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Improvements of On-Demand ElectroHydroDynamic Injection of Droplet and Droplet Pair in a Dielectric Liquid

This paper deals with the extraction from a meniscus of water droplets of small size into an immiscible insulating liquid by the use of a multistage voltage pulse. A previous study on a particular oil established that this EHD Drop-on-Demand technique allows producing droplets of size smaller or much smaller than the needle diameter. The case of a dielectric liquid characterized by a rather high value of the water/oil interfacial tension is considered here. It is shown that by adequately modifying the shape and level of the multistage voltage pulse, droplets are produced with a diameter ranging over a large interval. It was expected that the short enough pulse duration would give electrically neutral droplets; in practice it is found that the droplets carry minute but nonzero charges. An explanation is given for the charging mechanism and other changes of the pulse shape allow to further minimize the droplets charge. Finally having in mind the possibility to investigate experimentally the electrocoalescence of two close drops, results are presented concerning the injection of two successive droplets.

INTRODUCTION

Drop-on-demand (DoD) technique consists in extracting one droplet from the meniscus between a liquid and another immiscible fluid. Different DoD techniques have long been the subject of research and are now widely used in practical applications such as inkjet printing and single droplet injection in another liquid. Among recent work, the dynamics of drop formation when injecting drops into a gas has been studied experimentally by using a nozzle orifice diameter of 53 μm; primary drops and produced satellites during drop injection process have been closely examined (Dong et al. 2006a). The behavior of human fibroblast cells subjected to mechanical and fluid constraints due to a DoD inkjet printing system have been investigated [START_REF] Saunders | Delivery of human fibroblast cells by piezoelectric drop-on-demand inkjet printing[END_REF]. Also the formation and deposition of micron size drops produced by DoD technique were studied using a new high speed camera [START_REF] Dong | Visualization of drop-on-demand inkjet: Drop formation and deposition[END_REF]).

The Drop-on-Demand technique can be very useful in studying drop electrocoalescence processes in petroleum research for which the interaction of at least two drops is required. Examples of such studies are given by [START_REF] Chiesa | Investigation of the role of viscosity on electrocoalescence of water droplets in oil[END_REF] and [START_REF] Mousavichoubeh | Electro-coalescence of an aqueous droplet at an oil-water interface[END_REF]) who injected one drop falling onto a larger drop at rest in a model oil. In order to study the electrocoalescence of two close drops as is the case in the bulk of a water-in-oil emulsion, [START_REF] Mohammadi | Electrocoalescence of binary water droplets falling in oil: Experimental study[END_REF]) and [START_REF] Hellesø | Experimental study of electrocoalescence of water drops in crude oil using near-infrared camera[END_REF] injected two water drops falling parallel inside a model oil. However the two drops injected using syringes had a diameter in millimeter range while the size distribution of real water droplets in crude oil is within the micron range [START_REF] Moradi | Effect of Salinity on Water-in-Crude Oil Emulsion: Evaluation through Drop-Size Distribution Proxy[END_REF]. A new method for producing droplets with a diameter well below the used nozzle size was proposed by [START_REF] Castrejón-Pita | A novel method to produce small droplets from large nozzles[END_REF]. This method produces cavities on a liquid reservoir, and then force this cavity to collapse to give rise to a single drop. This injection method is relative to air.

Turning to on-demand ejection of drops from a meniscus through the use of electrical forces, [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]) first applied a single square voltage pulse to an electrode facing the water meniscus anchored at the tip of a needle immersed in a model oil. They found that the extracted water drops were electrically charged. Then they developed a multi-stage pulse (MSP) method based on two successive square signals. Good results in water drop injection into polybutene oil were obtained with the injected drop radius varying in a wide range depending on the amplitude of the multi-stage voltage pulse.

The present study continues this previous research by changing the model oil and, consequently, the water-oil interfacial tension. Since the water droplets in crude oils are brine water with surfactants, additives should be added to the water. Moreover, it was assumed [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF] that the water droplets injected by MSP method are electrically neutral but this was not verified experimentally. A test of this assumption then appeared necessary.. The paper is organized as follows. First, a brief description of experimental setup is given. Second, former results on EHD injection method are presented with driving parameters and measurements uncertainties. Next, the EHD DoD is closely investigated for another oil, Marcol52, whose interfacial tension is at least twice that of the polybutene oil previously studied. A new multi-stage form of the pulse involving three trays is developed which improves the EHD technique of droplet injection. An experimental study shows that the injected droplets carry a small electric charge and an explanation is given for the charging mechanism. Finally, dual drop injection method is presented, and conclusions are drawn.

