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Hydrodynamic and electrostatic interactions of water droplet pairs in oil and electrocoalescence
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This paper presents an experimental study of falling droplet pair interactions until their electrocoalescence in axisymmetric configuration: the drop pair axis is parallel to the falling direction and to the applied electric field. Generation of droplet pairs from single needle by EHD injection method allows obtaining droplets smaller than in existing data, their diameters ranging between a few tens to two hundred microns. Droplets diameters and electric charges are revealed by comparing the experimental falling velocity to calculations taking into account hydrodynamic and electrostatic interactions. To validate the method and corresponding experimental data, mass and electric charge conservations are checked during the coalescence and comparison is proposed with numerical simulation of droplet pair behavior.

Introduction

Dehydration of water-in-oil emulsions is a necessary step of crude oil extraction and refinery. Very stable emulsions of very small water droplets in oil are formed at different steps: intense emulsification in crude oil by shear forces breaking up large water drops into smaller ones during oil flow inside tubes and through pressure release valves [START_REF] Thompson | Emulsification and demulsification related to crude oil production[END_REF][START_REF] Less | The electrocoalescers' technology: Advances, strengths and limitations for crude oil separation[END_REF], desalting process using fresh water injection during crude oil refinery [START_REF] Manning | Oilfield Processing of petroleum[END_REF]. Typical size of water droplets ranges from some micrometers to hundreds of micrometers in diameter [START_REF] Atten | Electrocoalescence of water droplets in an insulating liquid[END_REF][START_REF] Aichele | Water in oil emulsion droplet size characterization using a pulsed field gradient with diffusion editing (PFG-DE) NMR technique[END_REF][START_REF] Less | The electrocoalescers' technology: Advances, strengths and limitations for crude oil separation[END_REF][START_REF] Less | Online droplet diameter measurements to improve the crude oil dehydration process[END_REF].

The gravitational effect for water-oil phase separation is no longer efficient because, according to Stokes law, the sedimentation speed of water droplets is proportional to the square of the drop diameter. Thus the finest droplets determine the residence time of the emulsion in separators. Increasing droplet sizes by merging them is a necessary way to accelerate drop sedimentation speed and reduce this residence time. Coalescence enhancement by application of external electric field to the water-in-oil emulsions, or electrocoalescence, is considered as a most efficient way to proceed (Eow andGhadiri 2002, Mhatre et al. 2015b). Because the influence of combined geometrical, hydrodynamical, electrical, or chemical phenomena on the electrocoalescence efficiency remains not fully understood, studies of academic configurations were performed for some decades, by studying interactions of drops pair or interactions of a drop with a free surface or a stationary larger drop.

Most of the experiments were performed in model fluids, mainly water droplets in model oil, a few ones in crude oil.

Experiments of single drop falling on a planar free surface were performed first by [START_REF] Charles | The mechanism of partial coalescence of liquid drops at liquid/liquid interfaces[END_REF], and in their experiments the partial coalescence phenomenon which refers to uncomplete merging of the main drop with the planar surface, was discussed. Then experiments in this configuration have been repeated to qualify the influence of physical parameters. Recently, [START_REF] Aryafar | Drop coalescence through planar surfaces[END_REF] studied the partial coalescence process as a function of Ohnesorge number. Experiments were also compared to numerical simulations by [START_REF] Chiesa | Investigation of the role of viscosity on electrocoalescence of water droplets in oil[END_REF] to understand the influence of oil viscosity. The effect of electric field strength on drop coalescence is discussed in many different experiments [START_REF] Jung | Electric chargemediated coalescence of water droplets for biochemical microreactors[END_REF][START_REF] Aryafar | Electrocoalescence: Effects of DC Electric Fields on Coalescence of Drops at Planar Interfaces[END_REF][START_REF] Ristenpart | Non-coalescence of oppositely charged drops[END_REF][START_REF] Mousavichoubeh | Electro-coalescence of an aqueous droplet at an oil-water interface[END_REF][START_REF] Hellesø | Experimental study of electrocoalescence of water drops in crude oil using near-infrared camera[END_REF].

Until now experiments on electrocoalescence in drop pair configuration are fewer. It seems that the first studies on falling drop pairs date back to the 21th century: [START_REF] Lundgaard | Electrocoalescence of water drop pairs in oil[END_REF] and [START_REF] Eow | Drop-drop coalescence in an electric field: the effects of applied electric field and electrode geometry[END_REF]. The effects of external electric fields and electrode geometry are investigated. [START_REF] Bjørklund | The level-set method applied to droplet dynamics in the presence of an electric field[END_REF]) develop simulations of electrically induced droplet coalescence. More recently, electrocoalescence of drop pair is investigated by [START_REF] Guo | Deformation and breakup of aqueous drops in viscous oil under a uniform AC electric field[END_REF] focusing on drop deformations in coalescence processes, [START_REF] Mohammadi | Electrocoalescence of binary water droplets falling in oil: Experimental study[END_REF] and (Mathre et al. 2015a). However, all those experiments of electrocoalescence of water droplet pairs in oil used drops with diameters of the order of one millimetre; as in crude oil the typical size is much smaller. Moreover, in the experiments reported the direction of fall of the drop pairs is perpendicular to that of applied electric fields. Hydrodynamics and electrostatics interactions are not aligned and the resulting configuration is full 3D.

