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Abstract
Environmentally sustainable methods of extracting hydrocarbons from the reservoir are increasingly becoming an important 
area of research. Several methods are being applied to mitigate condensate banking effect which occurs in gas condensate 
reservoirs; some of which have significant impact on the environment (subsurface and surface). Electrokinetic enhanced oil 
recovery (EEOR) increases oil displacement efficiency in conventional oil reservoirs while retaining beneficial properties 
to the environment. To successfully apply this technology on gas condensate reservoirs, the behavior of condensate droplets 
immersed in brine under the influence of electric current need to be understood. A laboratory experiment was designed to 
capture the effect of electrical current on interfacial tension and droplet movement. Pendant drop tensiometry was used to 
obtain the interfacial tension, while force analysis was used to analyze the effect of the electrical current on droplet trajectory. 
Salinity (0–23 ppt) and electric voltage (0–46.5 V) were the main variables during the entire experiment. Results from the 
experiment reveal an increase in IFT as the voltage is increased, while the droplet trajectory was significantly altered with an 
increase in voltage. This study concludes that the interfacial tension increases progressively with an increase in DC current, 
until its effect counteracts the benefit obtained from the preferential movement of condensate droplet.
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Introduction

In gas condensate reservoirs, reservoir fluids exist initially in 
gaseous phase but as the reservoir pressure declines below 
the dew point pressure, liquids condense out of the gase-
ous phase. As observed in the temperature–pressure phase 
envelope shown in Fig. 1, gas condensate reservoirs have 
a temperature range greater than the critical temperature 
but less than the Cricondentherm (maximum temperature 

for which two phases can exist). Gas condensate reservoirs 
produce both gaseous and liquid condensates on the surface 
separators (Louli et al. 2012; Majidi et al. 2014; Skylogianni 
et al. 2015). As the initial pressure of the reservoir (indicated 
by point A on the phase envelope), declines isothermally to 
a condition below the dew-point curve (indicated by point 
B on the envelope), heavier fraction of the reservoir fluids 
condenses out of the gas phase. More liquid condenses out 
as the reservoir pressure decreases beyond the dew point 
(Almehaideb et al. 2003; Mohammadi et al. 2013; Mokhtari 
et al. 2013; Novak et al. 2018).

The liquid condensate forms a “ring” or “bank” around 
the production wells as shown in Fig. 2. This phenomenon is 
commonly referred to as condensate banking (Barker 2005; 
Hassan et al. 2019; Rahimzadeh et al. 2016). Within the 
reservoir pore space, the condensate bank remains immo-
bile until its saturation exceeds critical saturation (Scc). The 
formation of the condensate bank around the producing well 
decreases the cross-sectional area available for gas flow, con-
sequently reducing the gas production rate. From the litera-
ture reviewed, there are two main approaches to managing 
gas condensate banks; (i) modeling reservoir performance 
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to predict/delay the onset of the banking, and (ii) mitigat-
ing gas condensate blockage already formed using chemi-
cal/mechanical methods. This study focuses on the second 
approach.

Several techniques have been applied to mitigate gas 
condensate banking effect. One of such techniques involves 
the injection of solvents and alcohols such as Methanol 
to reduce the interfacial tension between the heavier liq-
uid fractions and the lighter gaseous fractions (Azari et al. 
2018; Cameselle and Gouveia 2018; Hassan et al. 2019). 
When interfacial tension is reduced between the gase-
ous and liquid phases, the displacement efficiency of the 
injected brine or gas is remarkably improved. However, this 
technique only provides temporary relief to the production 
wells. As production continues overtime, the effect of the 
solvent wears out and more solvents/ alcohols is required to 
be injected. Besides the cost of injecting the solvents into 
the well, the periodic shutting of the production well comes 
at a cost to the production company. The cost-benefit ratio 
of this method depends primarily on the volume and cost 