I. EXPERIMENTAL SETUP

The process of EHD drop injection is based on the dynamics of the water-oil meniscus. The test cell configuration is shown on Fig 1 .  A grounded needle is fixed at the top cover of the test cell with its tip immersed into the model oil (Fig. 1-a). The needle is filled with tap water and the meniscus is anchored on its inner edge (Fig. 1-c). Below the needle, a high voltage electrode is placed. The application of high voltage on this electrode can induce the meniscus to deform and then expel water drops from the hanging needle. The advantage of this technique is that the injected drop diameter can vary in a large range with respect to the needle inner diameter. In experiments, two values of the distance H between the needle tip and the electrode were used (H=8mm and H=15mm). The needle tip is blunt so that the water meniscus can anchor on its inner edge without bordering out (see Fig. 1-c). The inner needle radius Rcap for the first experiments was Rcap=0.23 mm, as in the previous experiments of [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]. For the second part of the study it was increased to Rcap=0.36 mm. The needle is connected to the water vessel (Fig. 1-a) by a Teflon capillary tube with an inside diameter of 0.8 mm and a length of about 0.5 m. Varying the height of the water vessel in relation to the test cell allows to control the meniscus shape. The parameter characterizing the meniscus shape is the relative height h/Rcap with h being the height of the meniscus as shown on Fig. 1-c. For nearly all experiments reported in this paper, the value of h/Rcap was fixed to 0.75.

The test cell is connected to several electrical devices : a PC sending and receiving signals through standard I/O ports and a special video card, a waveform generator (Agilent 33500B series or Wavetek 395), a high voltage amplifier (Trek 20/20C), an oscilloscope (Tektronix DPO 4034). Two Dalsa Falcon 1.4M100 XDR cameras and a fast camera (AOS S-MOTION 1683) give videos of the deforming meniscus ; two supplementary Bosch Dinion CDD cameras are directly linked to screens for live reading of both the water meniscus and the position of the injected droplet in the cell. The cameras are placed along symmetrical axes of the octagonal Plexiglas test cell, with LED illuminations placed at the opposite side of the test cell.

The signal generated by in-house developed software is sent from the computer to the waveform generator. The wave form, in the range: -10V to 10V is sent to the amplifier to be increased 2000 times (output range -20kV to 20kV). Then the HV signal is applied to the electrode in the test cell for drop injection or application of DC/AC. The cameras are triggered according to needs. All signals exiting from the cameras, the Waveform Generator, the amplifier and the computer are displayed on the oscilloscope.

II. EHD GENERATION OF DROPLETS USING MULTI STAGE PULSES

The EHD Drop-on-demand technique was previously proposed and tested by [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]) in polybutene oil. Several multi-stage pulse (MSP) shapes were tested and the best one allowed the diameter of injected droplets to vary from 30 μm to 220 μm linearly with applied voltages between 3 kV and 3.7 kV. This pulse shape, later named as MSPinit, is shown on Fig 2 andtested hereafter.

The MSPinit signal (Fig. 2) is mainly composed of three successive parts, generating a controlled electrostatic pressure on the hanging water meniscus. Part 1 induces the deformation of the meniscus into a blunt-tipped shape [START_REF] Wright | Self-consistent modeling of the electrohydrodynamics of a conductive meniscus[END_REF][START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]) -see Fig. 3. Part 2 forces the meniscus, especially the area of highest curvature that is away from the axis, to retract mainly due to capillary effects because the electrostatic pressure is low. At this stage, the interface exhibits a more or less columnar part with a rounded tip (see 6 th image of Fig 3). Then Part 3 of the pulse promotes the downwards elongation of the columnar part. At the end of the pulse, a part of water -the future drop -is connected to the core water via a thin thread (see 7 th image of Fig. 3). Due to the inertial and capillary forces, the thread will break off and thus the drop detaches and falls. A good drop injection requires a suitable pulse shape in order to avoid the formation of charged jets. For example, the prolongation of Part 1 of Fig 2 will give rise to lateral jets while increasing the level of Part 3 will favor axial jets [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF][START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]. Moreover, voltage is completely shut down before the liquid necking break off, to ensure electrical The main questions we are facing in order to generalize the EHD DoD technique are the following:

First of all, it looks necessary to adapt or improve the shape of the MSP in the case of other model oils with different physical properties (interfacial tension, viscosity...) and additives (salt, surfactants). Moreover, it would be good to reduce and, if possible, eliminate the generation of satellite droplets.