Thus experiments of electrocoalescence of droplet pairs aiming in reducing the drop diameters are required to become closer to real cases in crude oil demulsification or microfluidics. Moreover, aligning the electric field to the fall direction may improve the comparison capability with simulations.

In that context, the present work aims at studying interactions and electrocoalescence of droplet pair with diameters in the range 100-200 microns, in fully axisymmetric configuration to facilitate the comparison between experimental data and numerical simulations as some proposed last years [START_REF] Bjørklund | The level-set method applied to droplet dynamics in the presence of an electric field[END_REF][START_REF] Raisin | Field induced coalescence of two free water drops in a viscous dielectric fluid[END_REF][START_REF] Teigen | Influence of surfactant on drop deformation in an electric field[END_REF], Mohammadi 2012[START_REF] Mohammadi | Numerical and experimental study on electric field driven coalescence of binary falling droplets in oil[END_REF].

After the presentation of the experimental setup, the paper focuses on the method proposed to analyze the experimental results, taking into account the interactions of very small and close droplets in electric field. Illustrations of possible comparisons between experiments and simulations are also proposed.

Experimental setup

In experiments, two droplets are injected successively from the same needle whose tip is immersed in the model oil. After a while of the drop pair free fall, a DC or AC electric field is applied on the electrode to promote the droplets coalescence (Figure 1). This process is registered by video cameras. Complete axial symmetry is obtained by the alignment of gravity, electric field and the axis passing through droplets centers.

The test cell is an octagonal Plexiglas cell measuring 4.8 cm on each inner side. This test cell design allows visualizations along four axes perpendicular to its sides, as illustrated on Figure 2. A grounded needle is placed along the cell axis of symmetry, 0.8 cm above the HV electrode. This electrode is a disk of 80 mm diameter and 5 mm thickness in which a hole is drilled and lets the droplets pass. The hole is 5 mm in diameter; edges are rounded with a 1 mm radius. The outer diameter of the needle is Dext = 1.06 mm and its inner diameter D = 0.72 mm. Its tip is gently beveled. The needle is filled with brine water and the water meniscus is anchored on the inner diameter of the needle. The meniscus height could be adjusted by varying the water level in a storage tank linked to the needle trough a Teflon tube. It is seen that the electric fields between the electrode and the needle tip is not perfectly uniform. Noting z the distance from the middle point of the drop pair to the electrode, the vertical component of the electric field obtained by numerical simulation is drawn on Figure 4. A curve fitting allows deducing the electric field vertical component expression Ez(z) for a voltage V applied at the electrode.

. for 1 kV DC voltage applied on the electrode (drawn on semi-log scale from numerical simulation) At a distance z between 6 and 2 mm from the electrode (i.e. 2 to 6 mm below the needle tip) the electric field decreases from 0.1 to 0.05 kV/mm. The electric field strength can be fitted by equation: Ez(z) = (0.0145z 6 -0.207z 5 + 1.13z 4 -2.27z 3 -0.475z 2 + 13z + 22).V/1000.

The measurement set-up is mainly composed of: a PC sending and receiving signals through standard I/O ports and a special video card, a waveform generator (Agilent 33500B series), a high voltage amplifier (Trek 20/20C), an multi-channel oscilloscope (Tektronix DPO 4034), two CMOS cameras (Dalsa Falcon 1.4M100 XDR) and a highspeed camera (AOS S-MOTION 1683).

Waveforms are generated by in-house developed software and sent to the Agilent waveform generator. The software in the computer has a pulse delay function allowing the generation of successive trigger pulses with precisely defined time interval and duration. A sequence of four successive trigger pulses is possible. The first two pulses are destined to start the waveform generator while the last two are used to apply sinusoidal or DC voltage on the electrode. With the help of trigger delays, two Dalsa cameras can be turned on at given times, according to needs. The high-speed camera can also be trigged or started manually. The waveform, in the range -10V to 10V, is amplified 2000 times by the Trek 20/20C (output range -20kV to 20 kV). All the signals from the cameras, the waveform generator, the amplifier, and the trigger pulses sent from the computer are recorded on the oscilloscope to control the whole procedure.

The fluids characteristics presented in Table 1 correspond to brine water droplets (by adding 3.5%wt NaCl in tap water) in Marcol 52 TM oil with 0.001%wt surfactant Span 80 TM . Oil viscosity μo was measured using Haake falling ball viscometer -C-and oil density ρo by Fischer hydrometer 11-555-D. Water density ρw and viscosity are from standard tables. Interfacial tension between oil and water σ is decreasing with time and measured using pendant drop analyzer KRÜSS DSA 30S. Electric characteristics of oil are measured using high sensibility resistivimeter IRLAB LDTRP2: relative permittivity is εr =2.1 and conductivity is very small, in the range 0.4-1.5 10 -14 S/m. 

