012), ionic conductivity measurement (Gray,
2006; Persson & Haridy, 2003), ion-selective electrodes (Koryta, 1984; Zhang, 1978), X-ray fluores-
cence spectrometry (XRF) (Van Grieken & Marcowicz, 2001), ultraviolet absorption spectroscopy
(UVAS) (O’Connor, 1955; Zawadzki, Shrestha, & He, 2007), Raman spectroscopy (Somekawa et al.,
2013), and mass spectroscopy (Pavlova & Papazova, 2003). The major limitation with all these
techniques, except XRF, is that measurements have to be conducted offline. Also, these techniques
most often require bulky and delicate equipment which make them hard to implement in gas
production field. In 2010, a conductance sensor was used by Li, Dang, Zhao, Yin, and Fan (2010) to
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quantify the water fraction in oil–gas–water three-phase flows. However, the measurements
resolution was not reported and the system was quite intrusive to the pipeline. Uleh (2011)
proposed a method to identify the two phases; water and gas. However, this method did not
quantify the amount of each phase. It was based on a combination of particle recognition and the
use of laser imaging technology in the form of particle imaging velocimetry (PIV).

In situ monitoring with microwave non-destructive testing (NDT), however, offers a solution to
this problem. Hogan, Al-Shamma’a, and Lucas (2000), Al-Kizwini, Wylie, Al-Khafaji, and Al-Shamma’a
(2013), Al-Hajeri, Wylie, Stuart, and Al-Shamma’a (2007), and Al-Kizwini, Wylie, Al-Khafaji, and Al-
Shamma’a (2006) performed real-time measurements of oil, gas, and water contents inside a pipe
using an EM wave sensor. This sensor was in the form of metallic cavity encompassing the gas pipe
and containing a transmitting and receiving antenna that are external to the pipe. The EM waves
emanating from the transmitting antenna will penetrate the pipe and will sense the material
composition inside the pipe. Although this method was able to quantify the amounts of oil, gas,
and water in the pipe, it was only restricted to non-metallic pipes only like Polyvinyl chloride (PVC)
pipes, as metallic (steel) pipes will not allow the EM waves to penetrate inside the gas pipe. In
addition, this method was only tested for large water volume fractions (WVFs) (>10%). We believe
this method may not be sensitive to small variations in the material composition inside the pipe
because the part of the cavity outside the pipe is completely filled with water (εr = 80) to lower the
operating frequency range to an acceptable range. For this reason, small variation in water content
inside the pipe may be obscured.

To quantify the amount of water leaked into gas pipes, Enshasy, Omar, Cheng, and Alnuweiri
(2013) inserted two antennas into the gas pipe one through each of the two holes that are
normally used for temperature and pressure measurements. Then, the S-parameters (|S11|and |
S21|) measurements were used to estimate the amount of water leaked into the pipe. However,
Enshasy et al. (2013) focused only on fresh water (with no salinity). They also did not inspect the
ability of the method to quantify small traces of water (<10%) which is usually the case in practical
situations. This is in addition to not providing a usable formula or equation that can estimate the
water fraction inside the pipe from the S-parameter measurements.

This paper presents a microwave NDT technique used to do in situ monitoring of the fraction of
water in natural gas pipelines with very little modification to the production pipelines. The water
may be fresh or saline (sea water). In our proposed configuration, shown in Figure 1, an antenna is
inserted into the gas pipe through one of the two holes that are commonly reserved for tempera-
ture and pressure sensing. Thus, our method requires no modification of existing equipment. This
antenna works as a transceiver. A broadband microwave signal is injected into the pipeline and the
reflected signal is measured. Natural gas, which consists mainly of methane with a little bit of
ethane and butane, has dielectric properties that are very close to those for air (εr~1, σ = 0)
(Schmidt & Moldover, 2003). The dielectric constants of water and gas at 20°C are about 80 and 1,
respectively, so the presence of water, due to its high dielectric constant as compared to gas, will

Figure 1. Set-up configuration: an antenna is inserted into the gas pipe through a reserved hole.
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significantly affect the microwave signal. The salinity of water will contribute conductivity
(σ ~ 4.3 S/m), leading to more ohmic loss (or power dissipation) of the radio frequency signal
propagating inside the waveguide as the power dissipated in a wave is proportional to the
conductivity σ and the square of the electric field (Pozar, 2011). From the |S11| (reflection coeffi-
cient), the water fraction (fresh or saline) can be determined. In this work, as in common practice in
the industry, the water content is represented by WVF, i.e. the percentage of volume inside the
pipe that is occupied by water. A simple curve fitting formula was developed to estimate the %WVF
from the |S11| measurement. Throughout this paper, water will be assumed to be in liquid phase,
static, and placed at the bottom of the pipe (see Figure 1) and has varying height h according to
the %WVF. In future work, water will be assumed in the form of liquid droplets randomly scattered
throughout the pipe and the effect of the interfacial polarisation phenomena will be examined
(Tsangaris, Psarras, & Koulombi, 1998).