Second, it appears necessary to test the electrical neutrality of the droplets extracted from the meniscus.

Third, with reference to future experimental investigation of electrocoalescence, it is of great interest to examine the possibility of injecting pairs of close droplets by the EHD DoD technique.

III. DRIVING PARAMETERS AND DIMENSIONLESS NUMBERS

During the drop injection process, the deformation of the water-oil interface is affected by the electric surface force (also called electrostatic pressure) and the capillary force due to interfacial tension; it and also depends on the oil viscosity. With respect to inertia, interfacial tension has its characteristic time, which is called surface energy time scale. This time characterizes the dynamics of the liquid body under the effect of surface tension [START_REF] Hsiao | The critical Weber number for vortex and jet formation for drops impinging on a liquid pool[END_REF]. Moreover, when a fluid is flowing as a cylindrical column, disturbances (called capillary waves) are propagating on its surface tending to break it up, and the breakup time is of the order of the capillary time tcap given by [START_REF] Vincent | Dynamique de ligaments fortement étirés[END_REF]) :

(1)

Here ρw is the water mass density, Rcap is the inner radius of the needle and σ is the water-oil interfacial tension. This capillary time gives an idea of the life time of the water column generated by stretching the initial water meniscus and this may give an order of magnitude of the electric pulse duration.

The fluids viscosity influences fluid dynamic behaviors under external forces. Thus for liquid thread breakup the viscosity plays an important role [START_REF] Mckinley | Wolfgang von Ohnesorge[END_REF]. For a liquid column or liquid bridge, high values of viscosity increase the time before breakup [START_REF] Furbank | Pendant drop thread dynamics of particle-laden liquids[END_REF].

The viscous time tµ is an important factor used in most cases of liquid thread breakup.

Here it involves the viscosities µw and µo of water and oil respectively [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]) :

(2)

This viscous time can be viewed as the upper bound of pulse duration. To sum up, the electric pulse duration should be fixed between the capillary time tcap and the viscous time tμ.

For injection of water drops by multi-stage pulses (MSP), the typical voltage Vref to be applied on the electrode was estimated by [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]) from the balance of maximum electrostatic pressure and capillary pressure on the meniscus at initial instant :

∈ ∈ ln 4 (3)
where ε0 is the void permittivity and εr the relative permittivity of the dielectric liquid. This estimate is a lower bound because the voltage really applied must be higher due to the short duration of the pulse. This means that a large quantity of energy is given to the meniscus for the injection in a limited time [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF].

Reynolds number

The Reynolds number Re is a dimensionless parameter defined as the ratio of momentum force to viscous force. :

In relation (4), ρo is the oil mass density, U is a characteristic velocity of the falling drop, L is a characteristic length corresponding here to the droplet diameter (McKinley and Renardy 2011). In our experiments, for a water drop of diameter D = 0.14 mm falling inside Marcol52 with a typical terminal velocity U = 0.28 mm/s, then Re = 0.003; this very small value means that the experiments are totally within the classical Stokes regime [START_REF] Brennen | Fundamentals of Multiphase Flow[END_REF].

Eötvös number

For a liquid drop falling in an immiscible liquid, the resultant effects of body, viscosity and capillary forces can possibly affect the drop shape. The Eötvös number shows the relative importance of gravity force and surface tension force for the moving drop:
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Here ∆ρ = ρwρo , g = 9.8 m/s 2 is the gravity acceleration and r the drop radius. If the Eötvös number is high, the drop can have an important deformation of its shape, even breakup in liquid surroundings [START_REF] Clift | Bubbles, Drops, and Particles[END_REF][START_REF] Fakhari | Simulation of falling droplet by the lattice Boltzmann method[END_REF]. For a droplet of salted water falling in Marcol52 containing 0.001 wt% of Span80 at 23 °C, the density difference is Δρ = 196 kg/m 3 ; taking a drop radius r = 0.07 mm and interfacial tension σ = 42 mN/m leads to Eo ≈ 10 -4 . This very small value indicates that the free falling drops have a nearly perfect spherical shape.

Electric capillary number

When a water droplet is subjected to an electric field E, it can be significantly deformed by the electrostatic pressure pe = (1/2)εrε0E 2 exerted at the water-oil interface.

The electrocapillary number εc is the ratio of electrostatic pressure and capillary pressure [START_REF] Bird | Critical Angle for Electrically Driven Coalescence of Two Conical Droplets[END_REF] :
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The transition of the drop shape occurs at εc ≈ 1 [START_REF] Bird | Critical Angle for Electrically Driven Coalescence of Two Conical Droplets[END_REF]. For drops of diameter D = 0.14 mm falling in Marcol52 and subjected to a field strength E = 60 kV/m, the electrocapillary number is εc ≈ 10 -4 . Thus, the spherical shape of falling drops remains practically unaffected by moderate electric field.

