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A B S T R A C T

Two-phase oil-water pipe flow is common in oil production. When transported water contacts pipeline walls, a
phenomenon known as water wetting, severe internal corrosion can occur. Water wetting can be avoided by
entrainment of the water phase into the oil phase. Consequently, it is of great interest to understand operating
conditions where this happens. Various experimental works have been performed to study water wetting in oil-
water pipe flow. In general, two-electrode DC conductance measurements have been used to detect water wetting.
Despite its implementation, application of this analytical setup is not straightforward; it requires extensive cali-
bration due to the effect of the electrochemical reactions occurring at electrode surfaces. Moreover, reliable
conductance measurements of the water phase are unobtainable. Proper estimation of important geometric
characteristics such as the thickness of water layers is not possible, either. In this work, high frequency impedance
measurements on a flush mounted two-electrode concentric probe are used in order to detect phase wetting re-
gimes in large-scale oil-water pipe flow, as well as to determine the water layer thickness associated with water
wetting. Formulae that correlate the resistance of sensed water layers with their actual thickness are described
and validated. Excellent results in terms of phase wetting detection are obtained and dynamic characterization of
the water layer thickness is also enabled.
1. Introduction

Two-phase flow of liquid hydrocarbons and water is commonly found
in pipelines associated with oil production facilities. In such cases, con-
tact between water and internal pipe wall can be a great concern, since it
can lead to serious corrosion problems when materials such as carbon
steel are used (Kermani and Morshed, 2003; Pots et al., 2006; Smith and
Joosten, 2006). This scenario is called water wetting (Cai et al., 2012;
Pots et al., 2006). It is considered that under regular production condi-
tions the hydrocarbon phase is not corrosive (Cai et al., 2012; Lotz et al.,
1991). Therefore, if the water phase is disrupted and entrained into the
turbulent oil phase flow, water wetting and internal corrosion risks can
be avoided. Laboratory tests to determine phase wetting regimes in two-
phase hydrocarbon-water pipe flow have been of great interest in
corrosion engineering. In particular, knowing which operating condi-
tions to select can minimize the risk of internal corrosion (Ayello et al.,
2008; Cai et al., 2012; Kee et al., 2016; Pots et al., 2006). In general, these
experimental efforts have been conducted using flow loops instrumented
with flush-mounted conductance probes (Cai et al., 2012; Kee et al.,
2016) and/or impedance probes (Valle, 2000).
2017; Accepted 27 July 2017
Ayello et al. (2008), Cai et al. (2012), and Kee et al. (2016). used
arrays of staggered small diameter two-electrode DC conductance probes,
flush-mounted in a carbon steel pipe, to capture phase wetting behavior
in two-phase oil-water flow. These two-electrode concentric conductance
probes are connected in series with a 1MΩ resistor and receive a constant
voltage excitation when operated. As water is significantly more
conductive than oil or air, particularly when it contains dissolved salts, it
is detected when it covers the probe contacts by comparing the voltage at
the node located between the probe and the 1 MΩ resistor with a cali-
brated voltage reference. One advantage of this instrumentation setup is
that a large number of staggered probes are used around and along the
circumference of the pipe. This helps to detect the water phase in case it
“snakes” around individual probes, which could lead to false readings.
Moreover, this setup has proved to be very convenient when assessing
phase wetting in three-phase oil-water-gas flow, in which water can be
present not only at the pipe bottom but also all around the pipe
circumference (Kee et al., 2015). However, since the obtained response is
“on-off” type, it is not possible to know the thickness of the water layer in
contact with the probe surface. For example, thin aqueous residues left on
top of the probes give similar readings to considerably thicker segregated

mailto:paolinel@ohio.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petrol.2017.07.065&domain=pdf
www.sciencedirect.com/science/journal/09204105
http://www.elsevier.com/locate/petrol
http://dx.doi.org/10.1016/j.petrol.2017.07.065
http://dx.doi.org/10.1016/j.petrol.2017.07.065
http://dx.doi.org/10.1016/j.petrol.2017.07.065


L.D. Paolinelli et al. Journal of Petroleum Science and Engineering 157 (2017) 671–679
water layers produced by consistent water dropout, leading to ambig-
uous results.

Valle (2000) used AC measurements for water wetting characteriza-
tion in two-phase oil-water flow. The employed setup was flush-mounted
parallel plate two-electrode probes with 1 kHz frequency excitation.
Despite the use of AC, the author required calibration to interpret the
probe response and only obtained information relating to the presence or
absence of the water phase on the pipe surface. This is unsurprising since,
in general, frequencies higher than 1 kHz are needed to avoid the effect
of electrochemical double layer on the measured impedance (Asali et al.,
1985; Coney, 1973).