2. Theory

The presence of water leakage inside a waveguide will perturb the dielectric constant and
conductivity of the medium inside the guide thus affecting the reflection of EM waves radiated
from the transmitting antenna. That is why EM waves can be used for detection and/or prediction
of the amount of water leakage in gas pipes.

In this work, an EM wave is launched into a 50 ohm coaxial cable which feeds a quarter-wave
monopole antenna whose centre band frequency is at 900 MHz, and has a length of 83.3 mm and a
diameter of 10 mm. The VSWR = 2 bandwidth of this antenna is about 87 MHz, and its maximum
gain is about 4.9 dBi in the direction of broadside. The antenna is inserted into the cylindrical gas
pipe, whose radius is 105 mm, through a hole in the wall of the pipe that is naturally reserved for
temperature or pressure measurements.

The antenna behaves as a load to the coaxial line with impedance that is affected by the type of
material inside the gas pipe, or equivalently by the dielectric constant εr and the conductivity σ of
the material inside the pipe. A network analyser is used to measure the magnitude of the reflection
coefficient (S11).

Our industrial partners (RasGas in Qatar) have suggested inserting the antenna through one of
the two common openings in well heads, where pressure and temperature gauges are normally
mounted. The antenna is not expected to significantly obstruct the flow of gas inside the pipe by
virtue of the antenna’s small diameter which is only about 5% of the pipe diameter. Also, the
copper antennas are expected to survive the excess heat in the gas pipe due to the high melting
temperature of copper which is about 1981°F. Moreover, EM radiation inside the pipe will have low
power so it is not expected to cause hazardous health effects.

The feed antenna excites cylindrical waveguide modes inside the pipe some of which may
be propagating and some evanescent. If the operating frequency of the EM wave is higher than
the cut-off frequency of a particular cylindrical waveguide mode, then that mode will propa-
gate. Otherwise, it will attenuate and be considered an evanescent mode. In general, the
dominant mode, which has the lowest cut-off frequency, inside a cylindrical waveguide filled
with a homogeneous dielectric is the TE11 mode, whose cut-off frequency is given by (Pozar,
2011):

fc;TE11 ¼ 0:293c
a

ffiffiffiffi

εr
p ; (1)

where c is the speed of light in air, a is the radius of the cylinder, and εr is the dielectric constant of
the material in the cylinder assuming it to be homogeneous. The first higher-order mode inside a
homogenously filled cylindrical waveguide is the TM01 mode whose cut-off frequency is given by
(Pozar, 2011):
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fc;TM01 ¼ 0:383c
a

ffiffiffiffi

εr
p : (2)

So, for single-mode operation inside a homogeneously filled guide, the operating frequency
should be between the two cut-off frequencies given in Equations (1) and (2). The formulas in (1)
ad (2) are well-known formulas that have been derived using general waveguide theory assuming
perfectly conducting waveguide wall (Pozar, 2011). However, in all the numerical simulations
conducted in this paper, the waveguide wall was assumed to be made of stainless steel to
resemble the actual condition. The waveguide cut-off frequencies obtained using HFSS (ANSYS
Corporation, 2010) for a stainless steel pipe were found to be almost the same as those calculated
from Equations (1) and (2) (for perfectly conducting wall) with less than 1% difference for practical
pipe diameters used in the gas industry. This means, we can use Equations (1) and (2) to find the
cut-off frequencies of the dominant and first higher order modes in the stainless steel pipe.