IV. EXPERIMENTAL RESULTS IN MARCOL52 OIL

Measurements uncertainties

The measurement uncertainties come from visual uncertainties, the waveform generator and the voltage power amplifier. For the visual uncertainties, ImageJ software was used to measure drop diameters. According to [START_REF] Xia | Experiments on EHD injection, interaction and electrocoalescence of water droplet pairs in oil[END_REF], the corresponding uncertainty is of ± 1 pixel, thus for drop diameters of about 100 pixels the relative uncertainty is close to 1%.

The electric devices used in experiments have calibration uncertainties. The most important electric device is the waveform generator that determines the instantaneous value of voltage during the pulse and the return to zero at the end of the pulse. During the drop injection process, the water bridge between the future droplet and the meniscus must break up after the shutdown of voltage to avoid the charging of injected droplets [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]. Thus, a possible offset zero is important because it might potentially result in the droplet being slightly charged. For the generator Agilent 33500B Series, the 0 offset, checked on the oscilloscope, was found to be +140 µV. This gives a 0 offset of 0.28 V at the exit of the high voltage amplifier Trek 20/20C, a value lower than the 0 offset of the amplifier which is less than ± 2V according to the commercial information. This zero offset is more than three orders of magnitude lower than the applied MSP voltage and we consider that the voltage well returns to zero after application of the pulse.

Fluid characteristics

New EHD drop-on-demand experiments were carried out in Marcol52 with additives such as surfactant Span 80 in oil and inorganic salt NaCl in water. To estimate the various nondimensional parameters, the water-oil interfacial tension was measured by the pendant drop method with a KRÜSS Drop Shape Analyzer -DSA30s.

The interfacial tension σ decreases with time and the addition of the surfactant Span80 leads to lower values of σ. The decrease over time is caused by the deposition of surfactant on the water-oil interface [START_REF] Von Szyszkowski | Experimentelle Studien über kapillare Eigenschaften der wasserigen Losungen von Fettsauren[END_REF] and the value of σ decreases logarithmically with time t ≥ 0.1 minute :
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The relative uncertainty of σ then writes:

δσ σ Bδt t A -Blnt δt t 1 A B -lnt2 (8) 
Here A and B are the fitting coefficients.

Before the experiments of the day were carried out, one large water drop was pushed through to partly refresh the meniscus that stayed inside the oil overnight. Then during the experiments, the extracted drops could only very partly refresh the meniscus, especially when the extracted droplets were small. Between each drop injection the interval time was estimated to vary between 1 and 5 minutes. We assume that the interfacial tension of the water-oil meniscus and its uncertainty are given by eqs. ( 7) and ( 8) at time t = 3 minutes with uncertainty δt = 2 minutes. For 3.5 wt% NaCl solution and Marcol52, our measurements give A = 50.84, B = 2.87. Taking for granted that the age of the interface is really 3 minutes, this leads to δσ /σ = 3.4% and σ = 48 ± 1.6 mN/m. Of course, this estimate is an upper bound of the interfacial tension.

For 3.5 wt% NaCl solution and 0.001 wt% Span80 in Marcol52, the fitting coefficients are A = 47.09, B = 5.21 and we obtain δσ /σ = 6.7% and σ = 42 ± 2.8 mN/m, again an upper bound.

The viscosity of the oil was measured with a HAAKE Falling Ball Viscometer C, and the oil density by Fischer hydrometer of CAT.No.11-555-D with measurement range of 0.820 -0.890 g/ml. In addition to interfacial tension, there is a change with respect to polybutene oil concerning the viscosity. For Marcol52 µo varies with temperature from 11.43±0.43 10 -3 Pa.s at 21°C to 9.33±0.27 -3 Pa.s at 27°C, its density varying between 828.7± 0.3 kg/m 3 and 826.7± 0.3 kg/m 3 .

Influence of MSP

The previous work on EHD drop injection was performed in polybutene oil which is an unsaturated organic medium [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]. This oil may be oxidized and ageing can significantly modify its interfacial tension with water. In the present study, polybutene oil has been replaced by Marcol52, a saturated hydrocarbons mixture, to ensure that no oxidation could occur. However, compared with polybutene oil, interfacial tension with water is significantly higher. Therefore, the droplet injection conditions need to be re-examined.

