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HIGHLIGHTS 7 

 Tensiometer measures liquid droplets surface tension under electric field. 8 

 3 model solutions used: water, WPI solution, and chickpea aquafaba. 9 

 For protein solutions, significant reduction of surface tension was determined.  10 
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ABSTRACT   14 

Food foams are thermodynamically unstable systems. Their stabilization remains a challenge 15 

in the industry. To understand the interactions between an electrostatic field (SEF) and food 16 

foam, a microscopic study was conducted. Using a specially designed tensiometer, a liquid 17 

droplet (water, WPI solution, chickpea liquor) was placed between two parallel electrodes and 18 

subjected to an SEF (0 to 800 kV/m). Images of the pendant droplet were recorded throughout 19 

the experiment. Based on Laplace's equation, the surface tension was calculated as function of 20 

the applied voltage. 21 

The geometry of the droplet was deformed under SEF. The surface tension decreased 22 

proportionally to the rise of the voltage (𝛾𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = 21.7. 10−3 N/m  at 800 kV/m).  23 

The mechanism causing surface tension reduction was found to be the electric charge existing 24 

on the liquid surface. By reducing surface tension, drops are likely to break up more easily 25 

during expansion, which improves the organoleptic qualities of the foam.   26 
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1. INTRODUCTION 27 

Aerated products represent a major part of the products processed by the food industry. They 28 

can be found in almost all kinds of food categories in a wide variety of forms: bread, beer foam, 29 

dessert foams, ice cream, etc. A food foam is defined as a biphasic structure in which one of 30 

the two phases, the gas in this case, is dispersed in variable diameter bubbles in a continuous 31 

phase which may be liquid, semi-solid or solid (Talansier et al., 2012).  32 

Although food foams are now widely available, their production, and especially their 33 

stabilisation over time, remains a challenge for manufacturers. Foams are thermodynamically 34 

unstable objects. The smaller gas bubbles in the continuous phase will naturally seek to merge 35 

with each other to form larger bubbles in order to lower their internal pressure (Schramm 2006). 36 

The liquid phase will tend to separate from the gas phase by migrating downwards in the 37 

product, under the effect of gravity (Audebert 2018; Boissonnet 1998). The destabilization 38 

mechanisms are numerous but they are all linked to the same phenomenon, namely an excess 39 

of surface tension at the gas/liquid interfaces. 40 

The "surface tension" (ST) is linked to an attractive intermolecular force associated to the 41 

cohesion of the molecules. In terms of energy, the surface tension can be seen as the energy 42 

required per unit area to create an interface between two immiscible materials - fluids or solids. 43 

According to Castellanos (1998), an increase in surface area ∆A requires work W such that: 44 

𝑊 = 𝜎. ∆𝐴 (1) 45 

 with 𝜎, surface tension (N.m-1) 46 

Numerous studies demonstrated the importance of lowering ST to promote foam expansion 47 

(Nicorescu 2009). Today, manufacturers use energy-intensive mixers to generate foams with 48 

small bubbles; the use of surfactants is often considered to lower the surface tension. However, 49 

extrapolating the work done on dielectric materials to food matrices, foam generation, coupled 50 

with the use of a static electric field (SEF), appears to be an innovative method that would 51 

enable to durably stabilize a foam, by limiting the use of additives in the formulation, while 52 

reducing the energy consumption and the viscous dissipation (heatup) during processing.   53 

In the field of thermal processes and heat transfer, Siedel (2012) performed boiling 54 

experiments in the presence of 50 kV.cm-1 electric fields, and the effect of SEF on heat transfer 55 

and bubble dynamics was characterized. The modification of the convective structures by the 56 

presence of SEF was described, showing smaller convective cells and more intense convective 57 
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activity. The consequent enhancement of heat transfer was quantified showing that the vapour 58 

production rate is decreased during bubble growth. The electrohydrodynamic effects on bubble 59 

dynamics was investigated showing that the bubble growth curve was modified but there is no 60 

clear influence of the SEF concerning the bubble departing frequency and the volume at 61 

departure. Although the volume of the bubbles at detachment and the relationship between the 62 

bubble frequency and the wall superheat were not affected, the bubble growth curve was 63 

modified. Siedel observed that bubbles were elongated in the direction of the SEF. The rising 64 

velocity of the bubble was also reduced in the presence of SEF, and the behaviour of bubbles 65 