of Solvents/Methanol injected compared to the equivalent 
amount of gas produced within the time frame. An impor-
tant limitation of this technique is that some reservoir clay 
fines and formation water is sensitive to Methanol (Al-Anazl 
et al. 2005). Another technique employed to mitigate con-
densate banking is wettability alteration of reservoir rock 
from water wet to preferentially gas wet using surfactant 
flooding, polymer flooding and nanoparticles (Fahimpour 
and Jamiolahmady 2014; Hassan et al. 2019; Williams and 
Dawe 1989). This technique results in a permanent altera-
tion of the reservoir pore structure; permeability, and poros-
ity. The consequence of this alteration could be severe pore 
throat blockage and irreversible well damage (Babadagli 
2007; Dang et al. 2018; Gregersen et al. 2013). The per-
meability of condensate-banked region can be improved by 
dissolving carbonaceous materials in sandstone reservoirs 
through acidizing (Ansari et al. 2015a, 2017; Rossen et al. 
1995; Tang & Morrow 1999). High temperature affects the 
effectiveness of acids and surfactants in both carbonate and 
sandstone reservoirs. At higher reservoir temperatures, acids 
react quickly with the sandstone and this limits its ability to 
penetrate the formation. A further technique used to mitigate 
condensate banking is gas injection and water-alternating-
gas injection to maintain reservoir pressure above dew point 
pressure (Geiger et al. 2009; Hassan et al. 2019; Rossen 
et al. 1995; van Dijke and Sorbie 2003). While authors have 
investigated the use of different types of gas for re-injection 
purposes (Ayub and Ramadan 2019; Odi et al. 2012), for 
the gas re-injection to be effective, it has to be above the 
minimum miscibility pressure and the injected gas should 
be easily separated from the reservoir fluids at the surface 
(Ayub and Ramadan 2019; Dang et al. 2018; Garmeh et al. 
2009; Hoteit 2013). However, for this method to be effective, 
the amount of gas injected into the reservoir must equal or 
be greater than the hydrocarbon produced from the reservoir 
(Sayed and Al-Muntasheri 2016). This presents an important 
limitation for this technique in the long term. An alternative 
technique for mitigating the effect of condensate banking 
involves drilling horizontal wells and hydraulic fracturing. 
However, this technique delays the onset of condensate 
banking and does not stop its occurrence (Behmanesh et al. 
2018; Ghahri et al. 2018; Ghahri 2010; Hassan et al. 2019; 
Hekmatzadeh and Gerami 2018; Wei Zhang et al. 2019a, b). 
Hydraulic fracturing if not properly cleaned up can accumu-
late liquid within the fractures which affects the efficiency 
of the technique. In addition to these, the operational cost is 
sometimes very high and could be as much as several mil-
lion dollars in the case of drilling horizontal wells (Hassan 
et al. 2019).

The use of electric current in facilitating the flow of con-
densate in a reservoir presents an interesting solution to 
treating condensate banking (Rehman & Meribout 2012). 
Previous laboratory studies done on conventional reservoirs 