The interfacial tension of Marcol52 is more than twice that of polybutene oil. This and the change in viscosity lead, according to eqs. ( 1) and (3), to a lower value of tcap and a higher value of Vref. The Vref value which was about 2.85 kV for polybutene oil [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF] is 4.29 kV for Marcol52 (taking the value σ = 48 mN/m). For droplet injections in polybutene, the used MSPinit duration was fixed to 1.75 ms [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 duration of pulses to be used with Marcol52 should be adapted to take into account the change in characteristic times. In a first series of tests with tap water and Marcol52, we retained the same needle inner radius, Rcap = 0.23 mm, as for polybutene. According to eqs. ( 1) and ( 2 First series of tests were carried out to determine how the MSPinit shape should be modified to inject droplets into Marcol52. After various trials, the second and third trays of MSP2 were fixed higher than in MSPinit (see Fig. 4) and the pulse duration was varied from 1.25 ms to 1.5 ms. The diameter of injected droplets ranges between 5 µm and just over 0.2 mm (Fig. 5). The best choice of pulse duration is 1.3 ms, a value 25% lower than with polybutene. In order to examine the influence of interfacial tension, two experiments were carried out, one with the oil remaining at rest in the test cell for about 5 days (called "aged oil") without refreshing the water-oil interface and the other with "new oil" and a meniscus refreshed as usual before experiments. "New oil" means that the Marcol52 was just poured into the test cell from the container.

Fig 6. Injection of tap water droplets into

Marcol52 with different ageing by using MSP2 (∆t = 1.3 ms, T = 21 °C, H = 15 mm, interfacial tension higher for the "new oil" than for the "aged oil"). The "gap" is the range in which no droplets are obtained with the new oil.

With the two oils the injections of droplets were carried out by gradually increasing the voltage; one can see on Fig. 6 that the results are close at the end of the sequence (voltage > 4.2 kV). But the injection of very small droplets begins for a voltage clearly lower for "aged oil" than for "new oil". This is explained by the fact that the interfacial tension was initially lower for the "aged oil". By increasing the pulse voltage, droplets of increasing diameter are extracted which gradually remove the surfactants layer at the water-oil interface; therefore the concentration of surfactants at the interface gradually decreases which induces an increase in the interfacial tension. Thus, during the course of the experiment, the partial refresh of the meniscus with each droplet injection gradually reduces the The discontinuous curve obtained with the "new oil" illustrates that it was not possible to generate droplets of diameter between about 0.07 mm and 0.17 mm (Fig. 6). This phenomenon often observed with MSP2 will be called "gap". This gap occurrence is due to the fact that, in the corresponding voltage interval, the deformation of the meniscus does not lead to the break off of the liquid necking so that no droplet is extracted. It appeared then necessary to modify the pulse shape in order to obtain a continuous variation of the droplet radius with the pulse voltage.

V. IMPROVED MSP

During the experiments of droplet injection of tap water droplets into Marcol52, "gaps" in the curves D(V) -drop diameter as a function of pulse voltage -were observed when working with MSP2. Moreover, the injection of large droplets was accompanied by satellites that, in some cases, were similar in size to the main droplet. The meniscus deformation process associated with the shape of MSP2 is responsible for these observations. Thus to modify and better control the dynamics of meniscus deformation, we turned to modifying the pulse shape.

A systematic study was carried out using a larger needle (Rcap = 0.36 mm) to facilitate the injection of larger droplets. Moreover, 3.5% by weight of NaCl was added to water and 0.001% by weight of Span 80 was introduced in Marcol52. New Multi-stage pulse shapes (denoted MSP3) were tested with three distinct trays as shown on Fig 4.

An extensive study by varying the level as well as the relative duration of the 3 trays allowed to select the best forms of the MSPs (a typical example is given in Fig. 4).

Decreasing the duration of the first plateau reduces the risk of radial jetting and the moderate level of the second plateau with the addition of a third allows satisfactory control over the production of satellites. Fig 7 shows that, when working with MSP2, the injected droplet diameter range is shorter -about twice as small -than when working with MSP3. The curve obtained when using MSP2 exhibits a "gap" of droplets diameter, between 0.05 mm and 0.09 mm, because, as mentioned in §4, no droplet can be ejected in this voltage range.

There is no gap when working with MSP3. and the droplets diameter varies continuously with the pulse voltage from about 10 µm to 0.3 mm. 