Drop tracking method

Injection, free fall and coalescence of droplet pairs are registered simultaneously using the different video cameras. Figure 5 gives an example of successive images taken from the video record by one of the two CMOS cameras at 10 fps and the last stage of coalescence on high-speed video frames at 8000 fps. 

Analysis of size and electric charge from falling velocity in electric field

The drops are injected by electrohydrodynamic (EHD) method because it allows to get drops with variable diameters much smaller than the used nozzle size [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]. The drops are of very small size, and injected under strong electric fields. One undesirable effect of so strong electric pulses (up to 10 kV) is that free electric charges may be injected in the liquid surrounding the needle tip and being caught at the droplets surface.

The polarity of the needle and shape of generated pulse can be varied. That leads to variable electric charge for each of the two droplets of a pair. Thus the drops diameter and possible contained electric charge should be determined. We analyze the drop falling velocities from videos to get the drop diameters, with a better accuracy than from direct measurement on single image, and to estimate contained electric charges. The method is based on terminal falling velocity of a drop. The falling velocity of small droplets in oil reached very quickly the steady state. The total force acting on the drop then equals zero. It combines gravity force, buoyancy force and viscous force. The Reynolds number of viscous flow is very small, and the last force is estimated using Stokes' drag law, as if the droplets were solid bodies. This approximation is justified by the fact that the tangential velocity at the water oil interface is suppressed by the Marangoni stress due to the gradient of concentration of Span 80 surfactant (Ervik et al., 2014).

From terminal falling velocity U0, oil viscosity μo, difference of density of water and oil ρw-ρo , the balance of drop weight, buoyancy and viscous force gives the drop volume and associated diameter D:

𝐷 = 6√ 𝜇 𝑜 𝑈 0 2(𝜌 𝑤 -𝜌 𝑜 )𝑔 (1)
The relative uncertainty can then be expressed as [START_REF] Bell | A Beginner's Guide to Uncertainty of Measurement[END_REF]: From measurements of oil characteristics, oil density ρo and viscosity μo are found mainly dependent on temperature T. If we assume that the uncertainty on temperature is +/-1°C, and taking water density from standard table, and liquid characteristics from Table 1a) for 23°C, the relative uncertainty

𝛿𝐷 𝐷 = 1 2 √ ( 𝛿𝜇 𝑜 𝜇 𝑜 ) 2 + ( 𝛿𝑈 0 𝑈 0 ) 2 + ( 𝛿(𝜌 𝑤 -𝜌 𝑜 ) 𝜌 𝑤 -𝜌 𝑜 ) 2 ( 
𝛿(𝜌 𝑤 -𝜌 𝑜 )
𝜌 𝑤 -𝜌 𝑜 = 0.23% is very small and can often be neglected with respect to other terms. From characteristics measurement with falling ball viscometer:

δ𝜇 𝑜 𝜇 𝑜 = 0.807𝛿𝑇 𝑇 (3) 
From tracking method on video frames, the uncertainty on drop location is +/-1 pixel, which corresponds to δx = 3.3 µm after in situ calibration. The time interval between two successive frames is 0.1 s and the uncertainty on the velocity calculated from 2 successive frames is then 0.03 mm/s. This uncertainty decreases in inverse proportion of the time interval or of the duration of a time-averaging process

As an example, at 21 °C  1°C, δµo/µo = 3.8 %. Uncertainty on time-averaged drop falling velocity over 2 seconds is 1.65 µm/s. Then the uncertainty of the drop diameter can be approximated by:

𝛿𝐷 𝐷 = 1 2 √ 0.038 2 + ( 1.65 * 10 -6 𝑈 0 ) 2 (4)
For a falling velocity of 0.1 mm/s the relative uncertainty on the velocity is 1.65 10 -6 /10 -4 = 0.0165, that gives a 2 % relative uncertainly on diameter D. This uncertainty is smaller than those obtained by direct visualization for small droplets.

Uncertainty is mainly influenced by the temperature through the oil density variation and by the pixel size and possible duration of the time averaging of falling velocity.