Fig. 1   Gas condensate phase envelope

Fig. 2   Schematics of gas condensate banking (Ikpeka et al. 2020)
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have shown significant improvement in oil recovery when 
direct current is passed through the core samples (Ansari 
et al. 2015b; Ghosh et al. 2012; Hill 2014; Yim et al. 2017; 
Wentong Zhang et al. 2019a, b). Numerical investigation 
conducted by Peraki et al. (2018) reported an increase in oil 
recovery when electric current is combined with waterflood-
ing. The improved recoveries observed in these studies were 
attributed to electrical double layer expansion of oil-brine-
rock interface, movement of charged ions from the anode to 
the cathode, drag-force transfer of water molecules associ-
ated with charged ion movement, disintegration of water 
molecules into constituent gaseous and ionic phases, move-
ment of colloid particles, viscosity reduction and thermal 
mobility of reservoir fluid (Ghazanfari et al. 2012; Haroun 
et al. 2009; Peraki et al. 2018; Wittle et al. 2011). Some 
factors affecting the efficiency of EEOR in oil reservoirs 
include brine salinity, hydrocarbon composition (presence 
of polar components as found in asphaltenes), rock mineral 
composition and the amount of direct current passed through 
the reservoir. Within the pore space of gas condensate res-
ervoirs, formation brine containing dissolved minerals and 
condensate molecules (in gaseous or liquid state depend-
ing on the pressure condition) interacts with the minerals 
of pore walls. Direct current introduced into this pore space 
interacts with the brine, condensate, and surface of the pore 
walls. These interactions support the hydrodynamic condi-
tion of the reservoir to yield more condensate. Previous stud-
ies conducted macro-experiments using direct current on 
core samples saturated with brine. These experiments do not 
capture the interactions within the pore space. To adequately 
quantify the effect of electric current on gas condensate res-
ervoirs, these interactions need to be characterized. This 
study attempts to capture the behavior of condensate droplet 
in the presence of electric current in real-time. The effect of 
electric current of condensate droplets is captured vis-à-vis 
interfacial tension changes and movement of droplets due 
to electric field.

Interfacial tension calculation (Pendant drop 
method)

In hydrocarbon recovery, a lower IFT improves the sweep 
efficiency of the water flood and favors recovery of more 
oil (Asar & Handy 1989; Thomas et  al. 2009; Wagner 
and Leach 1966). There are many techniques available to 
measure interfacial tension in a fluid–fluid system and their 
features are described by Drelich et al. 2002. In this study, 
Pendant drop tensiometry (PDT) was used because of its 
simplicity and robustness. In PDT, the shape of the droplet 
is used to estimate the interfacial tension of the fluid (Berry 
et al. 2015; Ferri and Fernandes 2011; Loglio et al. 2011). 
By extracting the dimensions of the condensate droplet, the 

interfacial tension can be estimated using the dimensionless 
shape factor as captured in Fig. 3 (Drelich 2002; Stauffer 
1965). The equatorial diameter of the droplet D, and the 
diameter d, at a distance D from the tip of the droplet are 
all measured. The dimensions are taken just before droplet 
breaks-off to ensure a maximum D.

The interfacial tension is then calculated from the fol-
lowing equation:

where
Bi-constants.
H-Shape dependent parameter.
The range of S is shown in Table 1

Condensate droplet rise trajectory

The condensate droplet rises vertically through the brine 
solution in the absence of electric current. Figure 4 traces the 
droplet rise trajectory path through the brine solution. The 
velocity of the vertical rise is dependent on the temperature, 
salinity of the surrounding brine and composition of the con-
densate droplet. However, in the presence of electric field, 
the droplet exhibits a preferential movement toward the cath-
ode. At position A, after droplet break-up, the droplet rises 
vertically because the dominant force acting immediately is 

(1)
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Fig. 3   Estimating interfacial tension using Pendant drop method
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buoyancy and pump pressure force. As the travel distance 
increases, the effect of electric field becomes increasingly 
dominant and causes a deviation in the otherwise straight 
path of the droplet. The point of deviation is marked by 
point D while the distance traveled from point A to D is rep-
resented by d. At position C, the rising droplet reaches the 
surface of brine solution at a horizontal distance c from the 
vertical point. Higher electric current applied in the system 
causes an equivalent higher deviation in c (Fig. 5).

To define the effect of electric current on the condensate 
droplet, analyzing the dynamic forces acting on the droplet 
between both phases becomes necessary. Six main forces 
were identified to act on the condensate droplet as it rises 
through the continuous brine solution. These forces have 
been categorized below:

Upward acting forces

1.	 Buoyancy force, FB—For a system with constant brine 
salinity and pump flowrate, the buoyancy of the droplet 
can be estimated using Eq. (2). The volume of displaced 
brine is equivalent to the volume of condensate droplet. 
Assuming a fixed volume of droplet, the buoyancy force 
would be only a function of the salinity of the brine solu-
tion.

where Vd–droplet volume (m3), ρb–brine density (kg/
m3), g–gravity (9.81 m/s2).