VI. DROPLET ELECTRIC CHARGE

The EHD DoD method was developed with the requirement to produce electrically neutral droplets [START_REF] Raisin | A novel actuation technique for the on-demand injection of charge-free conducting droplets in a viscous dielectric liquid[END_REF]. This was expected to be achieved by applying a pulse voltage short enough that the electrical field and, therefore, the surface charge density at the water-oil interface, were zero during the last stage of meniscus deformation and rupture. The droplet neutrality was not experimentally tested by [START_REF] Raisin | Electrocoalescence in Water-in-Oil Emulsions: Toward an Efficiency Criterion[END_REF]. During our experiments the droplets were suspected of carrying an electrical charge because an unexpected falling behavior was sometimes observed, the droplet moving horizontally and pasting on the wall of the test cell.

The way to check the presence (or the absence) of charge in a drop is simple: the application of a DC electric field E will modify (or not) the fall motion of the drop under the action of the Coulomb force Fe = qE exerted on its charge q. For an injected water droplet falling with its terminal velocity U0 in the dielectric liquid, the total force acting on the water drop equals zero. It combines gravity force, buoyancy force and viscous force. The latter is estimated using Stokes' drag force Fs=-6πμorU0, as if the droplets were solid bodies. Indeed, the tangential velocity at the water-oil interface is suppressed by the Marangoni stress due to the concentration gradient of the surfactant Span 80 [START_REF] Ervik | Experimental and computational studies of water drops falling through model oil with surfactant and subjected to an electric field[END_REF]. The balance of weight, buoyancy and viscous force gives the droplet diameter D:
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ρw-ρo being the difference of density of water and oil.

When a DC electrical field is applied, the droplet velocity very quickly takes on another value U if the droplet carries a charge. The balance of forces then writes:
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where Fw is the drop weight and Fdep is the dielectrophoretic force which depends on electric field gradient. From ( 10) we obtain:
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The dielectrophoretic force is given by the following formula [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] :

6 8 2<& % >$%?@ AAAAAAAAAAB C (12) 
Here ε2 is the permittivity of the model oil, and K is the polarizability factor of the drop (as the drop is spherical, K = 1). The electric field between the HV electrode and the grounded needle is not uniform, but the droplets falls are observed far below the needle. In this region the field gradient is weak : for an applied voltage of 1 kV, the electric field amplitude in the observation region varies between 60 V/mm and 40 V/mm close to the bottom HV electrode, which leads to a totally negligible dielectrophoretic force. Finally, the net charge q of the droplet is deduced from the two falling velocities U and U0 :
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It was observed generally that the values of U and U0 are different, which means that almost all droplets are charged. However the charge q is small, typically a few 10 -14 C. This charge does not result from the voltage not strictly returning to zero at the end of the pulse because no offset of the high voltage supply was observed with the oscilloscope. Furthermore q does not come from the remainder of the meniscus surface charge induced by the last plateau of the voltage pulse; the surface charge relaxes completely during the time between the pulse end and the break off of the water necking, a time which is orders of magnitude greater than the relaxation time of water (a few nanoseconds).

The charge of the injected drops can arise in two different ways involving the existence of an ionic space charge in the oil. It has long been shown that, under strong enough electric field, metal electrodes are generally injecting ions into the dielectric liquids of very low electrical conductivity [START_REF] Felici | DC conduction in liquid dielectrics. A survey of recent progress (part 1)[END_REF][START_REF] Denat | Ion injection in hydrocarbons[END_REF]. During the high voltage multistage pulse, the needle tip is subjected to a high field and injects ions of opposite polarity to that of the HV electrode. The typical time for neutralization of the space charge due to the injected ions is the relaxation time for the oil trel = εrε0/γ (γ : oil conductivity) whose order of magnitude is presumably seconds. During a few milliseconds just after the pulse, the ionic space charge in the oil around the needle tip remains unchanged and generates a small field Es at the water-oil interface that deforms and a corresponding surface charge density qs = εrε0Es.

The first mechanism of droplet charging relates to this surface charge qs of polarity opposite to that of the space charge; therefore, the droplet charge (coming from the surface charge) has the same polarity as the pulse applied to the bottom HV electrode. Once detached from the meniscus, the water droplet can capture ions staying in the oil. If dominant, this second mechanism of charging should result in a droplet charge of polarity opposite to that of the applied pulse.

During experiments, it was observed that the droplets had the same polarity as the bottom HV electrode, which indicates the primary role played by the first charging mechanism. In some cases, after series of droplet injections or repeated DC applications, the charge of drops lost its concordance with the MSP polarity. This was because the injected ions in oil accumulated and could not be easily removed due to the very low oil conductivity.