growing side by side was modified, the SEF causing the bubbles to repel each other. These 66 

results provide compelling evidence that SEF can alter the bubble dynamics and subsequently 67 

heat transfer rates during boiling of dielectric fluids. 68 

By focussing on the atomisation process, Sato et al. (1997) showed that the applied SEF 69 

enhanced atomisation because it was responsible for the decrease of the average diameter of 70 

formed droplets, due to ST reduction. Reduction of ST due to the applied voltage was 71 

proportional to the square of the voltage. The reduction varied with the electrical conductivity 72 

of the liquid and when the electrical conductivity > l02 S.m-1, the measured reduction was in 73 

good agreement with theory. 74 

However, in the fields of chemical foams, Bonhomme et al. (2020) showed that applying an 75 

external SEF at the edge of the foam induces some liquid flows and, depending on the flow 76 

magnitude, it controls either gravity driven drainage, the foam stability, or the foam collapse at 77 

a specific location. While the liquid fraction of a foam tends to decrease as a function of foam 78 

height and time, at certain very specific values of capillary number and SEF, there is a reversal 79 

of the trend: the application of an SEF can therefore reverse the drainage. 80 

The dynamics of droplet formation under the influence of an external SEF have been also 81 

studied by numerical investigation (Notz and Basaran 1999; Borthakur, Biswas, and 82 

Bandyopadhyay 2018). The studies were mostly carried out by solving axisymmetric 83 

electrohydrodynamic equations. The studies revealed that under the influence of an SEF, 84 

prolate-shaped droplets are formed at the orifice in the case of perfect dielectric fluids. The 85 

applied SEF strength and the ratio of the dielectric permittivity of the fluids play a pivotal role 86 

in deciding the magnitude of deformation as well as the volume of the droplets. The local SEF 87 

intensity inside the droplet is significantly altered due to the permittivity contrast between the 88 

fluids. The computations for leaky dielectric fluids reveal that both prolate - and oblate - shaped 89 
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droplets can be formed depending on the combination of the fluid conductivity and permittivity 90 

ratios (Borthakur, Biswas, and Bandyopadhyay 2018). The breakup time and detached droplet 91 

volume can be suitably tuned by varying the strength of the applied SEF. 92 

All these elements suggest that generating a foam under a SEF would have an influence on the 93 

gas/liquid interface that constitutes each bubble contained in the foam. If the SEF reduces the 94 

surface tension, then the generation of small diameter bubbles would be facilitated with a lower 95 

energy consumption with an enhanced thermodynamic stability.  96 

This paper presents the experiments carried out to validate these hypotheses. The authors have 97 

chosen to work at the scale of a droplet of liquid, generated with a pendant droplet tensiometer 98 

(Felix et al. 2021), from a protein solution, modelling a food matrix. The mechanisms that 99 

govern the stability of a foam take place at the gas/liquid interfaces. Therefore, the study of a 100 

liquid droplet in a gaseous environment allows a simple study of the mechanisms at the 101 

interfaces. While we have worked on liquid droplets for experimental convenience, the 102 

observations and results obtained could easily be transposed to gas bubbles (the case of food 103 

foams), because the real object of study is the gas/liquid interface. Using Laplace's equation 104 

and image analysis, the ST was calculated as a function of the applied tension. The novelty of 105 

this work lies in the experimentation on non-insulating matrices, such as food matrices. 106 

2. MATERIAL & METHODS 107 

2.1. Model solutions 108 

To study the impact of the SEF at the scale of a droplet of liquid, three model solutions were 109 

selected. Distilled water was first considered as a control solution. Indeed, the value of the 110 

surface tension of water at 0 kV is well known in the literature (Kovalchuk, Alberini, and 111 

Simmons 2020; Yousif et al. 2021; Liu and Cao 2021): it is 72 mN.m-1. The measurement of 112 

the ST of a droplet of water was used as a reference measurement in order to compare it to the 113 

measurements made with two other model solutions. 114 

The foam-type food matrices can be assimilated to liquid protein solutions in which a gas 115 

injection is performed. The second model solution was an aqueous solution of Whey Protein 116 