2.	 Pump pressure force, FP—Pump pressure force is given 
by the volumetric flowrate of the pump and is a function 
of time and is given by Eq. (3).

where Qp–volumetric flowrate (m3/s), ρc–condensate 
density (kg/m3).

(2)FB = Vd�bg

(3)FP = Qp�cg

Table 1   Empirical constants for 
Eq. (1) (Drelich 2002)

Range of S A B4 B3 B2 B1 B0

0.401–0.46 2.56651 0.3272 0 0.97553 0.84059 0.18069
0.46–0.59 2.59725 0.31968 0 0.46898 0.50059 0.13261
0.59–0.68 2.62435 0.31522 0 0.11714 0.15756 0.05285
0.68–0.90 2.64267 0.31345 0 0.09155 0.14701 0.05877
0.90–1.00 2.84636 0.30715 − 0.69116 − 1.08315 − 0.18341 0.2097

Fig. 4   Schematics of forces acting on Condensate droplet

Fig. 5   Schematics of droplet interface and volume
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Downward acting forces

3.	 Gravity of the droplet, FG—The effect of gravity on the 
droplet is a function of the mass of condensate trapped 
within the droplet and is given by Eq. (4).

4.	 Hydrostatic Pressure Force, FHP—Hydrostatic Pressure 
force of the brine column above the droplet is a function 
of droplet rise velocity and the weight of brine column 
above the droplet. It is a function of time and given by 
Eq. (5);

where Vt–Droplet rise velocity.
5.	 Drag force, FD—The empirical correlation given by (Kel-

baliyev and Ceylan 2007) is used to estimate the drag 
coefficient. This correlation applies for 0.1 ≤ Re < 0.5 
and it is presented in Eq. (6).

Cd–Drag coefficient.
A–surface area of droplet.
Re–Reynolds Number.
Assuming a constant surface area of droplet the Drag 

force is calculated as a function of droplet rise velocity.

Lateral forces

1.	 Electric force, FE—Coulomb’s force of attraction 
between two charges is used to estimate the force attrac-
tion between the droplet and the anode. The magnitude 
of the force of attraction is shown in Eq. (7);

where Q1–charge on the anode, Q2–droplet charge, r–dis-
tance between droplet and anode, εo–permittivity of the 
medium.

The resultant force acting on the droplet is calculated 
from

Analytical models are used to obtain FB, FP, FG, FHP, FD 
and FDE, while R is obtained from experimental data. Force 

(4)FP = Vd�cg

(5)FHP = Vt�bg
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due to electric field FE is then obtained by substitution of 
Eq. (8).

Assumptions for analytical models.
The following underlying assumptions were made during 

the development of the analytical models.

(i)	 Brine density is homogenous, and the brine volume is 
constant within the tank

(ii)	 There is negligible movement of particles within the 
brine

(iii)	 Droplet volume is constant during droplet rise
(iv)	 The temperature of the brine is constant throughout the 

experiment
(v)	 The graphite electrodes have constant surface charge

Estimating droplet volume using Young–Laplace 
model

Volume of droplet was calculated using Young–Laplace 
solution:

R1 and R2 are the principal radii of curvature, while ΔP 
represents the pressure difference between the fluid within 
the droplet and the bulk continuous fluid outside the droplet. 
Δ� is the difference in densities of condensate fluid and brine 
solution. For an axisymmetric system, Eq. (9) can be writ-
ten using cylindrical coordinate’s r, ϕ and z as presented by 
Karbaschi et al. 2015;

The droplet profile of the experimental image is first 
extracted using canny edge detector (Canny 1986). Then 
the Laplace-young model is iteratively optimized to fit the 
extracted profile as described by (Berry et al. 2015). After 
fitting the droplet profile into the Young–Laplace equation as 
shown in Fig. 6, the volume and surface area of the droplet 
is estimated using Eq. (11).
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Experimental investigation