This paper mainly concentrates on the case of WVF ≤ 1, while the case of larger WVF ≥ 10% was
studied by Enshasy et al. (2013). Since the fraction of water leaked into the gas pipe is small, the
operating frequency range is chosen based on the case of gas-only-filled pipe (without water).
Consequently, the frequency range is chosen so that the wave energy will flow in single mode
inside the pipe (whose radius is 105 mm) if it is filled with gas (or air) only. By using the formulae in
Equations (1) and (2), and assuming gas-filled guide (εr ~ 1, σ = 0), the cut-off frequency of the
dominant TE11 mode is found to be 837 MHz, while the cut-off frequency of the first higher-order
mode (TM01) is 1093 MHz. So, to ensure single-mode operation for the gas (or air)-filled guide
(εr = 1), the operating frequency should be between 837 and 1093 MHz. Therefore, we chose the
frequency range 850–1080 MHz. More modes may propagate inside the guide in this frequency
range if water is leaked into the gas pipe since the addition of water will result in a reduction of the
cut-off frequencies of the modes in the pipe which will depend on the fraction of water leaked into
the pipe. Numerical simulations using HFSS of the propagation constant of the different modes
inside the guide have shown that for WVF >2%, higher order modes start to propagate inside the
guide for frequencies ≥900 MHz.

In general, it is not advisable to operate the antenna at a frequency lower than the cut-off
frequency of the TE11 mode because at this frequency, this mode will be strongly evanescent and
will not be able to sense small variations in the WVF of water. This argument was verified by
simulations conducted on the pipe when the antenna was operating at 700 MHz. For best
sensitivity, it is advisable to operate the antenna at a frequency that is slightly higher than the
cut-off frequency of the TE11 (say between 837 and 900 MHz). In this case, the TE11 mode will
propagate and the next higher order mode (TM01), even if it may propagate due to the presence of
water, will be weak and hence will not affect the sensitivity of the quantification method.

It is important to point out that the pipe in this work was assumed to be very long (i.e. no cavity
and hence no front- and backside reflections) as in the real situation. The cavity may cause spurious
resonances due to the reflections from the front- and backsides. These resonances may obscure the
actual resonance caused by the loaded antenna and hence reduce accuracy.

3. Simulation and measurement set-ups

For the frequency range identified above, simulations and measurements were carried out to find
the |S11| of the system for the following two different filling materials: (1) gas (or air)-filled guide
containing different quantities of fresh water; (2) gas (or air)-filled guide containing different
quantities of saline (sea) water.

The dielectric properties of saline water are affected by the saline water concentration, defined
as the number of grams of salt per 1 L (or kilogram) of saline water in unit of parts per thousand
(ppt). If the saline water concentration is increased, the relative permittivity of water will decrease
while its loss factor will increase at the same time (Stogryn, 1971). Although this concentration
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varies between different places on earth, the vast majority of seawater has a salinity of between
3.1% and 3.8%. Therefore, in all the simulations of this work, we chose the saline water concentra-
tion to be 30 ppt at 20°C. Moreover, the increase in frequency reduces the real permittivity as well
as the loss factor.

To account for the above, the Stogryn’s formula (Stogryn, 1971) was used in this paper to
calculate the complex permittivity of fresh and saline water. For the range of frequencies used in
this paper and for saline water concentration of 30 ppt at 20°C, the Stogryn’s formula produced the
following water dielectric properties which were used in the finite element simulator HFSS: For
fresh water, εr = 79.9 and σ = 0.188 S/m. For saline water, εr = 70.3 and σ = 4.33 S/m. It is to be
noted that although the Stogryn’s formula predicts some variation in the dielectric properties of
water (εr, σ) with frequency, this variation is small over the operating frequency range 850–
1080 MHz (Stogryn, 1971). So in HFSS, we defined a new material whose dielectric properties
were the average values of the dielectric properties (εr, σ) that were calculated from Stogryn’s
formula over this frequency range. It would have been possible though to run HFSS one frequency
at a time and enter the values of the dielectric properties of water obtained from Stogryn’s formula
for each frequency, but that would have been a tedious process which we found unnecessary due
to the small dispersion in the dielectric properties of water over our frequency range.

An experimental prototype was built to validate the design and simulation results. Figure 2
shows the experimental set-up where a 21-cm diameter stainless steel pipe with two holes, 40 cm
apart, is used. The two holes of about 0.65 in diameters are set to mimic existing holes in
operational field pipes so a minimum amount of intervention will occur when the microwave
sensor is implemented. The pipe is made of stainless steel which is 3 mm thick. The HFSS model of
stainless steel was used in the simulations (i.e. σ = 1,100,000 S/m, εr = 1, μr = 1). A quarter-

(a) (b) 

(c) 

Figure 2. Experimental set-up showing 21 cm diameter stainless steel pipe with one hole that is used for antenna inlet. (a)
Experimental set-up. (b) The pipe when gas-only-filled guide is tested, and (c) the pipe when gas–water-filled guide is tested.
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wavelength monopole antenna rated 860–960 MHz (with centre band at approximately 900 MHz)
was inserted into one of the two holes and used as a transceiver of the microwave power. The
other hole was left open to resemble the practical situation.