Given all the experimental work performed so far on water wetting,
there is no information in the literature about the thickness of water
layers in contact with the pipe wall. However, this is an important
parameter that can be used to validate or develop hydrodynamic models,
as well as to estimate the internal corrosion rate of the pipe. For example,
mass transfer of corrosive species to the pipe surface is affected by the
velocity of the water layer (Ne�si�c, 2007), which is proportional to its
thickness. Moreover, very thin water layers can flow so slowly and be so
poorly replenished by the dispersed water droplets that they get rapidly
saturated with dissolved metallic ions (e.g., ferrous ions) from the
occurring corrosion processes. Under this circumstance, corrosion prod-
ucts can then precipitate forming a protective barrier which reduces
corrosion rate (Kermani and Morshed, 2003; Ne�si�c, 2007).

The use of flush mounted AC conductance probes has been theoreti-
cally treated and reported for the measurement of liquid film thickness in
two-phase flow (Coney, 1973). Based on this, other researchers (Asali
et al., 1985; Andreussi et al., 1988); devised flush mounted two parallel
ring electrodes to sense liquid holdup and thickness of annular liquid
films in liquid-gas pipe flow using high frequency impedance measure-
ments. Due to the successful use of this setup, additional analytical so-
lutions were further developed for the measurement of conductance of
annular liquid films using parallel ring electrodes in gas-liquid flow with
and without packed beds (Tsochatzidis et al., 1992). Several recent
studies have successfully used the parallel ring conductance method with
high frequency AC excitation to measure water holdup in stratified oil-
water pipe flow (Tan et al., 2013, 2015; Wu et al., 2015; Zhai et al.,
2012, 2015). Although the two parallel ring electrode setup is fairly ac-
curate to sense liquid holdup in stratified flow and liquid film thickness in
annular flow, it cannot resolve which location of the pipe circumference
the liquid layer wets. Therefore, this design of probe does not offer much
advantage for phase wetting studies.

Other geometrical configurations of conductance probes as parallel
wires can produce reliable local measurements of liquid holdup or liquid
film thickness when used with high frequency AC excitation as reported
for gas-liquid flow (Andreussi et al., 2016; Brown et al., 1978) and liquid-
liquid pipe flow (Zhai et al., 2015). Nevertheless, this configuration is
intrusive and can perturb the flow, which is undesirable when sensing
phase wetting.

Two separated flush-mounted circular electrodes have also been used
with AC to measure the local thickness of liquid layers in a pipe in static
conditions and in annular liquid-gas flow (Asali et al., 1985). Good
agreement was found between the conductance values measured using
100–500 kHz AC excitation and the theoretical calculations for liquid
layers thicknesses ranging from 0.1 to 1 mm. Researchers later demon-
strated the use of flush-mounted two-electrode concentric probes with
5 kHz AC excitation arranged around the pipe circumference to charac-
terize local liquid film thickness in annular gas-liquid flow (Zhao et al.,
2013). The electrical signal was processed using a voltage-conductance
calibration curve and an expression relating conductance and liquid
layer thickness obtained from numerical methods. Recent studies have
involved use of flush mounted two-electrode parallel plates and
concentric probes excited with AC to measure water layer velocity in oil-
water pipe flow (Koguna et al., 2015). The authors mentioned the po-
tential use of these probes to monitor in situ the height of flowing water
layers via prior calibration of the probe. The latter may not be necessarily
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needed upon proper understanding of the electrical response of the used
probe and measured fluids.

The use of properly selected AC excitation can greatly help to over-
come several intrinsic drawbacks of DC measurements. Conduction of
electrons from the probe electrodes to the water or any other electrolyte
is produced by means of oxidation and reduction of ionic species at the
exposed electrode surfaces. These Faradaic electrochemical processes
produce resistive (charge transfer resistance) and capacitive (double
layer capacitance) effects that are proportional to the wetted area of the
electrodes that, in the case of a two-electrode configuration, represent
two impedances in series with the conductive and dielectric impedance
of the electrolyte. When DC excitation is used, the measured resistance
corresponds to the summation of the oxidation charge transfer resistance
on the wetted surface of one electrode, the electrolyte resistance, and the
reduction charge transfer resistance on the wetted surface of the other
electrode. In general, the electrolyte resistance, which only depends on
the geometry of the fluid/electrodes arrangement, can be orders of
magnitude lower than the Faradaic resistances. Moreover, the Faradaic
resistances also depend on the excitation potential, temperature, and
type and concentration of species dissolved in the electrolyte that can be
reduced or oxidized. Therefore, DC measurements in two-electrode
setups rarely represent the conductive behavior of the electrolyte
solely, and usually require extensive calibration since the total voltage
drop will depend on the several aforementioned factors. These aspects
have been thoroughly discussed decades ago (Coney, 1973), and are the
reason why researchers have employed high frequency AC excitation to
obtain proper conductance measurements in two-electrode probe con-
figurations. At high enough frequencies, the impedance in series offered
by the double layer capacitance becomes so low that the resistance of the
water phase can be accurately measured. In this case, if the probe ge-
ometry and dimensions as well as electrolyte conductivity are known,
calibration of the probe may not be needed.