When a DC voltage is applied to the high voltage electrode in the test cell, the total force on a drop changes to:

𝑭 𝑤 + 𝑭 𝑒 + 𝑭 𝑠 + 𝑭 𝑑𝑒𝑝 = 0 (5) 
With Fe = qE, Fw is the drop weight, Fs is the Stokes drag force with Fs=-6πμorU

The dielectrophoresis force Fdep associated to the non-uniform electric field should be estimated. It can be calculated as [START_REF] Benselama | Calcul de la force diélectrophorétique dans les microsystèmes biologiques: comparaison du modèle dipolaire avec le modèle du tenseur de Maxwell[END_REF]:

𝑭 𝑑𝑒𝑝 = 2𝜋𝜀 2 𝑟 3 𝐾𝑔𝑟𝑎𝑑 ⃑⃑⃑⃑⃑⃑⃑⃑⃑⃑ 𝑬 2 (6)
Here ε2 is the permittivity of the model oil, and K is the polarizability factor of the drop taken equal to 1. The vertical component of 𝑔𝑟𝑎𝑑 ⃑⃑⃑⃑⃑⃑⃑⃑⃑⃑ 𝑬 2 , 𝑑𝐸(𝑦) 2

𝑑𝑦

, can be calculated from the fitting function Ez(y). One can then verify that the dielectrophoretic force is most often negligible (or take into account the supplementary force in equation 5 and 7).

Finally the difference of falling velocities with (U) and without (U0) electric field allows deducing from the Coulomb force associated with the electric field E the net charge q of the droplet:

𝑞 = 6𝜋𝜇 𝑜 𝑟(𝑈 -𝑈 0 ) 𝐸 (7) 
The relative uncertainty can then be expressed as

𝛿𝑞 𝑞 = √ ( 𝛿𝜇 𝑜 𝜇 𝑜 ) 2 + ( 𝛿𝐷 𝐷 ) 2 + ( 𝛿(𝑈 -𝑈 0 ) 𝑈 -𝑈 0 ) 2 + ( 𝛿𝐸 𝐸 ) 2 (8) 
The new term δE/E comes from the numerical simulation and depends mainly on the accuracy of the estimation of the distance between the droplet position and the bottom electrode. Assuming a uncertainty of +/-0.2 mm, the relative uncertainty δE/E is found equal to 0.5%.

The duration of record without and with electric field allows averaging the velocity on 2s and the uncertainty on resulting velocity is 1.65 10 -6 m/s. From Figure 7, the drop falling velocity is found equal to U0 = 0.081 mm/s without DC field and U = 0.132 mm/s during DC field application. At temperature 21 °C  1 °C we obtain δD/D = 2 %, and δq/q = 6.4 %.

Interaction and coalescence of droplets pairs

When two drops are injected from the same needle, they fall down in an axisymmetric system with a strong interaction as described by [START_REF] Batchelor | Sedimentation in a dilute polydisperse system of interacting spheres. Part 1. General theory[END_REF]. The Reynolds number based on the very small diameter of the generated droplets and their falling velocities in oil is smaller than Re = 0.01. Thus viscous interactions are fully symmetric and the falling velocities U1 and U2 of the two droplets, with respective radii r1 and r2, are linked to the net forces acting on them, F1 and F2. Here we only calculate for the first drop as an example because F2 could be given by an equivalent equation.

𝐹 1 = 6𝜋𝜇 𝑜 𝑟 1 𝑋 11 𝑈 1 - 2𝑟 1 𝑟 2 𝑟 1 + 𝑟 2 𝑋 12 𝑈 2 𝑋 11 2 - 4𝑟 1 𝑟 2 (𝑟 1 + 𝑟 2 ) 2 𝑋 12 2 (9)
where Xij are mobility coefficients [START_REF] Batchelor | Sedimentation in a dilute polydisperse system of interacting spheres. Part 1. General theory[END_REF].

The balance of net force F1, weight and buoyancy gives the drop volume and associated radius r1:

𝑟 1 = √ 3𝐹 1 4𝜋(𝜌 𝑤 -𝜌 𝑜 )𝑔 3 (10)
The different terms of electrostatic interaction are given by [START_REF] Davis | Two Charged Spherical Conductors in a Uniform Electric Field: Forces and Field Strength[END_REF] in the case of uniform electric field E. They involve the net electric charges of the two droplet q1 and q2, and coefficients F'i obtained as series expressions depending on the relative geometry of the problem: r1/r2 and Δe/r2, where Δe is the distance between facing droplet surfaces.

(11) Fz( 2) could be given by an equivalent equation.

In the cases of sufficient distance between droplets facing surface (typically Δe > r1+r2), the electrostatic interaction is weaker and the net electrostatic force acting on the droplet can be expressed as the sum of separate simplified terms with a quite good accuracy (less than 5% error). These different terms are:

𝐹 𝑑𝑑 (1) = 24𝜋𝜀 0 𝜀 𝑟 𝑟 1 3 2 ( 𝑟 2 3 𝑙 4 ) (12)
Fdd is the dipole-dipole interaction in electric field E which corresponds to the first term of the expression Fz(1). (l is the distance center-tocenter: l = Δe + r1 + r2.)

𝐹 𝑐 (1) = 𝐸𝑞 1 (13)
Fc is the electrophoretic or Coulomb force. The simplification is based there on the fact that the second term is negligible with respect to the third in expression Fz(1).

