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Abstract. The effects of the surfactant adsorption on the surface of a free liquid drop, 

immersed in an unbounded liquid (the densities of the two bulk liquids are equal) are 

studied. The interfacial tension gradients, caused by the surfactant applied on the drop 

surface, generate surface forces within the boundary region of the free drop, leading to a 

surface flow (known as Marangoni flow). As a result of this flow, which causes the motion 

of neighboring liquids by viscous traction, a hydrodynamic pressure force (named 

Marangoni force) is generated which acts on the free drop surface. The aim of this research 

study is to correlate the effects of interfacial tension gradients, in a real surface flow, with 

the forces of hydrodynamic pressure, acting on the free drop surface. The Marangoni force 

is examined on nondeformable and deformable free drops. Dynamics of free liquid drops is 

known as the interfacial Marangoni effect. This effect has an important impact on surface 

flow of liquids in the absence of gravity, as well as in advanced fundamental research in 

physical chemistry, colloidal science, biological phenomena and in medical applications. 
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 1.  Introduction 

 

The boundary between two immiscible liquid phases is known as the 

interfacial zone or, the interface. It is the thin layer surrounding a geometric surface 

of separation, in which the physical properties differ much from those in either of 

the bulk phases. The thickness of this layer is imprecise because the variations of 

physical properties across it are continuous. We shall consider it as infinitely thin, 

i.e., as a geometric surface. Since the thickness of interface is of the order of 
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molecular dimensions, such an approximation is justified in treating the 

macroscopic movements of liquids. 

Previously, we have explored the various movements of free drops, generated by 

the forces of hydrodynamic pressure, when the drop surface was covered by a 

surfactant, primarily based on the original research work directed by Eminent 

Professor Emil Chifu et al. [1-7] at Babes-Bolyai University of Cluj-Napoca, 

UBB, Faculty of Chemistry and Chemical Engineering, FCIC. It is important to 

emphasize that some research studies are part of the first international research 

project of UBB and the National Aeronautics and Space Administration, NASA, 

of the United States of America, through National Council for Science and 

Technology, CNST, in Romania (1977-1987), gained by Professor Emil Chifu on 

“Surface flow of liquids in the absence of gravity”, [1], through an international 

scientific research competition.  

Therefore, the goal of this research work is to present some advanced theoretical 

models and experiments further developed by the academic research group, 

established by Professor Emil Chifu, in the physical chemistry laboratories at 

FCIC, UBB, which became the Scientific Research Center of Excellence in 

Physical Chemistry, CECHIF, founded in 2006, under the leadership of the 

director Professor Maria Tomoaia-Cotisel (2006-present) to deeply investigate the 

free drop dynamics and related interfacial phenomena. 

To explain the free drop dynamics, it was suggested that Marangoni instability and 

capillary forces are important factors in drop movements and deformations [2,3]. 

To assess which one from these is a major factor on the drop dynamics, in this 

work, we investigate experimentally and theoretically the effect of local changes in 

the surface tension, σ, which are induced by the adsorption of a surfactant on the 

drop surface. 

As a result of the adsorption of a surfactant (also called surface active compound), 

a surface tension gradient (Marangoni effect) appears, which generates a real 

surface flow, from low to high surface tension, called the Marangoni flow, and it is 

illustrated in Figure 1. This Marangoni interfacial flow causes the motion of the 

neighboring liquids by viscous traction [3-6], and generates the force of 

hydrodynamic pressure, named Marangoni force, which acts on the free drop 

surface.  
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Fig. 1. Marangoni interfacial flow resulting under a surface tension, σ, gradient. 

 

We have also developed a theoretical hydrodynamic model to calculate the 

Marangoni force. At the beginning of the interfacial flow, the Marangoni force acts 

like a “hammer” and modifies the shape of the drop. This force also generates other 

various factors, like the surface dilution, the tip-stretching, and the capillary forces, 

that might appear in the drop dynamics, depending on the working conditions. The 

results of our theoretical hydrodynamic model are in a substantial agreement with 

the observed experimental data.  

Under given conditions, tangential forces may exert in the interface of the two 

liquids, together with the normal pressure. If the surface tension, σ, of the liquid 

interface changes from point to point, a tangential force, , will be exerted in 

addition to the pressure normal to the surface and its magnitude is determined by 

the surface tension gradient, which per unit area is [7-12] (Eq. 1): 

 

  = grad σ                                              (1) 

 

The plus sign preceding the gradient indicates that this force tends to move the 

surface of the liquid in a direction from lower to higher surface tension (Figure 1). 