It is worth stressing that most of the studies using two-electrode
probes (flush mounted or not) excited with high frequency did not
require calibration to interpret the electrical measurements and extract
parameters relating to liquid layer thickness per the knowledge of the
theoretical response of the probe (Asali et al., 1985; Brown et al., 1978;
Coney, 1973; Tsochatzidis et al., 1992). For all the aforementioned rea-
sons, the use of high frequency AC excitation in two-electrode setups is
more advantageous than DC excitation when performing conductance
measurements. However, AC measurements require shielded wiring and
more complex electronics (e.g., high quality wave generator) than DC
measurements; for example, the use of a potentiostat with an impedance
unit. The need for more complex electronics, in some cases, can pose a
limitation when implementing AC setups in lab and industrial facilities.
Nevertheless, high quality electronics have become more available and
less expensive.

In some experimental systems, less complex circuits using DC exci-
tation can be successfully used to measure liquid layer thickness. For
example, Al-Sarkhi et al. used flush-mounted two-electrode parallel plate
probes arranged around the pipe circumference to measured liquid
thickness in annular gas-liquid inclined flow (Al-Sarkhi et al., 2012). The
authors used pulses of DC excitation and monitored the current circu-
lating across the probes. The probe response was calibrated dynamically
using a micrometer and a conductivity circuit with one lead in the
flowing film and a micrometer tip being used as the second lead. The use
of this DC setup nevertheless involves important drawbacks when
measuring the thickness of segregated water layers in oil-water flow;
particularly, when thin oil residues remain adsorbed on the probe elec-
trodes partially covering their surfaces while a water layer flows on top.
Since Faradaic resistances at the two electrodes are proportional to the
fraction of their surface that is effectively water wet, the total measured
resistance across the probe can be significantly altered from the cali-
bration value corresponding to full coverage of the electrodes, leading to
erroneous water layer thickness estimation. Partial coverage of metal
surfaces with thin oil films is very likely to occur, favored by the presence
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of surfactants dissolved in the water or the oil phase and/or organic
compounds present in the oil (Ayello et al., 2013). In this respect, high
frequency impedance measurements are mostly insensitive to partial
coverage of the electrode surfaces when the operating frequency is
properly selected.

Surprisingly, despite the great potential of local two-electrode flush
mounted probes excited with high frequency AC, such setups have rarely
been used to quantify liquid layer thicknesses and/or sense phase wetting
in liquid-liquid flow (Ria~no et al., 2015). This is probably due to the fact
that most of the research efforts have focused on determining other flow
characteristics such as average and local phase holdup, amongst
other phenomena.

The aim of this work is to study the use of high frequency impedance
measurements using a flush mounted two-electrode concentric probe
design in order to detect phase wetting regimes in oil dominated oil-
water flow, as well as to determine the water layer thickness in cases
of water wetting. Theoretical formulations to estimate the resistance of a
water layer as a function of its thickness are introduced for the used probe
geometry, and results are experimentally validated. The performance of
the impedance probe is tested in dynamic conditions with a large scale
flow loop of 0.1 m ID in oil-water flow with different oil and water flow
rates. Excellent results in terms of phase wetting detection are obtained
and water layer thickness is dynamically characterized.

2. Materials and methods

2.1. Impedance probe

The impedance probe selected for this study (depicted in Fig. 1) is a
standard linear polarization resistance probe commonly used for corro-
sion studies (Farelas et al., 2013). This choice is convenient since such
probes can be easily installed in large scale flow loop test sections and
positioned flush-mounted with the internal pipe wall. Specifically, the
two-electrode concentric contacts are the outer stainless steel ring and
the internal carbon steel ring, which are separated by an epoxy insulator.
The internal radius of the outer ring (ro) is 12.5 mm and the external
radius of the inner ring (ri) is 6.2 mm. The two electrodes have the same
width (w), 3 mm.

In oil-water flow water wetting studies, it is of interest to detect when
water is no longer stably dispersed in oil and drops out due to the effect of
gravity leading to rivulets or water layers forming at the bottom wall of
the pipe. In this scenario, the impedance probe can sense the constant or
alternating presence of a water film or layer covering completely or
partially its contacts. The total measured impedance (Zt) can be defined
as the impedance of the probe (Zp) considered in parallel with the im-
pedances of the fluids on top of its contacts, namely, a water layer (Zw),
an oil layer (Zo), or a water-in-oil mixture layer (Zm). The oil or the water-
Fig. 1. Schematic of the used impedance probe. Drawing courtesy of Cody Shafer.
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in-oil mixture layer present very low capacitance and very high resis-
tance compared to the probe itself or the water layer. Therefore, when
the probe is wetted by an oil or water-in-oil mixture layer, the total
measured impedance is Zt ¼ Zp since the impedance of the liquid is
sufficiently high so that it does not affect the measurement. When a water
layer is present, the total measured impedance can be expressed as:

Zt ¼
h
Z�1
p þ Z�1

w

i�1
(1)

Fundamentally, the probe responds as a capacitor at high and middle
frequency range, thus:

Zp ¼ ��
2πfCp

��1
j (2)

where f is the frequency of the AC excitation and Cp is the total capaci-
tance of the probe.