𝐹 𝑒𝑠 = 1 4𝜋𝜀 0 𝜀 𝑟 𝑞 1 𝑞 2 𝑙 2 (14)
Fes is the electrostatic interaction between the droplet charges (assumed to be concentrated at the droplet centers) and it approaches the last term of Fz(1).

Because of non-linear or interactions terms in ( 9), ( 10) and ( 11), as in the simplified forces ( 12), ( 13) and ( 14), the radii and net charges of the droplets are deduced iteratively from the force balance with and without electric field. In our case of droplet pairs in slightly non-uniform electric field, it was just verified that the dielectrophoretic force Fdep given by ( 6) was always negligible relatively to the other terms.

Figure 8 shows an example of recorded positions deduced from about 140 successive frames, including coalescence of the two initial droplets at about time 6 s. Change of slopes at times 3 s and 10.5 s delimitates the application of DC voltage. Velocities U1 and U2 can be deduced from successive positions, with different levels of averaging and related uncertainty. Effect of electrocoalescence can be seen on the velocity curves, with a strong symmetric variation of droplet velocities just before contact. Before this, the droplet velocities increase mainly under the effect of hydrodynamic coupling and associated decrease of global viscous drag on the droplet pair.

After coalescence, the record of the resulting single droplet velocity, with and without applied electric field, allows deducing its characteristics with Equation ( 1) and (7). To validate the method and data, we define mass imbalance and charge imbalance as follow:

∆𝑚 𝑚 = 𝑚 3 𝑚 1 + 𝑚 2 -1 (15) 
Here m1, m2 and m3 are the masses for the two initial droplets and the final coalesced one.

∆𝑞 𝑞 = |𝑞 3 -(𝑞 1 + 𝑞 2 )| 𝑀𝑎𝑥(|𝑞 1 |, |𝑞 2 |) (16)
Here q1, q2 and q3 are the charge of the two initial droplets and of the final coalesced one. Because q1 and q2 are often of opposite sign, |q3| can be much smaller than |q1| or |q2|, or even equal to zero. Thus the |q3| is not chosen as the denominator in equation expression ( 16). For the case illustrated on Figure 8, mass imbalance is Δm/m = 1.9% and charge imbalance Δq/q = 1%. 

Data set

A data set was constituted of about 70 different cases, with varying droplets pair (with a limited diameter range to remain with falling velocities between 0.1 and 0.3 mm/s) and varying applied DC or AC voltage. Figure 9 illustrates the pretty good agreement of visual droplets diameters and those calculated from falling velocities using equation ( 9) and equation ( 10). As a general tendency calculated diameters appear a little smaller than those obtained by direct visualization. Analyses of mass and charge conservation are drawn with respect to non-dimensional parameter s0 defined as:

𝑠 0 = ∆𝑒 1 2 (𝑟 1 + 𝑟 2 ) (17)
This inter-drop distance parameter is estimated from records, just after application of the DC or AC electric field.

Figure 10 shows that the mass imbalances ∆m/m decreases with the parameter s0. The mass imbalance exceeds 10% only for the smaller values of initial non-dimensional distance s0 because of much stronger non-linear terms increasing the uncertainty on radius estimates. When the initial non-dimensional distance s0 is larger than 3, ∆m/m is always smaller than 6 %. This value is good because the average time duration for revealing drop falling velocity is often only 1 second. According to equation ( 2) the uncertainty on the estimate of the droplet diameter, is then 2.3%, value that do not include the effects of drop pair interactions. The corresponding uncertainty on the drop mass is close to 7%. Fig. 10. Mass imbalance (eq. 15, in absolute value) function of initial distance parameter s0.

On Figure 11 was observed that the charge imbalances ∆q/q decrease with s0 and the imbalances remain smaller than 30 % for s0 > 5. Charge conservation is not as good as mass conservation. Estimation of charge uncertainty using equation ( 8), that do not include the effects of drop pair interactions, is not sufficient there to explain the few cases where the charge imbalance exceeds 30 %. For points remaining largely out of the points cluster, with ∆q/q around 100%, it was often observed that the duration of the falling path of the coalesced drop was too short to obtain a stable falling velocity.

Mass and charge balances help validating the data.

The results obtained in the different cases show that a sufficiently large initial distance between droplets is strongly needed to achieve good measurement accuracy with the proposed method. In addition, some cases where studied with application of electrocoalescence under AC voltage. The waveform generator is set to apply a sinusoidal voltage on the electrode. To characterize the possible electric charge of the droplets a short DC should be applied at the beginning of the free fall journeys of the drop pairs and after their coalescence. Unfortunately, the total free fall distance needed to complete the full process most often exceeds the high of our cell. Feasibility has been studied in a few cases, as illustrated on Figure 12, but injecting much closer droplets and with shorter duration of successive phases. It results a loss of accuracy in the determination of droplets size and charge and the impossibility to check the mass and charge conservation.

Nevertheless the analyses of some cases allowed us checking that there is no visible influence of the frequency of the AC voltage between 1 and 5 kHz.