Isolate (WPI). WPI is a protein of animal origin, an isolate's short chain proteins that are 117 

extracted from Whey Protein Concentrate also known as WPC, derived from milk. Techno-118 

physical properties such as ST (Bazinet, Trigui, and Ippersiel 2004), viscosity (Bazinet, Trigui, 119 

and Ippersiel 2004; Wang et al. 2021) or gas solubility (Said et al. 2022) of WPI-based solutions 120 

are available in the literature. This is why we chose to use this first protein solution in order to 121 
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reconcile our results with existing data. Several works (Laporte, 2014; Nicorescu, 2009; 122 

Talansier et al, 2012) highlighted the difficulty of dissolving WPI in the aqueous phase and 123 

obtaining a homogeneous solution. Based on the work of Talansier et al. (2012), we defined a 124 

protocol specific to our experiment. We decided to prepare solutions containing 3% WPI. The 125 

total mass of WPI was incorporated in 4 times, staggered at 15mn intervals, under moderate 126 

agitation (3-blade propeller, speed 100 rpm), at room temperature (20°C), to guarantee the 127 

complete dissolution of the powder. After complete dissolution of the WPI, the solution was 128 

transferred into the pendant droplet tensiometer. 129 

Considering a clean label approach, a protein of plant origin was considered for the third model 130 

solution, namely an aqueous chickpea protein solution (CKP). According to Buhl et al. (2019), 131 

aquafaba has shown good food functional properties, as this plant-based liquid has the ability 132 

to function as both a foaming agent and an emulsifier under conditions of pH and NaCl 133 

concentrations that happen to be those readily encountered in food products. As a vegetable 134 

alternative to egg white or WPI, CKP aquafaba seems to be an interesting candidate for foamed 135 

products. Therefore, we decided to use a chickpea aquafaba-based solution. The aquafaba from 136 

10 cans was collected by sieving. It was then centrifuged to ensure homogeneity of the mixture. 137 

A sample of this aquafaba was taken for determination of the protein content by the Dumas 138 

method (protein content of 3% +/- 0.2%).  139 

The distilled water and the WPI and CKP solutions made the 3 model solutions used in this 140 

study, which will imitate the behaviour of gas/liquid interfaces of foam-type food matrices in 141 

the presence of an SEF.  142 

2.2. Experimental set-up 143 

The liquid droplet was generated using a TRACKER™ automatic droplet tensiometer, 144 

manufactured by TECLIS Instruments (formerly IT Concept) and modified to allow a high 145 

voltage generator (Figure 1). The droplet had a volume of ca. 8μL, which was regulated by a 146 

PID system. Volumetric calibration was performed by the software supplied with the 147 

equipment. The observation of the droplet was done with a fast camera (MELLES GRIOT / 148 

CCD / 640x480 / 60 frames per seconds) illuminated by a stroboscopic LED light source (180 149 

lm / ø 45mm). Using a high voltage source (Ottersweier), an electric field was applied to the 150 

droplet using two parallel electrodes (10x45mm / 1mm thick / stainless steel), positioned on 151 

either side of the droplet, in a 3D printed ABS plastic holder (1.25 cm wide square section).  152 
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The experiment consisted of applying several positive voltage values: 0 kV ; +0.5 kV ; +1 kV 153 

; +1.5 kV ; +2 kV ; +4 kV ; +6 kV ; +8 kV ; +10 kV. With the geometry of our experimental 154 

set up, this corresponds to an electric field value between 0 to 800 kV/m because the electrodes 155 

gap is 12.5 mm. For the calculation, we neglect the thickness of the glass wall which leads us 156 

to an uncertainty of 5% on the measurement. The SEF was applied for a period of 120 seconds. 157 

The experimental set up generates automatically the drop (about 5 seconds) and then the 158 

recording of surface tension starts. We observed that 120 seconds was enough to reach an 159 

equilibrium state for protein dynamic in the 8µL droplet. At the end of this time, a photo of the 160 

droplet was taken in each case, with or without SEF. Between each voltage value, a photo of 161 

the droplet was taken at 0 kV. The experiment was repeated 5 times for each solution and each 162 

voltage value. Then, the pictures of the droplets were transferred to the ImageJ software in order 163 

to calculate the ST according to the method presented in the following paragraph. 164 

In an ideal equilibrium situation (no liquid withdrawal, zero flow rate), the tangential electric 165 

field on the electrified meniscus surface is zero. In the liquid side, the electric field vanishes, 166 

since there are no liquid motions and no need for a compensating electric field (Gañán-Calvo, 167 