In general, the impedance of a conductive water layer consists only of
a real part at high frequencies (resistive behavior). Moreover, its value is
usually quite low relative to the probe. In this case, equation (1) shows
that the total measured impedance is only due to the presence of water
(Zt ffi Zw ¼ Rs). Fig. 2 shows the Bode plot of the typical frequency
response of the probe alone and with a conductive water layer on top. At
mid/low frequencies, the effect of the electrochemical double layer at the
electrode surfaces becomes important when water is present, adding
capacitive impedance. It is clear that to avoid the effect of Faradaic
impedance in this system, frequencies higher than 1 kHz should be used.

The resistive response of a very thin water layer of thickness h that
covers the probe surface uniformly can be estimated as (Fried
et al., 1993):

Rs ¼ 1
κ

lnðro=riÞ
2πh

(3)

where κ is the conductivity of the liquid.
At this point, a simple quantitative verification of the assumptions

made on the contributions of the impedances of a water layer, oil layer,
Fig. 2. Bode plot of the impedance frequency response of the probe in air or oil and with a
conductive water layer on top.
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and the probe on the total measured impedance can be done. For
example, if a 1 mm thickness liquid layer is placed on top of the probe, its
characteristic geometric constant (K ¼ lnðro=riÞ=2πh) is about 110 m�1.
If the layer is considered as tap water (electric conductivity κ �
0.05 S m�1, and dielectric permittivity ε � 700 � 10�12 F m�1), its
resistance (R ¼ K=κ) is about 2200 Ω and its capacitance (C ¼ ε=K) is
about 6.3 � 10�12 F. On the other hand, if the layer is considered as oil
(electric conductivity κ � 10 � 10�12 S m�1 (Judendorfer et al., 2011;
Peng et al., 2014) and dielectric permittivity ε � 20 � 10�12 F m�1

(Goual, 2009; Peng et al., 2014)), its resistance is about 5.5� 1012 Ω and
its capacitance is about 1.8 � 10�13 F. Comparison of the resistance and
capacitance values of the above considered layers with the electrical
properties of the probe (capacitance of about 2 � 10�11 F without wiring
and resistance > 1� 109 Ω as inferred from Fig. 2), both the resistance of
the water layer and the capacitance of the probe are the dominant
contributing factors to the total measured impedance at high frequency.
If a water-in-oil mixed layer is considered, its electrical properties do not
vary significantly with the dispersed water volume fraction respect to the
oil alone (Boyle, 1985; Hanai et al., 1962). Therefore, the conclusions
relating to the quantitative analysis above still hold true.

To quantify the resistance of the larger water layer thicknesses, the
theoretical solution proposed by Coney (1973) for flush mounted parallel
rectangular electrodes can be adapted for the actual concentric electrode
design used in this work; where the mean length of the electrodes array is
l ¼ πðro þ riÞ; and the insulator half-width is a ¼ ðro � riÞ=2 . Therefore,
the dimensionless thickness of the water layer is expressed as:

h* ¼ h=a ¼ 2h=ðro � riÞ; (4)

and the dimensionless half-distance between the end edge of each elec-
trode is:

λi ¼ λo ¼ λ ¼ w=aþ 1 ¼ 2w=ðro � riÞ þ 1 (5)

Fig. 3 shows the theoretical resistance estimated using Coney's exact
solution adapted to the concentric electrode geometry (solid red line) and
experimental values for different water layer thicknesses (scattered cir-
cles). Exact water layer thicknesses were obtained using a parallel flat
PVC piece separated by calibrated spacers on top of the probe. Water
layer resistance was measured by exciting the probe with an AC voltage
of 10 mV rms and frequency of 20 kHz using a Gamry REF 600® poten-
tiostat. The aqueous electrolyte was a 1 wt%NaCl solution prepared from
an analytical grade reagent and deionized water, with a measured con-
ductivity (κ) of 1.76 S m�1 at 25 �C.
Fig. 3. Measured resistance of the water layers (Rs) as a function of t
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As expected and also discussed by Coney (1973), flush-mounted
probes have a depth sensing upper threshold of ca. 10 mm, as seen in
Fig. 3. The adapted analytical solution agrees very well with experi-
mental data (average difference of 10%); therefore, the probe does not
require empirical calibration to relate h with the measured resistance Rs.
However, since the analytical solution arises from the quotient of the
solutions of two complete elliptic integrals, it presents a very complicated
form when expressed as a function of the thickness of the conductive
layer. Here, a simple convenient approximation of the exact solution is
given as a function of the water layer thickness and the inner and outer
radius of the concentric electrodes for λi ¼ λo ¼ λ ¼ 2.

Rs ¼ 1
κπðro þ riÞ

2
41:89þ 1:46�

2h
ðro�riÞ � 0:05

�
3
5 (6)

equation (6) reproduces the analytical solution with no more than 5%
error for dimensionless thicknesses (h*) equal or larger than 0.2 (dashed
black line in Fig. 3). equation (3) can be used for h* values lower than 0.2
with error below 5% (dot black line in Fig. 3).