In comparison with Figure 8, Figure 12 shows that, as expected, the electrophoretic effect of droplets charge is totally suppressed by application of AC electric field, with no visible change in the curve slopes when the voltage is turned on or off. The full process of electrocoalescence can be as well described as in the DC voltage cases. 

Droplet approach velocity

The distance between the two droplets decreases with time up to contact, and can be fitted by a 2 nd order polynomial function from which approaching velocity ΔU can be deduced as the difference of falling velocities of the two droplets. A negative value of ∆U indicates the decreasing distance, as in all cases of coalescence.

Two different cases are drawn on Figure 13: in the first one, corresponding to the cases presented on Figure 8, the approach of the two droplet is gently slowing up to contact, while in the second one, corresponding to the case presented on Figure 12, the approach velocity increases in absolute value. Evolution of ΔU from beginning of application of AC or DC voltage to contact of the droplets can be expressed by the two values ΔUinit and ΔUcontact. Uncertainty on approaching velocity ΔU depends on the number of points involved but also on the pertinence of second order polynomial approximation, more particularly at the two edges of the trend curve ΔUinit and ΔUcontact. As an example, we compare in Table 2 the result of 2 nd and 3 rd order polynomial fittings in the two cases of figure 13. Resulting uncertainties range between 0.003 and 0.011 mm/s. Fig. 13. Inter-drop distance before drop coalescence. Second order polynomial fitting of inter-drop distance curves in electrocoalescence range under DC and AC voltage. Case DC (corresponding to Figure 8): approaching velocity at contact ΔUcontact = -0.103 mm/s, and initial ΔUinit = -0.145 mm/s. Case AC (corresponding to Figure 12): approaching velocity at contact ΔUcontact = -0.044 mm/s and, ΔUinit = -0.018 mm/s. Inter-drop distance is measured every 0.1 s. Polynomial fitting is applied on about 30 points. Vertical uncertainty bar is +/-0.0066 mm (two times the pixel size). As can be seen on Figure 14, according to the different cases, initial approach velocity ΔUinit varies in absolute value from almost 0 to 0.25 mm/s. The droplets approach tends globally to accelerate when the initial approach velocity is close to 0 (as the case corresponding to Figure 12 with ΔUinit = -0.018 mm/s.). On the contrary the droplets approach generally slows when initial approach velocity is in the larger range -0.10 to -0.25 mm/s. However a large dispersion of the different cases can be observed.

The different terms of hydrodynamic and electrostatic interactions between droplets can help explaining the tendencies. One should consider: a) weight of the droplets and buoyancy due to the difference of density of water and oil. The resulting force is proportional to the volume of each droplet of the falling pair and remains constant. b) electrophoretic (Coulomb) force under DC voltage, due to the difference of electric charge of the droplets in DC electric field: Ez (q1-q2). The force is proportional to the electric field with the limited variations presented on Figure 4 but independence with respect to the inter-drop distance. c) viscous interaction (the Reynolds number based on the very small diameter of the generated droplets and their falling velocities in oil is smaller than Re=0.01. Thus viscous interactions are fully symmetric and do not only express as the simplified Stokes drag forces). Due to the drainage of oil film this viscous force is tending to slow the approach as more as the film thickness is small. d) electrostatic interaction of uncharged droplets in electric field (electrocoalescence force, that can be approximated by dipoledipole interaction if the distance is not too small). This attraction force is increasing when the inter-drop distance decreases. e) the dielectrophoretic force due to nonuniform external electric fields and the electrostatic interaction between the droplet charges (assumed to be concentrated at the droplet centers) were generally found negligible relatively to the other terms.

At the beginning of electrocoalescence process, term a), b) and c) are dominant. There is not variation of the two first ones with the distance between droplets, but dependence to the initial conditions (size and charge of the droplets). When the distance between droplets decreases the viscous force c) slowing their approach increases, as the electrostatic interaction d) attracting the droplets.

When the constant terms are small, as in the AC cases where there is no resultant Coulomb force, the attraction increases faster and the approach velocity increases in absolute value. This is not the same in most of the DC field cases: due to the Coulomb force, the approach velocities are found larger. The viscous force is then correspondingly stronger and the electrostatic interaction attracting the droplets not sufficient to accelerate the approach up to coalescence. Because the electric charge of droplets is due to the EHD injection process and is not the main subject of the study, the use of AC electric field should be preferred in future experiment. To take into account non-linear and coupled effects, another solution is to compare with numerical simulation.

Comparison with numerical simulation

A direct comparison of the records with numerical simulations would probably be the best way to improve the knowledge of the physical interactions and to develop prediction capabilities.