The experimental set-up shown in Fig. 7 is used to analyze 
the effect of direct current on droplets of the synthetic con-
densate rising through brine solution. The brine-condensate 
system is contained within a rectangular tank of dimensions: 
36 × 23 × 26cm. The rectangular tank is made from 5 mm 
thick clear glass to allow for optical access into the system. 
The entire experiment was run under ambient temperature 
conditions. A variable rate syringe pump fitted with a par-
tially filled 100 ml Luer-locked graduated syringe is attached 
to 80 cm long clear flexible plastic tubing. The tubing is 
connected to a nozzle attached to the base of the tank. The 
position of the nozzle-tip is perpendicular to the base of the 
tank to ensure vertical release of droplets. A constant pump 
pressure is applied to the syringe pump.

Droplet movement is captured by a high-speed high-
resolution camera (DSC-RX10M3) with a total bit rate of 
51195kbps and 50 frames per second. The camera is posi-
tioned perpendicular to tank so that the entire droplet path 
can be captured. A focused light source is attached at the 

opposite end of the tank to illuminate the droplet. A video 
processing tool (Adobe Photoshop 2020) is used to render 
the video into images at 40fps. From the processed image, 
the effect of electric current on the droplet velocity was 
obtained.

Synthetic condensate and brine preparation

To prepare the synthetic condensate, n-pentane, n-hexane, 
n-heptane, n-octane, n-decane, and toluene all of 99% purity 
were obtained from VWR Chemicals UK. Using n-pentane 
as the base fluid, other components were added under stand-
ard conditions of temperature and pressure according to the 
composition given in Table 2. To achieve homogenity, the 
resulting synthetic condensate was stirred continuously for 
4 h using a table-mounted electric stirrer.

The brine composition was modeled after Kester et al., 
(1967). To prepare the brine solution, each salt component 
was first measured-out according to the composition given 
in Table 2. An empty beaker filled with 1400 mL of deion-
ized water (density 0.9982 g/cm3 @ 20 oC) was placed on a 
table-mounted magnetic stirrer. The measured-out salts were 

Fig. 6   Processing experimental 
image to obtain droplet volume 
by fitting Young–Laplace equa-
tion

Fig. 7   Experimental Set-up
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then added in the order shown in Table 2. To ensure homo-
geneity in the brine solution, each salt was added while stir-
ring continuously for 10 min before the next was added. The 
mixing process is carried out with Steinberg Electric Stirrer 
with maximum rotation speed of 3400 rpm. The surface of 
the brine exposed to ambient temperature (~ 21OC ± 0.5) and 
atmospheric pressure (14.696 psi). The total volume of brine 
solution recorded was 1530 mL, while the density of the 
brine was measured to be 1.0658 g/cm3 and the Molarity 
was calculated to be 0.052 M. The actual experiment set-up 
is shown in Fig. 8. To prevent redox reactions at the elec-
trodes during experiment, the graphite electrodes (with 99% 
percent purity) were used for both the cathode and anode. 
The graphite electrodes were connected to the power supply 
unit Powerflex CPX400A Dual 60 V 20A.

Results

PDT uses the shape of the curved interface to extract the 
interfacial tension of the droplet and does not require 
advanced instrumentation. The precision of the analysis is 
improved with the use of image analysis software to match 
the shape of the curve to Young–Laplace equation. The 
effect of electric field on the movement of the condensate 
droplet along the rise path is captured using the force analy-
sis equation given in Eq. (8). The effect of electric field on 
the interfacial tension between the condensate droplet and 
the brine solution is captured using pendant drop tensiom-
etry. As shown in Table 8 (see Appendix), the salinity and 
electric current were varied from 0–19.23ppt and 0–46.5 
V, respectively. The measurements for each parameter were 
obtained at least 12 times to satisfy statistical significance. 
Properties of the droplet and brine solution extracted from 
the experiment are presented in Table 3.