Dávila, and Barrero 1997). 168 

When the droplet is placed between two flat electrodes, the situation is a bit more complex. 169 

The distribution of electric charges is heterogeneous in the droplet, but is organized 170 

symmetrically on either side of the droplet center. The electrical relaxation time 𝑡𝑒  =  𝛽𝜀0/𝐾 171 

is small compared to the hydrodynamic time 𝑇ℎ~ 𝐿/𝑈, which is the time required for the fluid 172 

particles with characteristic velocity U to move across a zone of characteristic size L.  173 

In that case, the liquid bulk is quasi-neutral and the free charges are confined to a very thin 174 

layer, of the order of Debye's length, underneath the liquid-gas interface (Nath, Borthakur, and 175 

Biswas 2020). 176 

From the electrical point of view, the liquid bulk acts as an Ohmic conductor whose electric 177 

conductivity is given by the mobilities of the positive and negative ion species in a quasi neutral 178 

solution (Gañán-Calvo, Dávila, and Barrero 1997). 179 

2.3 Apparent surface tension calculation method 180 

Among different methods used for the measurement of interfacial tension, the pendant droplet 181 

is particularly well adapted to a liquid – liquid interface (Faour et al. 1996; Gassin 2014). It is 182 

based on the deformation of a droplet depending on the interfacial tension. To describe the 183 
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shape of interfaces (Figure 2), Young-Laplace introduced an equation that combines the 184 

curvature of the interface, the ST, and the hydrostatic pressure: 185 

−∆𝜌𝑔𝑧 +  𝛾
2

𝑅0
= 𝛾 [

1

𝑟1
+

1

𝑟2
] (2) 186 

The most usual method was developed by Rotenberg: from an approximated initial value of γ, 187 

Laplace’s equation is numerically integrated by successive iterations using the Runge–Kutta 188 

method until the computed and the digitized profiles coincide (Berry et al. 2015). Using the 189 

dimensionless coordinates X, Y and S such as 𝑋 =
𝑥

𝑅0
 , 𝑌 =

𝛾

𝑅0
 , 𝑆 =

𝑠

𝑅0
  and using that 𝑅1 =

𝑑𝑠

𝑑𝜃
 190 

and 𝑅2 =
𝑥

𝑠𝑖𝑛𝜃
 the Young-Laplace equation can be rewritten in the following parametric form 191 

(Dingle et al. 2005): 192 

𝑑𝜃

𝑑𝑆
= 2 − 𝛽𝑌 −

𝑠𝑖𝑛𝜃

𝑋
 (3) 193 

𝑑𝑋

𝑑𝑆
= 𝑐𝑜𝑠𝜃  194 

𝑑𝑌

𝑑𝑆
= 𝑠𝑖𝑛𝜃 (4)195 

Here we define 𝛽 =
∆𝜌𝑔𝑅0

2

𝛾
 196 

To characterize the shape of the droplet, the parameter 𝜎 =
𝐷𝑒

𝐷𝑠
  was introduced. The use of the 197 

following polynomial formulas, which are approximations of the Fordham tables, allow to 198 

deduce from σ an approximate value of the two parameters 𝛽 and 𝑅0: 199 

𝛽 = 0.12836 − 0.7577𝜎 + 1.7713𝜎2 − 0.5426𝜎3 (5) 200 

𝐷𝑒

2𝑅0
= 0.9987 + 0.1987𝛽 − 0.0734𝛽2 + 0.34708𝛽3 (6) 201 

Thus, the value of the apparent ST was obtained as follows:  202 

𝛾 =
∆𝜌𝑔𝑅0

2

𝛽
 (7) 203 

As the ST is determined from experimental profiles of a droplet, it is considered as an apparent 204 

interfacial tension (Berry, 2015). The literature (Gassin, 2014) states that the results obtained 205 

with this method are an approximate value at about 10%. This uncertainty comes mainly from 206 

the uncertainties on β and 𝑅0 related to their determination, and to the definition of the droplet 207 
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profile. More precise methods can be used but they require the numerical solution of Maxwell's 208 

equations and a huge computational effort (Dingle et al. 2005). 209 

Several authors have been interested in measuring the ST of water as well as WPI and chickpea 210 

aquafaba solutions. They used the pendant drop tensiometer method coupled with image 211 

analysis, and the method that correlates ST to the drop time curves (Ghribi et al. 2015). Table 212 