The microwave signal is generated by a BTS Master Vector Network Analyzer (Anritsu MT8222A).
The two ends of the pipe were sealed with microwave absorber so as to emulate infinitely long
pipelines. Standard open-short-load calibration kit was used to remove the effect of the connec-
tors. To measure the effect of changing WVF, the waveguide pipe was immersed in water
container, as shown in Figure 2(c). By controlling the depth of water in the container (i.e. changing
h in Figure 1), different WVF can be emulated. The return loss (|S11| in dB) was measured.

In the HFSS simulations, the gas pipe with the feed coax were embedded inside an outer air-
filled rectangular box that is λ/4 away from the pipe and has radiation-type boundary conditions,
where λ is the wavelength calculated at the lowest operating frequency in the range (i.e. at
850 MHz) (see Figure 3). The feed coax was excited by a lumped port and the solution type in
HFSS was chosen to be ‘Driven terminal Analysis’ to allow for grounding of the outer conductor of
the coaxial feed to simulate monopole antenna. The boundary condition on the outer conductor of
the coaxial line was chosen to be perfect E and it was grounded by proper choice of the terminals.
The surface of the pipe was chosen to be stainless steel. It is worth mentioning that we used the
larger box with radiation boundary conditions in the simulations to account for the radiation from
the second unused hole on the pipe surface (see Figure 3). The inner cylinder of the coax which
extends into the pipe to form the antenna was chosen as a solid copper cylinder. Figure 3 shows
the details of the model that was used in the HFSS simulations including the dimensions and
boundary conditions. It is worth mentioning that our method can be applied to non-metallic pipes
by varying the boundary conditions on the pipe wall in the simulations.

As a benchmark, we simulated the antenna in a gas (or air)-filled pipe (with no water). Figure 4
shows the simulated |S11| as a function of frequency in the frequency range (850–1080 MHz) of a
gas-only-filled pipe with no water. A resonant frequency dip in |S11| appears at 943 MHz. So, the
gas-filled pipe caused the centre frequency of the monopole antenna to shift from 900 to 943 MHz.
This is reasonable since the wavelength inside a waveguide is larger than that in free space, and
hence the effective antenna length in terms of wavelength inside a waveguide becomes smaller,
resulting in an upward shift of the antenna centre band (resonance) when placed inside the
waveguide. It is important to point out that the dip in Figure 4 is not due to a cavity resonance
as the waveguide is assumed infinitely long both in the simulations and the measurements.

Since the amount of water leaking into the gas pipe is generally expected to be small, therefore,
the aim here is to examine the effect of adding small amounts of fresh water into the pipe.
Consequently, the volume fraction (WVF) of fresh water inside the pipe was changed from 0% to
1%. Figure 5 shows the simulated |S11| for different WVF of fresh water. The figures clearly show a

Figure 3. The antenna model used in the HFSS simulations showing the boundary conditions and dimensions.
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downward shift in the resonant frequency as more fresh water is introduced into the pipe. This is to
be expected since the increase in WVF causes an increase in the effective dielectric constant inside
the guide and hence a reduction in the resonant frequency as shown in Figure 5.

To study the effect of water salinity on the detection scheme, small fractions of seawater were
added to the pipe (WVF also ranging from 0% to 1% in steps of 0.2%). As explained above, the
saline water concentration level will be taken as 30 ppt which yields a conductivity σ ≅ 4.33 S/m
which is an average value in the range of frequencies used in this paper. This value of σ for saline
water will be used in the simulations throughout this work. Figure 6 shows a comparison between
the simulated |S11| for the two cases of fresh water and saline water for different WVF. This figure
shows a downward shift in the resonant frequency as more seawater is introduced into the pipe. It
also shows that |S11| is slightly smaller for saline water than for fresh water. This is expected to be
caused by the increase in the ohmic losses or power dissipation inside the waveguide due to the
higher conductivity of saline water resulting in more signal attenuation and less reflection of the
wave in the pipe. Figure 6 shows that there is only a small shift in resonant frequency between
saline- and freshwaters curves for the same WVF which is approximately 1.2 MHz for WVF = 1%.
This shift is expected to become more noticeable for larger WVF and is caused by the change in εr
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between fresh and saline water (which is ~12%). The fact that this shift is small for WVF ≤1 prevents
us from using our method to distinguish between fresh and saline water for these water concen-
trations (WVF ≤ 1) for which we are concentrating on in this paper.