Based on the conditions of this experiment, a significant 
deviation of droplet trajectory is expected under the follow-
ing conditions:

	 (i)	 Changes in the permittivity of the brine due to 
alterations in the salinity of the brine. Brine salinity 
would be altered if new ions are introduced at the 
electrodes during REDOX reactions. The probability 
of REDOX reaction occurring at the electrodes was 
minimized with the use graphite electrodes

	 (ii)	 Increase in polar components (acids and bases which 
are surface active) of the condensate droplets. This 
would occur if the composition of the condensate 
changes with time. An increase in polar component 
would increase the charge density around the droplet 
surface.

	 (iii)	 Temperature change caused by increase in electric 
voltage. Electrolysis is initiated when the voltage 
increases beyond a threshold value. Heat given off 
at the electrodes during electrolysis may cause a 
temperature rise within the brine. The resulting tem-

Table 2   Brine and Condenstate composition

Fluid type Component Mass (g)

Condensate mixture C5H12 112.5
C6H14 19.65
C7H16 20.52
C8H18 21.09
C10H22 22.5
C7H8 4.335

Brine salt solution NaCl 133.9856
Na2SO4 22.6041
KCl 3.8029
NaHCO3 1.1109
MgCl2.6H2O 60.4232
CaCl2.2H2O 8.7345
H2O 1400

Fig. 8   Final experimental set-up

Table 3   Droplet data extracted from experiment

Key droplet parameters (obtained from experi-
ment)

Values

Volume of droplet, Vd 0.1046 × 10–6 m3

Brine density, ρb 1065.8 kg/ m3

Reynolds number, Re 0.2
Condensate density, ρc 657 kg/ m3

Pump volumetric flowrate, Qp 0.033 × 10–6 m3/s
Buoyancy force, FB 0.00103 N
Pump pressure force, FP 0.0000645 N/s
Gravity force, FG 0.000674 N
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perature rise affects the buoyancy force acting on the 
droplet and causes a deviation. The maximum volt-
age applied across the electrodes was limited to 46.5 
V to checkmate this occurrence

By minimizing or eliminated other potential sources of 
trajectory deviation, the experiment was designed to capture 
only deviations caused by varying electric voltage.

The droplet trajectory was extracted using the guidelines 
highlighted in Sect. 2.1. Deviations in the droplet trajectory 
as a function of electric voltage across the electrodes were 
recorded using the high-speed camera. For each droplet tra-
jectory shown in Fig. 9, the droplet rise velocity, horizontal 
deviation, nominal distance (a and b) was measured, and the 
results presented in Tables 4, 5, 6, 7. Each droplet trajectory 

was measured 3 times. Details of the results obtained are 
captured in Appendix section.

During the experiment run-time, an average of 4 droplet 
rise is recorded; this brings total measurement for the behav-
ior droplet at various voltages to 12. A plot of the droplet 
trajectory properties is presented in Fig. 10. The droplet ris-
ing velocity was estimated by measuring the droplet travel 
distance against the time it takes for the droplet to rise 
from position A to position D. Results from the analysis 
shows that as the voltage increase, the droplet rise veloc-
ity decreases from the initial 140 mm/s to a near constant 
value of 120 mm/s at 26.5 V. The change in trajectory of the 
droplet increases the travel time as voltage applied increases. 
True vertical distance to deviation indicates the kick-off 
point for the change in droplet trajectory. An increase in 

Fig. 9   Extracted images of 
actual droplet paths (a) No 
Voltage (b) 5.25 V (c) 26.5 V 
(d) 46.5 V
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voltage causes a corresponding decrease in the true verti-
cal distance to deviation to reflect the increasing radius of 
impact.

The horizontal deviation C is the strongest measure of 
the effect of the electric field on the droplet path as it alters 

the otherwise vertical motion of the droplet due to buoyancy 
effect. From the result obtained, a temporary decrease was 
observed. This could be attributed to the random motion of 
brine immediately after mixing. Thereafter, a progressive 
increase in deviation is observed as the voltage is increased. 