1 summarizes the different values of the ST of these solutions in the absence of an SEF. As 213 

expected, these data indicate that WPI and CKP considerably reduce the ST. These values are 214 

considered as reference measurements that should validate our methodology. 215 

Berry et al. (2015) recall that the Young-Laplace equation can only be solved analytically for 216 

the trivial case where the drop profile is a sphere. As soon as the drop undergoes a geometrical 217 

deformation, the use of the Young-Laplace equation becomes more uncertain, and the equations 218 

must be solved numerically. The use of the Bond number is recommended to confirm the 219 

observations made by measuring the ST. The Bond number (Bo) is a dimensionless number 220 

that represents the ratio between the gravitational forces and the ST on an interface between 221 

two fluids: 222 

𝐵𝑜 =
∆𝜌𝑔𝑅0

2

𝛾
 (8) 223 

With:  224 

 ∆𝜌, density difference of the two fluids (kg/m3) 225 

 𝑅0, characteristic length, here the radius of the drop (m) from its centre (initially 226 

defined when it had a spherical shape) to its edge 227 

3. RESULTS 228 

Figure 3 presents the influence of the SEF on the shape of distilled water, WPI and CKP 229 

solutions droplets generated with the pendant droplet tensiometer.  230 

In order to verify that the changes in the geometry of the droplets observed in Figure 3 are 231 

reversible, we recorded an image 10 seconds after the SEF was stopped (Figure 4). With the 232 

example of the CKP, we can see that the droplet returns to its initial shape (i.e. the one it has 233 

when the SEF is not applied). 234 

Figure 5 shows the evolution of the surface tension (calculated using the images, some of 235 

which are shown in Figure 4) as a function of the applied electric field. 236 
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3.1. Impact of SEF on distilled water droplets 237 

When no voltage was applied across the electrodes, a spherical (Laplacian) droplet was 238 

observed. As the voltage increased, the droplet elongated in the direction of the gravitational 239 

field, in a direction perpendicular to the applied SEF. Siedel et al. (2018) noted an elongation 240 

of the droplets in the same direction as the electrostatic force, but their experimental set-up was 241 

different (electrodes positioned at the top and bottom, not at the side, and generation of gas 242 

bubbles, not liquid). The fact that the droplets exposed deformation perpendicularly to the 243 

applied SEF can be explained by the reduction of the ST at the air/liquid interface (Sato, Kudo, 244 

and Saito 1999): the cohesive forces that interact within the droplet allowing it to maintain its 245 

spherical shape were reduced, the droplet was then more subjected to the gravitational field, 246 

and it deformed in the same direction as that field. As mentioned by Filali, Er-Riani, and El 247 

Jarroudi (2021), the electric field discontinuity across the interface creates a jump of Maxwell’s 248 

stress tensor that is similar to an electric pressure. The cohesive forces were so reduced when 249 

high voltages (10 kV) were applied that it became difficult to generate a single droplet at the 250 

tip of the syringe; as a consequence, the droplets detached from the syringe on some occasions.  251 

3.2. Impact of SEF on WPI solution droplet  252 

For WPI and CKP aquafaba solutions, the observations and deductions were similar to those 253 

made with the previous case (distilled water). However, it should be noted that the droplet 254 

deformed more at lower voltages than in the distilled water case. This can be explained by a 255 

cumulative effect due to the presence of the WPI: the proteins have their own surface active 256 

effect (Said et al. 2022), which reduced the ST and came in synergy to the effect of the 257 

electrostatic field. It was not possible to take pictures of droplets at 8 and 10 kV because the 258 

surface voltage was too low to generate a droplet at the tip of the syringe. Either the droplet 259 

remained too short before it broke off to make a clear picture, or a continuous stream of liquid 260 

escaped from the needle. 261 

3.3. Impact of SEF on chickpea aquafaba droplets 262 

It was not possible to obtain images at 8 or 10kV for the same reasons as explained above. 263 

The same effects of SEF on the CKP droplet as with the WPI droplet were observed: elongation 264 

in the direction of the gravitational field, droplet deformed more at lower voltages than in the 265 

distilled water case. According to Figure 5, the ST values for each applied voltage were close 266 

between WPI and CKP, WPI being slightly more surface active than CKP at 0kV. This is in 267 
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line with the literature (Oo and Soe 2017) which proposes CKP as a vegetable alternative to 268 