VII. REDUCING DROP ELECTRIC CHARGE

In order to reduce the charge of injected droplets, the space charge injected into the oil at the end of the HV pulse should be minimized. This can be performed by using pulses like MSPinv and MSPalt shown on For pulse MSP3, the polarity remained the same during the entire pulse duration and the injected charge is of the same polarity.

The absolute value of electric charge is most often between 0.02 and 0.06 pC.

Pulse MSPinv aimed at limiting the injection of space into the oil by reversing the polarity after the first plateau (Fig. 8). It can be seen that the polarity of the droplet charge does not clearly depend on the polarity of the applied voltage but the absolute value of the droplet charge is reduced and generally ranges between 0.01 and 0.02 pC or a little larger. The reduction of the electric charge of the droplets using an alternate pulse such as MSPalt, gives the best results, with electric charge usually smaller than 0.01 pC.

To sum up, the sign of the electric charge depends largely on the polarity of the pulse voltage of type MSP3 unless the pulse shape is alternating as MSPinv and MSPalt. This and the reduction of the amount of charge when using MSPinv or MSPalt confirm the assumption that the ionic space charge injected by the needle tip into the oil is responsible for the droplet charging.

VIII. DUAL DROP INJECTIONS

The MSP based EHD drop injection aims at providing a convenient experimental tool to generate controlled droplets to study the phenomenon of droplet electrocoalescence in oil medium. Apart the main drops, the tiny entrained drops during injection process such as satellites are all the more unwanted that such tiny satellites will interact with main droplets during electrocoalescence process, leading to modifications of studied droplet motions. Thus, modification of two-plateau-MSP to three-plateau-MSP in order to eliminate the satellites formation during drop injection process was a prerequisite to the dual drop injection experiments.

The dual drop injection technique consists in applying twice the same multi-stage pulse; the injected two drops are expected to fall along the axis of symmetry of the system. Once the optimal conditions for dual drop injection were found, a series of injections were performed to test the widest range of drop diameters. The experiments were done in the EHD injection setup containing Marcol52 with 0.001 wt% Span80. The water contained 3.5 wt% NaCl and the distance between the needle tip and the electrode was H = 18 mm. The needle inner radius was Rcap = 0.36 mm. For this injection series a metallic cover was placed on the top of the test cell. The applied electric pulse for drop injection was MSP3 at identical voltage for the two drop injections. Between the two successive pulses, a time delay of 600 ms was applied so that the first injected drop was far enough from the needle tip (in practice more than 1 mm in our experiments) to have a sufficiently small influence on the second injection. During the injection process, two main drops were obtained successfully without any disturbing satellites formed. On the figure, the drop diameter range is from about 25 μm to 300 μm. The curves stopped at 8 kV when lateral jetting begun.

For small drops the diameters obtained are identical. With increasing voltages, a discrepancy occurs between the sizes of the two drops. At intermediate diameters, the second drop appears a little larger than the first one, while for the higher voltage the second droplet is clearly smaller than the first one. This difference in drop size can be related to the difference in meniscus height (see Fig. 1c) for the two drop injections. When the first drop injected is of a small size, the meniscus height is not modified significantly and the second injection meets the same initial conditions. When the first injected drop enlarges, the meniscus height is then reduced because of the extraction of the corresponding volume of water. 

CONCLUSIONS

The EHD drop-on-demand technique has been improved in this paper; it allows to extract water droplets from a water-oil meniscus. It is based on a multi-step voltage pulse having three trays; of course the precise shape of the pulse depends on the interfacial tension and the viscosity of the dielectric liquid. With a convenient MSP, the diameter of the injected droplet can be varied continuously, and on a large interval, with the amplitude of the voltage pulse : in Marcol52 from about 10 µm to 300 µm when using a needle of 0.56 mm in inner diameter. The presence of satellites after main drop injection is largely reduced, even eliminated in certain cases.

Otherwise, it has been observed that the injected droplets are not electrically neutral as initially expected. They carry a very small electric charge most often of polarity opposite to the one of the needle when the three trays of the voltage pulse are of same polarity. The drop charging arises from the extra phenomenon, electrochemical in nature, of injection into the oil of charge carriers at the metal-oil interface. The charge of injected drop is successfully and significantly lowered by alternating the polarity of the different plateaus of the voltage pulse.

Finally, it is demonstrated that injection of pairs of droplets with an axisymmetric configuration is possible by applying successively the multi-stage voltage pulse. This should facilitate future detailed investigation of the electrocoalescence process of two close drops.