Table 4   Case a: Deionized 
water with no salt content and 
no DC current

Voltage (V) No Voltage

Reading #1 #2 #3 #4

Horizontal deviation, c 0.000 0.000 0.000 0.000
True vertical distance to deviation, d 45.429 45.321 45.429 45.429
Droplet rise time, t (secs) 0.325 0.330 0.300 0.330
True vertical distance, (a + d) 45.429 45.429 45.429 45.429
Nominal distance, a 0.000 0.107 0.000 0.000
Lateral distance, b (mm) 0.000 0.107 0.000 0.000
Droplet rise velocity, v (mm/s) 139.7802 137.6623 151.4286 137.6623

Table 5   Case b: Salinity 
Constant, Low Voltage (5.26 V)

Voltage (V) Low Voltage (5.26 V)

Reading #1 #2 #3 #4

Horizontal deviation, c 2.930 2.584 2.364 0.000
True Vertical Distance to Deviation, d 40.000 39.291 40.756 45.429
Droplet Rise Time, t (secs) 0.330 0.380 0.350 0.350
True Vertical Distance, (a + d) 45.429 45.429 45.429 45.429
Nominal Distance, a (mm) 5.429 6.138 4.672 0.000
Lateral distance, b (mm) 7.333 6.339 5.236 0.000
Droplet rise velocity, v (mm/s) 143.4326 120.0781 131.4074 129.7959

Table 6   Case c: Salinity 
Constant, Low Voltage (26.24 
V)

Voltage (V) Mid Voltage (26.24 V)

Reading #1 #2 #3 #4

Horizontal deviation, c 3.877 4.161 4.776 4.066
True vertical distance to deviation, d 36.596 36.407 32.955 37.588
Droplet rise time, t (secs) 0.380 0.380 0.380 0.400
True vertical distance, (a + d) 45.429 45.429 45.429 45.429
Nominal distance, a 8.833 9.022 12.474 7.840
Lateral distance, b (mm) 9.646 9.935 13.357 8.832
Droplet rise velocity, v (mm/s) 121.6898 121.9520 121.8725 116.0509

Table 7   Case d: Salinity 
Constant, Low Voltage (46.57 
V)

Voltage (V) High Voltage (46.57)

Reading #1 #2 #3 #4

Horizontal deviation, c 8.511 8.038 7.860 8.558
True vertical distance to deviation, d 22.749 26.820 27.518 28.274
Droplet rise time, t (secs) 0.380 0.400 0.400 0.380
True vertical distance, (a + d) 45.429 45.429 45.429 45.429
Nominal distance, a 22.680 18.608 17.911 17.155
Lateral distance, b (mm) 24.224 20.270 19.559 19.171
Droplet rise velocity, v (mm/s) 123.6127 117.7264 117.6937 124.8543
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Typically, during oil production, brine (low salinity) is used 
to drive the oil from the reservoirs into the production well. 
The ability to do this effectively depends on the interfacial 
tension acting between the brine and the oil molecules. A 
lower interfacial tension increases the oil displacement effi-
ciency of the brine (Nicolini et al. 2017; Wagner and Leach 
1966). Results from the interfacial tension (IFT) measure-
ment obtained from the experiment reveal a progressive 
increase in IFT as the voltage is increased (see Fig. 11). 
This can be attributed to the distribution of electric charge 
across the droplet interface in the presence of the electric 
field. When the electric voltage is increased up to 26 V, a 
significant increase in interfacial tension is observed. This 
increase is captured by a change in trendline.