WPI. 269 

3.4. Impact of SEF on the apparent surface tension 270 

The Figure 5 shows the evolution of the ST at the air/liquid interface of the droplet as a 271 

function of the electric field strength (applied voltage on the electrode gap). A clear decrease in 272 

apparent ST was observed with increasing voltage: 68% for distilled water, 54% for WPI and 273 

53% for CKP (values for a decrease in ST between 0 and 6 kV). A similar protein content (about 274 

3%) may explain the very similar evolution between WPI and CKP. The slight differences 275 

observed can be explained by the structural differences of the WPI and CKP proteins. 276 

These observations are supported by the evolution of the Bond number as a function of the 277 

applied electric field (Figure 7). We observe a decrease of the Bond number with the increase 278 

of the voltage applied to the terminals of the electrodes. Bo being defined as the ratio between 279 

the gravitational forces and the ST, we can therefore confirm that the ST decreases. Berry et al. 280 

(2015) consider that the pendant droplet tensiometry is a simple method to determine the 281 

interfacial tension, but they warn that the method is inaccurate when the Bond number is low. 282 

They consider that the method is no longer suitable if Bo<0.1, which is not our case. 283 

In distilled water, molecules undergo very short-range interactions (attractive Van der Waals 284 

interaction). The Van der Waals bond is the electrostatic attraction or repulsion between 285 

molecules with permanent or temporary dipoles. The application of the electric field changes 286 

the dipole moment of the water molecules, which also changes the anisotropy of the molecular 287 

interaction forces, thus decreasing the ST. 288 

For solutions containing proteins, this effect is present but the effect of the electric field on the 289 

proteins is also added.  290 

The surface-active properties of proteins are due to their amphiphilic structure, which prevents 291 

the immediate recombination of newly created droplets via the Marangoni effect, stabilizes the 292 

formed droplets by decreasing the pressure gradient at the interface, and stabilizes the droplets 293 

against aggregation, by providing electrostatic or steric repulsions between the droplets. 294 

As the function of proteins depends directly on their structure, any constraint imposed by the 295 

presence of an electric field can potentially become harmful. Astrakas, Gousias, and Tzaphlidou 296 

(2011) have shown that the electric field induces conformational changes in proteins. In 297 

addition, there is evidence that the electric field accelerates the folding and unfolding rates of 298 
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globular proteins in solution. For example, exposure to electric and electromagnetic fields may 299 

be considered in the design of alternative treatment strategies for amyloid diseases because of 300 

their inhibitory effect on the conformations of amyloid gene peptides of intermediate strength 301 

(De Pomerai et al. 2003). Some studies on the alterations of protein conformations under the 302 

influence of SEF, show the role of hydrogen bonds. Hydrogen bonds play a fundamental role 303 

in controlling protein activity during enzymatic action─folding, binding with other proteins, 304 

and other processes. Changes in the strength of hydrogen bonds, induced by an electric field, 305 

can affect these processes (Astrakas, Gousias, and Tzaphlidou 2011). 306 

Sato et al. (1999) calculated that the ST reduction due to applied voltage was proportional to 307 

the square of the voltage. We also introduce a quantity 𝛾𝐸, called ST reduction, which is 308 

calculated as follows: 309 

𝛾𝐸 = 𝛾0 − 𝛾 (9) 310 

With: 311 

 𝛾0, value of surface tension when no voltage was applied 312 

 𝛾, value of surface tension at a single value of applied voltage 313 

The ST reduction (defined by equation 9) as a function of the voltage applied is plotted in 314 

Figure 6. As shown in the figure, the model proposed by Sato was not adequate in our case 315 

where a power law is suited. This difference is due to the measurement method used by Sato et 316 

al.. They proposed a specific equation to calculate the ST from the theory on vibrating but it 317 

required some correction factors. As previously explained, our calculation method is based on 318 

the traditional Young-Laplace equation, which applies to spherical drops. Bateni, Amirfazli, 319 

and Neumann (2006) performed an error analysis to examine the quality of the Laplacian curve 320 

fittings at high voltages. It was found that the measurements between 1kV to 7 kV are generally 321 

at the same level of reliability as those in the absence of an electric field. The measurements up 322 

to 8 kV were found to be less reliable, possibly because the shape of a drop deviates from the 323 