The measured resistance values are determined with a maximum
uncertainty lower than 5% in this work, and water conductivity is
considered to vary no more than 5% mainly due to fluctuations in tem-
perature (for example, from 25 �C to 22 �C). Differentiating equation (6)
with respect to the layer thickness h, it can be estimated that, for the
present probe dimensions, accurate determination of the thickness of a
conductive layer is limited to approximately 5 mm, where the maximum
total error reaches around 20%.

For flow loop experiments, the probe surface is machined to fit the
curvature of a 0.1 m ID pipe. The slight surface curvature can lead to over
prediction of the conductive water layer. Coney presented an analytical
expression to estimate this difference for parallel electrodes with parallel
curvature axes (Coney, 1973). A maximum deviation of 5% is found for a
conductive layer of 5 mm with a proportional decrease of the deviation
for lower thicknesses. However, as the probe has concentric design the
actual deviation is expected to be about a half of that estimated using
Coney's equation.
2.2. Flow loop experiments

Phase wetting and water layer thickness measurements were per-
formed in dynamic conditions in oil-water flow using a large-scale fully
inclinable multiphase flow loop. A schematic layout of the flow loop is
heir thickness showing comparisons with analytical expressions.



Fig. 4. Schematic layout of the 0.1 m ID flow loop used for oil-water flow tests.
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shown in Fig. 4. The main part of the loop consists of a 30 m long, 0.1 m
internal diameter (ID) flow linemounted on a steel rig structure. The loop
consists of two parallel sections of pipes connected by a 180-degree bend.
Oil and water are injected separately from the individual storage tanks
(each one made of stainless steel and with a capacity of 1.2 m3) into the
0.1 m ID main line by progressive cavity pumps. Flow rates of oil and
water are monitored independently by flow meters with an average ac-
curacy of 10%. Water is injected into the main line at a T-junction
through a perpendicular 0.05 m ID secondary line. The fluid mixture first
flows in a stainless steel pipe (upstream leg) over a distance equivalent to
approximately 140 pipe diameters allowing flow pattern and wall wet-
ting to stabilize. The flow then enters a 1.8 m long carbon steel test
section where phase wetting measurements are carried out using the
impedance probe described above, flush-mounted at a distance of 16 pipe
diameters downstream from the inlet of the section. A clear acrylic sec-
tion is located just after the test section to allow visualization of the
developed flow patterns. Upon exiting the main line, the mixture is
directed to the oil-water separator described elsewhere (Cai et al., 2012).
The separated oil and water streams are then returned to their respective
storage tanks for further recirculation.

Before each experimental run, the internal surface of the test section
was polished using a rotating flexible abrasive tool (180 grit) with
deionized water as the polishing fluid. The surface was then washed with
deionized water and isopropanol, then dried with a clean cloth. The
roughness of the polished test section surface was indirectly measured
using optical profilometry data, taken from the surface of an epoxy-
mounted specimen with an area of about 5 cm2 of the internal pipe
wall. The measured average value in terms of arithmetic roughness (Ra)
was 1.7 μm, with an average mean peak to valley distance (Rz) of about
10 μm.

Prior to introducing the impedance probe in the test section, its
exposed surface was polished with a 240 grit SiC paper and deionized
Fig. 5. Cut view of the test section with the flush-mounted probe. Drawing courtesy of
Cody Shafer.
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water in a special device to assure the proper shape of the internal pipe
curvature, and later alignment. The probe was also rinsed with deionized
water and isopropanol, then dried with a clean cloth. Subsequently, the
impedance probe was flush-mounted at the bottom of the carbon steel
test section (Fig. 5), where water is most likely to segregate. The probe
surface never intruded the oil-water flow and its height misalignment
with respect to the test section surface was always lower than 0.1 mm.

Electrical measurements with the probe were with an AC voltage of
10 mV rms and frequency of 20 kHz using a Gamry REF 600® potentiostat
with a computer interface. The 20 kHz frequency is high enough to avoid
the interference of Faradaic impedance at the electrode surfaces on the
measurements as can be inferred from Fig. 2. In the case thin oil films are
partially blocking about 90% of the electrode surfaces, the capacitance
due to the electrochemical double layer decreases about 1 order of
magnitude, which does not practically affect impedance values measured
at 20 kHz. Once the desired flow conditions were stabilized, the probe
wiring was connected to the potentiostat and the impedance measure-
ments were performed continuously for at least 1 min using a sampling
rate of approximately 0.5 s.

Isopar V®, a clear saturated paraffinic hydrocarbon of density 810 kg/
m3 and viscosity 0.009 Pa s at 25 �C, was used as the oil phase. The water
phase was the same 1 wt% NaCl solution used in the static experiments
described above. The use of this highly conductive electrolyte helps
preventing significant local conductivity changes when the solution
comes in contact with the carbon steel test section, which easily corrodes
releasing considerable amount of iron ions. The oil-water interfacial
tension was measured as 0.049 N/m at 25 �C.

Flow experiments were performed in horizontal condition at room
temperature (~25 �C) using different mixture flow velocities from 0.7 m/
s to 4 m/s and water cuts from 1% to 20%. In each experimental run, the
polished test section was first put in contact with oil at the highest
available superficial velocity for the selected test water cut. The water
was then injected and surface wetting was measured using the imped-
ance probe. Subsequently, the oil superficial velocity was reduced to its
next value maintaining the water cut, and the process was repeated until
testing the lowest oil velocity. Once the experimental series was
completed for the given water cut, the flow loop was drained and the test
section surface was re-treated to test a different water cut.