In all the previous simulations, the radius of the pipe a was assumed to be fixed at 10.5 cm.
However, in practical situations and depending on the application, the gas pipe radius may vary
quite considerably (e.g. between 0.76 and 12 cm). The technique suggested in this paper can
handle these situations. It is clear from Equations (1) and (2) that the cut-off frequencies of the TE11
and TM01 modes are inversely proportional to the pipe radius a. So, if the pipe radius is reduced by,
let us say, a factor x from 10.5 cm, then the antenna length must also be shortened by the same
factor x, while the frequency range must be multiplied by x to maintain almost the same |S11| at
the new scaled frequencies. This reasoning, however, is not totally accurate because we have to
take into consideration the change of dielectric properties (εr and σ) of fresh/saline water with
frequency. This will be further discussed in Section 4.

To further demonstrate the versatility of our method, |S11| in dB was obtained using HFSS for
saline water leaked into the pipe for WVF ≥ 1%, as shown in Figure 7. As expected, the resonant
frequencies decrease with increasing WVF. This figure also shows that there is a broadening of the
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S11 dip as more seawater is introduced into the pipe. This is expected since the increase in the
amount of seawater inside the pipe increases the ohmic losses in the guide and hence decreases
the Quality factor (Q) of the antenna and increases the frequency bandwidth (Pozar, 2011). This
effect is also noticeable in Figure 6, where the S11 dip is broader for saline water than that for fresh
water of the same WVF. Figure 7 also shows that the resonance dip is slowly disappearing as WVF
becomes >10%. This is because the antenna used in this experiment has a centre band frequency
at 900 MHz. The resonances for WVF >10% are expected to become more clear with a sharper dip if
another antenna was used that has a smaller centre band frequency (closer to 837 MHz) or same
centre band frequency but with wider bandwidth (about 200 MHz bandwidth). In case the
resonance dip falls lower than the operating frequency range, that was calculated from (1) and
(2), for large water concentrations (WVF > 10%), it will be better to find another operating
frequency range where only a single mode can propagate if the pipe is partially filled with water
(>10%) In this case, it will be difficult to find closed form formulae similar to (1) and (2). A good
alternative is to use HFSS in ‘eigenmode solver’ to find the cut-off frequencies of the dominant and
first higher order modes, f1 and f2, respectively, for the partially water-filled waveguide. These
frequencies will define the operating frequency range and centre frequency of the new antenna
that can be used if WVF > 10% for more distinct resonance dips and hence more accuracy of our
quantisation method.

Our emphasis in this paper was on the case of low WVF (≤1%) because we believe this is the
common practice in industry as water comes as a mist at low concentrations <5%. You may refer to
Enshasy et al. (2013) for more detailed study of the case of fresh water with WVF ≥ 5%.

4. Experimental results

Figure 8 shows the measured scattering parameter |S11| for gas (or air)-only-filled pipe as compared
with the simulations using HFSS. The figure shows 25 MHz difference of the resonant frequency
dips between simulation and measurement which represents about 2.5% difference. This is
expected for several reasons: (1) possible inaccuracy in the dielectric properties of water; (2) the
non-uniformity of the stainless steel pipe; (3) the reflections from the side walls and the support
which were not accounted for in the simulations; and (4) calibration errors. Figure 8 shows good
agreement in the behaviour of measured S11 as compared with the simulated one. A similar shift
between simulations and measurements was also detected when water was added to the pipe at
different fractions (WVF).
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The experimental results of Figure 9 for fresh water show a behaviour similar to that of the
simulation results of Figure 5 in the sense that an increase in the freshwater WVF from 0% to 1%
causes a downward shift in the resonant frequency. This verifies the correctness of our observations
concerning the ability to detect water concentration from the shift in the resonant frequency of
|S11|.