Laplacian relation, close to the stability limit. 324 

According to Mhatre et al. (2019), the classically used Young-Laplace equation could be 325 

modified to include electrostatic effects. When a drop is exposed to an electric field, the shape 326 

of the drop at equilibrium is due to the Maxwell stress at its interface which is balanced by an 327 

interfacial tension force. Starting from the equation (2), they define the modified Young-328 

Laplace equation in SEF: 329 
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 330 

𝛾 (
1

𝑅1
+

1

𝑅2
) = ∆𝜌0 − ∆𝜌𝑔𝑧 +

1

2
∈. 𝐸𝑛

2 (10) 331 

Where:  332 

 ∈ is permittivity of the medium phase 333 

 𝐸𝑛 is the normal component of SEF at the drop interface 334 

 The last term on the right side of the above equation denotes the normal component of 335 

the Maxwell stress. 336 

This additional term is suited for a perfectly conducting drop in a pure dieletric medium. 337 

Mhatre et al. (2019) indicated that as the strength of the SEF increases, the radius of curvature 338 

at the top of the drop decreases, but if the Maxwell stress term is not included in the Young-339 

Laplace equation, the estimated interfacial tension is misleading and significantly lower than 340 

the real interfacial tension. A further step will consist in developing a specific new algorithm 341 

to evaluate the ST from Eq. 10. 342 

4. CONCLUSION & PERSPECTIVES 343 

The pioneer investigations presented in this paper aimed at assessing the impact of an external 344 

SEF on the apparent ST of 3 model solutions. It was confirmed that applying an SEF yielded a 345 

significant reduction of the ST of water. Two aqueous protein solutions have been considered 346 

too, also resulting in a significant reduction of the ST under SEF (up to 48%).  347 

This decrease in ST can be explained by: 348 

- A modification of the dipole moments between molecules 349 

- A modification of the H-bonds and Van der Waltls type interactions 350 

- A change in the conformation of proteins, which then lose their structural properties 351 

If the shape of the drop is clearly altered by the SEF, other data treatments should be performed 352 

using the modified Young-Laplace equation. In the search for an innovative process to stabilise 353 

food foams, SEF treatment appears therefore as a promising solution. By reducing the ST, liquid 354 

or gas droplets exposed to SEF are likely to break up more easily under shearing conditions. 355 

Food protein matrices, such as food foams, are even more sensitive to the effect of SEF because 356 

they contain proteins that already have a surfactant effect. By facilitating expansion through the 357 
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formation of small gas bubbles, SEF reduces the energy consumption required to operate a 358 

mixer and limits the use of surface-active chemicals traditionally used to lower the ST and 359 

stabilise the foam over time. Thus, expansion coupled with SEF offers new horizons in terms 360 

of processing using "clean labelled" foams or emulsions.  361 
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 471 

 472 

Figure 1 : Pendant droplet tensiometer modified with two parallel electrodes to generate static electric field 473 

 474 

Figure 2 : Schema of a pendant droplet with its main geometric dimensions necessary for image analysis 475 

 476 
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Table 1 : Distilled water, 3% WPI solution and Chickpea aquafaba surface tension values at 0kV found in the literature 477 

References 

Surface tension values at 0kV 

Distilled 

water 

WPI 

(3%) 

CKP 

(3%) 

Sato et al., 1996 72.28     

Yousif et al., 2020 72.15     

Yadav et al., 2020 72     

Xu et al., 2013   49   

Adhikari et al., 2006   42.5   

Ghribi et al., 2015     42 

 478 

 479 

  480 

 481 

Figure 3 : Photos of pendant droplets deformed when an electric field is applied at different voltage values 482 

 483 

Figure 4 : Photos of CKP pendant droplets during an experiment. (a) Beginning of the experiment (b) Picture at middle of 484 
the experiment (c) Photo at the end of the experiment (d) Photo 10s after the end of the experiment 485 
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 486 

 487 

Figure 5 : Evolution of the surface tension as a function of the electric field applied to the electrodes 488 

 489 

 490 

Figure 6: Surface tension reduction as a function of the electric field applied to the electrode on each side of the pendant drop 491 
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 493 

Figure 7: Evolution of the Bond number as a function of the electric field applied to the electrodes 494 
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