Static wetting experiments of water-in-oil contact angles were also
performed, using a goniometer, on the surface of a carbon steel specimen,
prepared using the same procedure as for the test section. It was deter-
mined that the carbon steel surface behaves as hydrophilic after a few
seconds, giving water-in-oil contact angles θ~60� (measured from the
inside of the sessile water droplet).



Fig. 6. Typical measured impedance at 20 kHz as a function of time for oil only flow.
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3. Results and discussion

3.1. Response of the probe to full oil wet conditions

The measured impedance of the probe and its wiring (needed for
remote operation) in oil only flow was the same as in air; its modulus and
phase angle are shown in Fig. 6. A time-averaged modulus of about
4650 Ω and phase angle of �78� were measured at 20 kHz, with
maximum deviations in time of less than 15% for both values. The
measured phase angle values were somewhat higher than �90� due to
the slight inductive effect produced by the probe wiring. The total
capacitance of the probe (Cp) was measured as 1.7 � 10�9 F.
3.2. Response of the probe in oil-water mixture flow

Fig. 7 show examples of the impedance response with time for oil-
Fig. 7. Measured impedance at 20 kHz in function of time for horizontal oil-water flow
with different mixture flow velocities and 3% water cut.
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water flows with different mixture flow velocities and a constant water
cut (WC) of 3%. Each plotted value is the average of ten different mea-
surements separated in time by about 1 wavelength period as provided
by the intrinsic settings of the potentiostat. Thus, the measurements
actually capture flow events with a lower effective frequency of about
1 kHz, which is more than enough to detect the transient behavior of
water layers or rivulets passing on top of the employed probe.

From Fig. 7, it is seen that for relatively large flow mixture velocities,
for example 2.3 m/s or larger, the measured impedance shows capacitive
behavior similar to when oil only flow is measured (Fig. 6). This indicates
that all the transported water is entrained and the pipe surface is only in
contact with oil. For lower mixture velocities, the measured impedance
modulus decreases and the phase angle increases, indicating the presence
of water wetting the pipe wall. Lower impedance modulus and a phase
angle approaching zero degrees (resistive behavior) is an indication that
thicker water layers were present at the lower mixture velocities.

Estimations of the thickness of the water layers detected in Fig. 7
were done using equations (1)–(4), as shown in Fig. 8. The calculated
values correspond to the average thickness of the water layer flowing on
top of the concentric area between the probe electrodes. Time-averaged
water layer thickness values of approximately 0.13 mm, 1.2 mm,
2.5 mm and 4.3 mm were calculated for mixture velocities of 2 m/s,
1.7 m/s, 1.5 m/s and 1.3 m/s, respectively. In general, the water layers
of smaller thickness display greater fluctuation with time. This is not
surprising since the thinner the segregated water layer is the more
unstable it becomes. This is due to the larger relative effect of mass gain
via settling water droplets that incorporate into the film, or mass loss
due to water entrained as droplets by the oil flow. It is also important to
mention that water layer thickness values of the order of 0.1 mm can be
somewhat biased due to the intrinsic height misalignment between the
probe and the test section surface. Local flow disturbances may affect
the dimensional stability of water layers as thin as those measured at a
mixture velocity of 2 m/s. It is also noteworthy that the measured
impedance signal can be processed instantaneously after it is obtained.
This allows characterization of water layer thicknesses not only in situ
but also in terms of how they evolve in real time. The smallest detect-
able water layer thickness depends on the intrinsic impedance of the
probe, the conductivity of the water, and the noise level of the
measured electrical signal (inherent to the quality of the electronic
measurement device and wiring). For the present setup, the detection
threshold is about 0.08 mm (indicated with a dashed black line in Fig. 8
for the 2.3 m/s, 3 m/s and 3.7 m/s mixture velocity series), which
corresponds to the lowest fluctuating value of impedance measured in
the absence of water. It is worth mentioning that the minimum
detectable water layer thickness can be reduced regardless of the
intrinsic electrical noise of the measurement by increasing either the
water conductivity or the probe impedance (lower capacitance), which
Fig. 8. Calculated water layer thickness in function of time for horizontal oil-water flows
with different mixture velocities and 3% water cut.



Fig. 9. Internal surface of the carbon steel test section. a) Polished fresh surface; b) After 30 min of horizontal oil-water flow with 1.7 m/s mixture velocity and 3% water cut; c) After
30 min of horizontal oil-water flow with 3.7 m/s mixture velocity and 3% water cut.
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is a parameter that can be engineered jointly with the electrodes ge-
ometry to optimize the useful measurement range of the probe.