As an example, simulation of case illustrated in Figure 8 and 12 is carried out using Comsol Multiphysics, version 5.2. The model takes into account the two water droplets and the oil medium through resolution of Navier-Stokes equations in a mesh moving at constant velocity to follow approximately the falling droplet pair. The resolution of electrostatic equations is performed in the oil, the water being considered as pure conductive medium and the droplet carrying the electric charge deduced from experiment. The model is Arbitrary Lagrangian-Eulerian, which means that the boundary of the droplet is described by deformable lines on which the deforming mesh is attached. The clear identification of the water-oil interfaces, as described in (Raisin et al., 2011a), allows the direct application of the electrostatic pressure on the surface.

In the case illustrated Figure 18 the coupling of the different equations takes into account a no slip velocity condition at the droplet surface to deal with the effect of surfactant. As for the experimental analysis involving Stokes' drag law, this approximation is justified by the fact that the tangential velocity at the water oil interface is suppressed by the Marangoni stress due to the gradient of concentration of surfactant. The initial conditions are applied from experiments, with the distance of the two droplet one or two second before turning on the DC or AC voltage.

The results of droplet trajectories and spacing are drawn on Figure 19. Figure 19a) can be compared with a very good agreement to the measurements of Figure 8, almost up to the contact of the drop boundaries where the numerical simulation stopped. It is the same for Figures 19b) and 12. In that second case effect of the applied AC electric field is simulated by applying a DC voltage equal to the rms value, on droplets considered as electrically neutral.

All coupled and nonlinear effects are taken in account in the numerical simulation, improving the validation of the experimental process partially based on simplified relations. In return, experimental data allows validating numerical models, from which extended analyses of electrocoalescence phenomenon can be held. Other numerical models, as for example those based on Volume-of-Fluid or Level-Set methods, would allow continuing the computation after the droplet coalescence.

Simulations of different cases are summarized on Figure 20, validating the general good agreement observed between experiment and calculations. 

Conclusion

EHD drop injection method is used to inject droplets into model oil, with diameters much smaller than the nozzle size. Drop pairs extracted from the same needle are aligned with gravity and electric field generating a fully axisymmetric configuration. Because of the method of injection using high voltage, the drops might be electrically charged and a method of analysis of their falling velocity is proposed to give access to their individual size and electric charge. Careful check of mass and charge conservation during droplet pair electrocoalescence and first comparison with numerical simulation improved the confidence level with respect to the experimental results. Thus a first data set of about 70 cases can be proposed to held comparisons with numerical simulations including the complete coalescence phase.

To improve the experiment and associated data it can first be proposed to modify the injection needle and applied voltage pulses to minimize the charge of injected droplets. In addition as shown in the paper, studying more particularly electrocoalescence under AC voltage will suppress the electrophoretic effect of droplets charge.

Working in a more uniform electric field will simplify the analyses: it will therefore be possible to let the droplets pass across a hole in the HV electrode to improve separately the geometries of areas of droplet pair generation and of study of their coalescence.

Fig 1 .

 1 Fig 1. Geometry of the experiment: two water droplets generated from single needle by EHD method in oil are falling and submitted to an external electric field. Axial symmetry is obtained by the alignment of gravity, electric field and droplet pair axis. Electrodes are in grey (HV electrode thickness is 5 mm), oil in white and water in black. Zoom of the needle tip and falling droplets on the right: the inner diameter of the beveled needle is 0.72 mm, the outer diameter 1.06 mm. The electric fields in the test cell is simulated by COMSOL MULTIPHYSICS on Figure 3 with a 1 kV DC voltage applied on the electrode. The height z=0.02 m corresponds to the surface of the HV electrode, and z=0.028 m corresponds to the position of the needle tip.

Fig 2 .

 2 Fig 2. Octagonal test cell and position of the cameras and lights along the different crossing axes.

Fig 3 .

 3 Fig 3. Norm of electric field and streamlines inside drop coalescence set up (with axisymmetric approximation). Applied voltage is 1 kV DC on the intermediate electrode, the needle and bottom electrode are grounded. At the oil free surface, a zero electric charge condition is applied. (HV electrode thickness is 5 mm). Color scale: norm of electric field ranges from 0 (dark blue) to 200V/mm (red). Maximum value is 3350 V/mm at the edge of needle tip.

Fig 4 .

 4 Fig 4. Electric field vertical component Ez-1kV-(z)for 1 kV DC voltage applied on the electrode (drawn on semi-log scale from numerical simulation) At a distance z between 6 and 2 mm from the electrode (i.e. 2 to 6 mm below the needle tip) the electric field decreases from 0.1 to 0.05 kV/mm. The electric field strength can be fitted by equation: Ez(z) = (0.0145z 6 -0.207z 5 + 1.13z 4 -2.27z 3 -0.475z 2 + 13z + 22).V/1000.