Another set of measurements was carried out for saline water (seawater). Figure 10 shows |S11|
versus frequency, as seawater WVF is increased inside the pipe from 0% to 1% in steps of 0.2%. This
behaviour is similar to that detected during the simulations and displayed in Figure 6.

To make practical use of our findings, Figure 11 shows the variation of resonant frequency shift
versus %WVF of fresh water obtained from the measured data of Figure 9. In calculating the
resonant frequency shift, the measured response for WVF = 0% (gas-only-filled pipe) was taken as
the zero frequency shift reference. To ensure reliability of our measurements, repeatability study
was done for air-filled waveguide pipe. The measured data showed stable measurements for S11.
When the pipeline is mostly filled with air with small amount of water – which is the case in our
work – the wave energy will propagate in a single mode through the waveguide pipe, hence
repeatable measurements can be achieved. An average of five measurements was done at different
times for S11 of the air-filled pipe. In each of these measurements, the system was initialised and a
calibration process of open, short, and through was maintained. The error was found to be within
statistical limits and can be thus considered reliable.
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The variation in the resonant frequency shift versus %WVF was curve fitted in the form of
straight line whose equation is given in Figure 11. This figure will allow us to estimate the %WVF
inside the pipe from the knowledge of the resonant frequency shift in the |S11| measurements and
from the pipe radius a. The curve fitting formula in Figure 11 may incur some error especially for
very small pipe radius. Our HFSS simulations of a pipe having radius = 7.6 mm (instead of 105 mm)
showed that the error in the frequency shift will not exceed 7% for saline water of WVF = 1%. This
is because for this radius, the operating frequency range will be between 11.6 and 15.1 GHz (see
Equations (1) and (2)) which causes a change in the dielectric properties of water. The error
decreases as the pipe radius approaches 105 mm. Therefore, it is advisable, if possible, before
doing the onsite measurements for any pipe size to take a short similar piece of the pipe to the
laboratory and run a frequency sweep to get a curve similar to that in Figure 11. This curve will
yield a more accurate curve fitting formula for the particular pipe radius used in the on-site.

The curve fitting formula in Figure 11 works well for fresh or saline water for %WVF between 0%
and 1%. This is evident from Figure 6 which shows that fresh water or saline water produce almost
the same frequency shift for a given %WVF. However, in general, the technique proposed in this
paper was only used to quantify the presence of fresh or saline water and not to distinguish
between them. This technique will be useful in avoiding corrosion by detecting if there is excess
water in the pipes. However, if corrosion were to occur, the technique is still expected to be able to
quantify the presence of water because the corrosion will only change the boundary conditions on
the waveguide walls and hence the linear fitting curve of Figure 11 may need to be revised. As
explained above, it is advisable to take a short segment of the same pipe which is clean with no
corrosion to the laboratory before starting the actual measurements to generate the fitting curve in
Figure 11. If the measured results on-site differ from Figure 11, then this may indicate possibility of
corrosion in the pipe.

In this paper, we assumed the seawater to have a fixed concentration of 30 ppt. In future work,
we plan to improve our technique to be able to detect not only WVF but also the salinity
concentration level.

5. Conclusions

In this work, we presented an in situ microwave NDT method to detect in real time and quantify
the presence of fresh or saline water in natural gas pipelines. Compared with other methods,
our technique requires no modification of existing equipment and monitors the whole cross
section of the flow. It is found to be superior over other methods since it allows for real-time

(Freq. Shift) =[ -8(%WVF) + 0.37](0.105/a)
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NDT detection measurements without using bulky equipment and the system is quite non-
intrusive to the pipeline compared with other methods. It also allows for the detection of very
small quantities of water. The pipeline was modelled as a waveguide that is filled with gas and
different fractions of static liquid water (fresh or saline). By measuring the magnitude of the
reflected microwave signal over a frequency band, the WVF can be estimated. The study here
focused on the practical case of WVF ≤ 1%. The case of larger WVF ≥ 5% was studied by
Enshasy et al. (2013). The increase in water fraction will result in a downward shift in the
antenna-operating frequency which can give accurate estimation of the pure/saline water
fraction inside. HFSS software was used to simulate the wave characteristics for various WVF
inside the pipe and the simulated and experimental data showed that a WVF as low as 0.2% can
be quantified. The simulated and experimental results are in good match which proves both the
correctness and accuracy of the proposed method. It is important to emphasise that in this
paper, the water was assumed to be static. In the near future, we plan to investigate the effect
of water flow on the proposed method.
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