In order to corroborate the ability of the impedance measurements to
sense water or oil wetting, experiments with constant flow characteristics
were run and subsequent visual internal inspections of the test section
performed. Each experiment started with a freshly polished surface
exposed to a consistent oil-water flow regime with certain characteristics
(e.g., mixture velocity of 1.7 m/s and 3% water cut) for 30 min. The
water supply was then shut off and oil solely circulated for several mi-
nutes. This flow was subsequently stopped and the flow loop drained and
disassembled, allowing internal inspection of the test section. Fig. 9
shows some pictures of the internal surface of the carbon steel pipe
section after the tests. For the 1.7 m/s mixture velocity (Fig. 9b), evi-
dence of a well-developed water path at the pipe bottom is clearly
observed due to the presence of a corrosion product, which was absent in
the areas of the pipe wall that remained oil wet. In the case of the 3.7 m/s
mixture velocity (Fig. 9c), the test section surfaces did not show visible
evidence of a water path intercepting the impedance probe location.
Moreover, only traces of two minor water trails were found at the sides
near the pipe bottom. These did not extend along the entire test section
length and could have been produced by small flow disruptions produced
by slight protrusions of the gasket at the flange joint upstream of the test
section. Visual inspection tests proved to be in line with the impedance
probe measurements regarding the presence or absence of segregated
Fig. 10. Map of phase-wetting regime and time-averaged water layer thickness at the pipe
bottom in horizontal oil-water flow in carbon steel pipe (0.1 m ID), obtained using the
impedance probe.
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water layers in all test cases.
Fig. 10 shows the map of phase-wetting regime built using the results

obtained from the impedance probe. The map shows areas with no data
at the upper right corner due to the limitation of the flow rig to deliver
larger water flow rates. The plotted phase-wetting regimes are based on
the results of at least 2 independent experimental runs and characterized
as “full oil wet” (scattered red circles), where only oil was detected, or
water wet where water was detected with different layer thicknesses; the
data is arranged in ranges to illustrate their variation with flow condi-
tions (e.g., scattered hollow green triangles indicate average water layer
thicknesses between 0.1 mm and 0.5 mm). The time-averaged water
layer thicknesses were calculated from the impedance data via equations
(1)–(3) and (6). In general, the larger the water cut, the higher mixture
velocity required to avoid water separating from a dispersed condition
and generating streams or layers at the pipe bottom. For example, full oil
wet to water wet transition happens at mixture velocities of about 1.7 m/
s and 2 m/s for water cuts of 1% and 5%, respectively. Moreover, full oil
wet regime is not observed even at mixture velocities as large as 3 m/s for
water cuts larger than 5%. Instead, very thin water layers (<0.5 mm) are
detected at the pipe bottom. This behavior may be related to hydrophilic
nature of the surface of the carbon steel test section. Even in very tur-
bulent flow conditions, where hydrodynamic dispersive forces of the
continuous phase are significant, some dispersed water droplets will tend
Fig. 11. Surface wetting map for horizontal oil-water flow in carbon steel pipe (0.1 m ID)
from (Kee et al., 2016), obtained using flush-mounted DC probes. Oil density: 823 kg/m3,
oil viscosity: 0.0027 Pa s, oil-water interfacial tension: 0.0405 N/m; water phase: 1 wt %
NaCl solution.



L.D. Paolinelli et al. Journal of Petroleum Science and Engineering 157 (2017) 671–679
to hit the bottom pipe wall due to the gravity action. These droplet-wall
collisions are not much frequent at low droplet concentrations, but at
higher droplet concentrations can occur at significant rates. Colliding
water droplets are prone to stick onto the hydrophilic carbon steel sur-
face subsequently forming thin water layers that do not grow much in
thickness due to the shearing action of the continuous phase flow. Hy-
drophobic internal pipe walls (e.g., PVC pipes) might not show the for-
mation of thin water layers at relatively high oil velocities and moderate
water volume fractions since colliding droplets are less prone to stick
onto the pipe surface.

The existence of water layers on the pipe bottom at relatively high
mixture velocities (e.g., 2 m/s) and low water cuts (e.g., 1%) have also
been reported by Kee et al. (Kee et al.), in similar flow experiments
performed with model oil and water in carbon steel pipe using flush-
mounted DC probes. Although the authors could not quantify the
thickness of the occurring water layers, intermittent presence of water
was detected at small areas of the bottom pipe wall, as seen in Fig. 11
as “Unstable oil wet” regime (scattered purple triangles). It is inter-
esting to note that full oil wet (“Oil wet” regime, scattered red circles)
is not achieved at the maximum tested mixture velocity of 2 m/s even
for water cuts as low as 1%. This is in line with the results obtained
with the high frequency (HF) impedance probe, where full oil wet
occurs only at mixture velocities about or larger than 2 m/s (Fig. 10).
It is also noteworthy that the slope of the transition boundary between
“Unstable oil wet” and “Unstable water wet” (larger areas of the pipe
bottom wall are intermittently wetted by water) regimes measured by
Kee et al (Fig. 11). is similar to the slope of the gradient of water layer
thickness shown in Fig. 10 (e.g., the boundary between water layer
thicknesses lower and larger than 2 mm). This is not surprising since
segregated water layers of larger thicknesses develop more stable in
time (as shown in Fig. 8); and thus, tend to wet the pipe wall
more stably.