  Fig 6. Image processing and resulting data a) Illustration of image processing using Spotlight® software. Center of downstream droplet (red point) and leading edge of upstream one (blue point) tracked on the successive frames of the video record by CMOS camera at 10 fps. b) Droplets positions vs time deduced from image processing. In situ calibration of video frames gives the position of intermediate electrode upper surface (here 5.33 mm: hatched black line) . Applied voltage is 1.0 kV DC from t = 3s to 10.5 s. Oil temperature is 21 °C  1 °C. Droplets initial visual diameters D1visual=0.11mm, D2visual=12mm. According to Ez(z) fitting (Figure 4.) Electric field z component (dotted black line) varies with vertical position of droplet pair between 64V/mm and 45V/mm,

  Fig 7. Example of droplet position (red line) and falling velocity vs time: in dotted line the time step is 0.1 s, and the fluctuations of the velocity points illustrate the uncertainty resulting from pixel size.Fluctuations can be reduced by averaging the values on larger time step (as drawn there for 0.5 s: bold black line). 1kV DC voltage is applied between time 3 and 6s, during which terminal velocity changes from initial value U0 to U.

Fig 8 .

 8 Fig 8. Electrocoalescence under DC: Droplets positions and velocities vs time. Droplets initial diameters D1 = 0.105 mm, D2 = 0.113 mm; initial charges q1 = 0.005 pC, q2 = -0.026 pC. Applied DC voltage is 1.0 kV from t = 3s to 10.5 s (Ez varies with vertical position between 72V/mm and 48V/mm), oil temperature is 21 °C  1 °C. After coalescence D3 = 0.138 mm and q3 = -0.021 pC. For velocities, points are calculated with the time step of 0.1s and bold lines correspond to an averaging on 0.5s.

Fig 9 .

 9 Fig 9. Visual diameter and calculated diameter of the two droplets (dotted lines +/-10%)

Fig. 11 .

 11 Fig. 11. Charge imbalance (eq. 16) function of initial distance parameter s0.

Fig. 12 .

 12 Fig. 12. Electrocoalescence under AC: Droplets positions and velocities vs time. Droplets initial diameters D1 = 0.123 mm, D2 = 0.136 mm. Applied AC voltage is 1.4kV (zero to peak), with frequency 1 kHz, from t = 2s to 10s. Oil temperature is 25 °C  1 °C. For velocities, points are calculated with the time step of 0.1s and bold lines correspond to an averaging on 0.5s.

Fig. 14 .

 14 Fig. 14. Difference ΔUcontact -ΔUinit versus ΔUinit., under application of DC voltage (red circle) or AC voltage (blue triangle). The approaching velocities ΔU at contact are drawn with respect to the averaged electric field Ez for 70 cases of drops approaching each other up to coalescence under DC or AC fields. Averaged electric field is deduced from applied voltage and variable drop positions during the coalescence process. The voltage corresponds to the value applied directly on the electrode in the test cell in DC (drawn in absolute value on Figure 15), and peak voltage divided by √2 for the AC cases. Cases

Fig. 16 .

 16 Fig. 16. Approaching velocities ΔU at contact drawn as a function of Coulomb force difference under DC voltage

Fig 18 .Fig. 19 .

 1819 Fig 18. Simulation of the droplets interaction and movement, up to contact. Time is 4.5s (left) and 6s (right). Droplet diameters D1 = 0.105 mm, D2 = 0.113 mm; droplet charges q1 = 0.005 pC, q2 = -0.026 pC; applied constant DC electric field is 60V/mm. The mesh is moving in the fixed frame with a constant velocity just a little smaller than the droplet pair terminal velocity.

Fig. 20 .

 20 Fig. 20. Time from the powering up of the voltage to the coalescence: comparison between simulations and experiment.

Table 1 :

 1 Characteristics of brine water and oil. a) liquid characteristic changes with different temperatures; b) liquid interfacial changes with time increase.

		T(°C)	ρ (kg/m 3 )	Μ(Pa.s)
	Brine water 3.5% NaCl	20	1029.1	0.00107
	(taken from documents)	25	1027.6	0.00096
		21	828.7	0.01143
	Marcol & 0.001% Span80	23 25	828.0 827.3	0.01062 0.00993
		27	826.7	0.00933
		a)		
	Interfacial tension	initial	after 2 min	after 10 min
	σ (mN/m)	~50	42	33
		b)		

Table 2 :

 2 ΔUinit and ΔUcontact resulting from 2 nd and 3 rd order polynomial fittings and difference.

		2 nd	3 rd	Diff.
		DC case Fig 8		
	ΔUinit (mm/s)	-0.144	-0.149	0.004
	ΔUcontact (mm/s)	-0.103	-0.107	0.003
		AC case Fig 12	
	ΔUinit (mm/s)	-0.018	-0.029	0.007
	ΔUcontact (mm/s)	-0.044	-0.051	0.011

Acknowledgement

The authors want to thank Pierre Atten and Jonathan Raisin for previous work on the experimental set up and very useful discussions and advices.

This work was funded by the project "Fundamental understanding of electrocoalescence in heavy crude oils"; co-ordinated by SINTEF Energy Research. The project is supported by The Research Council of Norway, under the contract no: 206976/E30, and by the following industrial partners: Wärtsilä Oil & Gas Systems AS, Petrobras and Statoil ASA.