Experimental Error Reporting

Two types of error are captured in this analysis: reading error 
and standard deviation error. The reading error accounts for 
the uncertainty in measurement observed from the high-
speed camera. Three parameters were measured directly; 

true vertical distance to deviation (d), horizontal deviation 
(c), and droplet rise time. The droplet diameter, horizontal 
and vertical deviations were all subjected to a reading error 
of ± 0.05 mm, while the droplet rise time (t) was subjected 
to a reading error of ± 0.005 s. To account for the disparity in 
measured values, the standard deviation of each reading was 
estimated from the mean value. The standard deviation gives 
the error spread in the mean value of the readings obtained 
from the experiment. Using data given in Table 4, 5, 6, 7, the 
mean, standard deviation, and coefficient of variance were 
computed from Eqs. (12)–(14).

where N–Number of input data, xi–measured data.
Error propagation
The droplet rise velocity was analytically obtained from 

these parameters using Eq. (15). We observed that the read-
ing error was relatively small compared to the standard devi-
ations. For the error propagation, we made use of standard 
deviation.

where a, d, c and t are droplet trajectory parameters as 
shown in Fig. 4 and given in Tables 4, 5, 6, 7

σd–standard deviation for true vertical distance to 
deviation.

The results of the analysis for each voltage reading are 
presented in Figs. 12, 13, 14.

From the error analysis, it was observed that the coef-
ficient of variation for all considered parameters did not 
exceed 10%. This connotes that repeated measurements 
produced similar results with a 90% confidence interval. A 
progressive increase in error propagation of the droplet rise 
velocity was observed as the voltage is increased. This is 
expected because of the increase in lateral movement of the 
droplet observed when the volage is increase.

(12)Mean,� =

∑
�

xi + xi+1 +… xN
�

N

(13)Standard Deviation, � =

�

�

�

�

�

∑
�

xi − �
�2

N

�

(14)Coefficient of Variance =
�

�

(15)Droplet Rise Velocity (mm∕s) =
d +

√

(

a2 + c2
)

t

(16)Error Propagation =

√

(

�2
d
+ �2

a
+ �2

c
+ �2

t

)
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Conclusion

In this work, laboratory experiments to capture the effect of 
direct current on condensate droplets were performed. This 
provides insights into the behavior of condensate droplets 
in the pore space when DC current is introduced. Results 
obtained from previous laboratory experiments reveal that 
an increase in the current introduced into the hydrocarbon 
saturated cores, leads to a corresponding increase in con-
densate displacement efficiency until a certain threshold of 

current is reached (Wentong Zhang et al. 2019a, b). The 
explanation for this was tied to the interaction between the 
direct current and rock surface via electromigration and elec-
trophoresis (Ghosh et al. 2012; Paillat et al. 2000; Rahbar 
et al. 2018). The release of hydrogen ions and hydroxide 
ions during electrolysis at high voltage is thought to weaken 
the acidic environment of the pore space by combining to 
form water. However, insights from this experiment reveal 
that in the absence of rock surface, an increase in voltage 
leads to a preferential movement of the condensate droplet 
toward the anode and a corresponding increase in interfacial 
tension between the condensate droplet and brine solution. 
This shows that as DC current is increased, the interfacial 
tension increases progressively until its effect counteracts 
the benefit obtained from the preferential movement of con-
densate droplet. Temperature variation was not considered 
in this study because at reservoir conditions the tempera-
ture is fairly constant. However, for future investigations, the 
experiments should be conducted at elevated temperatures 
to capture the reservoir temperature conditions.

Appendix

See Table 8

Horizontal
Devia�on, c

(mm)

True Ver�cal
Distance to
Devia�on, d

Droplet Rise
Time, t (secs)

Droplet Rise
Velocity, v

(mm/s)
Standard Devia�on 0.232751775 0.598455731 0.020548047
Coefficient of Varia�on 9% 1% 6%
Propaga�on Error 0.878005771
Mean 2.626 40.016 0.353 131.639
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Fig. 12   Error analysis for 5.26 V

Horizontal
Devia�on, c

(mm)

True Ver�cal
Distance to
Devia�on, d

(mm)

Droplet Rise
Time, t (secs)

Droplet Rise
Velocity, v

(mm/s)
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Devia�on, d

(mm)

Droplet Rise
Time, t (secs)

Droplet Rise
Velocity, v

(mm/s)

Standard Devia�on 0.29957453 2.136447342 0.01
Coefficient of Varia�on 4% 8% 3%
Propaga�on Error 3.036224529
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