Regarding the performance of the used HF impedance probe, it is
noteworthy that when the measured amounts of water are very small
(water layer thickness of the order of about 0.1 mm or lower), water is
more likely to wet as tiny rivulets instead of a thin film covering the
whole probe surface. Accurate characterization of water layer thickness
is only possible when the impedance probe surface gets completely
covered by the conductive layer. Incomplete coverage can lead to un-
derestimation of the real layer thickness. This problem can be easily
solved using a probe of smaller dimensions, but at the expense of losing
depth measurement range (Coney, 1973). Arrangements of flush-
mounted probes distributed along the circumference of a pipe can also
be used to study phase wetting in conditions in which water can be
transported to the side or top walls of the pipe (e.g., in three-phase oil-
water-gas flow). Although the accuracy of water layer thickness charac-
terization using HF impedance measurements on the flush mounted
probe and signal processing based on the theoretical probe response has
only been corroborated in static conditions (section 2.1), there is no
reason other than the geometrical limitations discussed above (layer not
covering the whole probe surface) to doubt the present water layer
thickness results in dynamic conditions. Further work may be still
required to definitely check the accuracy of this method. Nevertheless, as
per the author's knowledge, no alternative method to measure non-
intrusively thin water layers in oil-water flow with semi-dispersed flow
patterns has been validated and reported so far in the literature for the
sake of comparison.

Given the present experimental results, the used HF impedance
probe and measurement setup provides a promising alternative way to
obtain phase wetting and water layer thickness information that can
then be used to check and/or develop flow models to predict fully
dispersed water-in-oil flow boundaries and water wetting phenomena.
This is a matter of ongoing research that will be treated in a future
work. Additionally, water layer thickness data can be used to estimate
678
the flow rate of the segregated water and to perform better corrosion
risk assessment of industrial facilities via mechanistic modelling if the
chemical composition of water (pH, dissolved minerals and organics),
pressure and temperature are known (Ne�si�c, 2007; Nordsveen
et al., 2003).

Due to its robustness, the actual probe design is auspicious to be used
in various industrial applications:

� Flowlines, Pipelines, Risers, Manifolds:
- Water separating from oil (or gas) can cause corrosion. Early indi-
cation of even thin layers facilitates timely measures.

- Emulsion formation or water drop out from emulsions can be
detected. Often the occurrence of emulsions is only known at inlet
and outlet (or only at outlet). By detecting water layers, the probe
can provide information in line.

- Accumulation of water may impede gas flow, form slugs. Its
detection allows flow control and water sweep out measures.

� Separators, Knock-out vessels:
- Liquid collection (hydrocarbons/water). Water collecting as a free
phase can cause corrosion, which might be unexpected in low water
cut systems, forming thin layers.

- Level detection allows control of bottom water level to avoid
overflow.

� Storage vessels, tanks:
- Intended for hydrocarbon storage, water may accumulate over time
at bottom and cause corrosion. Detection facilitates drainage mea-
sures when needed.

Free water phase and/or water layer thickness measurements can be
integrated in integrity management, which is particularly powerful if
combined with multi-phase models. This would allow pro-active confir-
mation of model predictions in early stage; thus, reducing uncertainty
and rendering management measures more robust and cost efficient.
Measures could include corrosion inhibitor injection, drying, flow
regime change.

4. Conclusions

� A two-electrode probe of concentric design was utilized in order to
measure resistance of water layers thereon using high frequency AC
excitation. Moreover, theoretical expressions relating measured
resistance with the water layer thickness were introduced. These
showed very good agreement with experimental data obtained using
calibrated water layer thicknesses.

� Phase wetting in a carbon steel pipe was successfully studied by
measuring the high frequency impedance response of the two-
electrode concentric probe located flush-mounted at the pipe bot-
tom in large scale oil-dominated horizontal oil-water flow with
different mixture velocities and water cut.

� The oil wet to water wet transition boundary was accurately deter-
mined via quantifying time-averaged measured impedance values.

� When determined to be in a water wet regime, it was also possible to
measure in situ the thickness of the water layer segregated at the pipe
bottom by using the introduced theory. This feature allows, for
example, more comprehensive analysis of flow regimes, as well as
corrosion risk assessment of industrial facilities.
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Notation

a Insulator half-width of the probe, m
Cp Capacitance of the probe, F, Ω�1.s
f Frequency of the AC excitation, Hz
h Water layer thickness, m
h* Dimensionless water layer thickness
ri External radius of the inner ring electrode, m
ro Internal radius of the outer ring electrode, m
Rs Resistance of the water layer, Ω
w Electrode width, m
Zp Impedance of the probe, Ω
Zt Total measured impedance, Ω
Zw Impedance of the water layer, Ω

Greek letters
κ Water conductivity, S.m�1, Ω�1.m�1

λ Dimensionless half-distance between the end edge of each electrode, m
λi Dimensionless distance between the end edge of the inner electrode and the center of the probe insulator, m
λo Dimensionless distance between the end edge of the outer electrode and the center of the probe insulator, m
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