  Fig 1. a) Schematic view of experimental setup. A small hole of 5mm in diameter is dug at the center of the HV electrode so that the injected water drops do not accumulate on the electrode surface. b) View of the test cell for H=8mm, under LED illumination. c) Zoom on the needle tip and hanging water meniscus.

Fig 3 .

 3 Fig 3. Photographs of water drop injection in Marcol52. Multi-Stage pulse MSP2; ∆t=1370 µs; V= 4040 V; needle inner diameter 0.46 mm, distance H=15mm. The end of the MSP2 pulse is just before the 7 th image.

Fig 2 .

 2 Fig 2. Multistage pulse shape used by (Raisin 2011) to perform EHD water drop injection into polybutene oil.

  droplet released. Most often such injection leads to satellites formation between the main injected drop and the meniscus due to the necking break off.

  ), for tap water droplet injections into Marcol52 at 21 °C we have tcap = 0.504 ms and tμ = 4.26 ms instead of the typical values tcap = 0.785 ms and tμ = 4.76 ms for polybutene.The use of another needle with Rcap = 0.36 mm for the following tests of injection of brine water droplets into Marcol52 (at 23°C) leads to an increase in the capillary time: tcap = 1.00 ms. The addition of 0.001wt% Span80 surfactant in Marcol52 reduces the interfacial tension and increases the capillary time: tcap = 1.07 ms. The viscous time is also increased for this larger inner diameter of the needle: tμ = 11.4 ms at 23°C.

Fig 4 .

 4 Fig 4. Shapes and duration of the initial multi-stage pulse MSPinit (Raisin etal.2013) and the modified ones MSP2 and MSP3.

Fig 7 .

 7 Fig 7. Droplets diameter by two plateaus pulse MSP2 and three plateaus pulse MSP3 as a function of V/Vinception where Vinception is the voltage value allowing the generation of the smallest droplet.

  Fig 8. Multistage pulses shape with single positive polarity (MSP3), one polarity reversal (MSPinv) or alternating polarity (MSPalt).

Fig

  Fig 10 shows the variation of droplet charge with the pulse voltage for pairs of drops (as described in the following section). To facilitate the analysis, Fig 10-b shows the charge multiplied by the sign of the applied voltage. The amount of charge is largely influenced by the shape of the pulse, regardless of the sign of the applied voltage.

Fig 11 .

 11 Fig 11. Dual drop injection with identical MSP3 pulse shapes (salted water, H=18mm, T = 25 °C ± 1 °C).

Fig

  Fig 11 shows series of drops injections.During the injection process, two main drops were obtained successfully without any disturbing satellites formed. On the figure, the drop diameter range is from about 25 μm to 300 μm. The curves stopped at 8 kV when lateral jetting begun. For small drops the diameters obtained are identical. With increasing voltages, a discrepancy occurs between the sizes of the two drops. At intermediate diameters, the second drop appears a little larger than the first one, while for the higher voltage the second droplet is clearly smaller than the first one.

Fig 12 .

 12 Fig 12. Injected drop diameter as a function of h/Rcap for MSP3 5400V and MSPalt -6350V.

  The influence of meniscus height is illustrated Fig 12 by results obtained with constant injection voltage and pulse shape and varying the relative meniscus height h/Rcap from about 0.5 to 0.85. It is observed that the injected drop diameter is not a monotonic function of the meniscus height. Two series of drop diameters, obtained with the MSP3 and MSPalt pulses, are fitted with polynomial trend lines of second order. The abscissae of maximum value of the trend lines can be calculated as 2.1666/(2*1.5796) = 0.69 for MSP3 and 1.1336/(2*0.7985) = 0.71 for MSPalt. The value of h/Rcap chosen for dual drop injection experiments reported on Fig.11using MSP3 is 0.75, slightly over the ratio leading to the maximum diameter. That can explain that a small reduction of this height, after the first droplet injection, increases slightly the size of the second droplet, while a larger one decreases it.

			MSP3 1.5 ms duration			influence of meniscus height on
	Drop diameter (mm)	0 0.05 0.1 0.15 0.2 0.25 0.3 0.35	6 first drop	7 Voltages (kV) 8 second drop	9	Drop diameters (mm)	0.00 0.05 0.10 0.15 0.20	0.40	h/Rcap 0.60 0.80 y = -1.5796x 2 + 2.1666x -1.00 0.6016 y = -0.7985x 2 + 1.1336x -0.248 injected droplets
								MSP3 5.4 kV
								MSPalt -6.35 kV
								Poly. (MSP3 5.4 kV)
								Poly. (MSPalt -6.35 kV)
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