Surface active compounds, present in even small quantities, have an important role 

in determining the hydrodynamic behavior of the two-phase system. Those cases of 

liquid motion, in which surface tension plays an important role, belong to the 

interfacial hydrodynamics. 

There are many examples where the presence of a surfactant has an important role. 

Probably, the best known is the effect of a surfactant on a liquid (L’) free drop, 

immersed in an immiscible bulk liquid (L), initially at rest. The force, , acting on 

tp

tp

F

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the unit volume of the drop (density ρ’) immersed in a bulk liquid (density ρ), is 

cancelled (Eq. 2):  

 

                     = (ρ - ρ′)  = 0      (2) 

 

either when the densities of the two liquids are equal (ρ’ = ρ) or in the absence of 

gravity = 0 (zero gravity). Such a drop is called “free” and is motionless. 

Free drops undergo complicated motion when a surface tension gradient is applied 

on the drop surface. Translational and rotational motion, oscillations, surface waves 

and deformations have been experimentally evidenced. To explain the free drop 

dynamics, we have developed some experiments and theoretical models [1–7]. We 

have shown that the surface Marangoni flow causes the motion of the neighboring 

liquids by viscous traction, which generates the force of hydrodynamic pressure, 

named Marangoni force. 

The purpose of this work is to show, experimentally and theoretically, that this 

Marangoni force is correlated with the surface coverage degree, namely with the 

extent to which the drop surface is covered by the surfactant. Our calculations have 

shown that this force acts like a hammer and like an engine. So, we divided this 

force in: 

• “hammer” force, responsible with the deformation and break-up of the drop, 

oscillations and surface waves, and 

• “lifting” (propulsive) force, responsible with the translational motion of the drop. 

Definitely, these results cannot be attribute to a single mechanism, in our case a 

mechanical one, but we might consider also other mechanisms, namely, the surface 

dilution and tip-stretching of the surface tension, as well as capillary forces. 

However, in our opinion, the real flow at the drop interface and consequently, the 

Marangoni force is the principal mechanism. 

 

2.  Experimental model  

 

The investigation of the free drop dynamics is of a present interest, due to its 

appearance both in the industrial and biological processes, as well as in the space 

science and technology of liquids. 

We shall consider a viscous (L’) liquid drop (with density ρ’) immersed in an 

unbounded immiscible (L) liquid (of density ρ) at a constant temperature (T); in our 

experiments with a volume between 0.4 cm3 and 7 cm3, noted L’ of density ρ’, 

immersed in an immiscible bulk liquid L of density ρ. The densities of the two bulk 

liquids (inside and outside the drop) are equal (ρ = ρ’) and initially the drop is 

motionless.  Such a drop is also called free drop. Further, we assume that both liquids 

F


g 

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(L and L’) are incompressible and Newtonians. The drop has a viscosity μ’ and the 

surrounding bulk fluid a viscosity μ, which are, in general, different. The surface 

between the two bulk fluids is characterized by an interfacial tension noted σ0.  

Then, a small quantity of a surfactant (e.g., a droplet of 10-3-10-2 cm3, which is very 

small compared with the volume of the initial drop) is introduced on a well-chosen 

point (called also injection point) at the drop surface. Surfactants, also known as 

tensides, are wetting agents that lower surface tension of a liquid.  

                             
Fig. 2. The spreading and adsorption of a surfactant on the free drop surface; the system of 

spherical coordinates (r, θ, φ); the drop radius is noted a; the θf angle characterizes the position 

of the surfactant front. For symbols see the text. 

 

The surfactant, because of its molecular structure, is spread and simultaneously 

adsorbed at the liquid-liquid interface and it is continuously swept along the 

meridians of the drop by the convective transport (see, Figure 2). In the injection 

point the interfacial tension is instantaneously lowered to σ1 (σ1 < σ0) value. We 

mention that local changes in temperature [6-10] or the presence of surface 

chemical reactions might produce a similar effect. 

Since the interfacial tension is a function of the surfactant concentration, a gradient 

of interfacial tension is established over the surface of the drop [3]. Consequently, 

the Marangoni spreading of the surfactant takes place from low surface tension to 

high surface tension (Figure 1). As a result of the Marangoni surface flow, which 

causes the motion of the neighboring liquids by viscous traction, the Marangoni 

force of hydrodynamic pressure will appear acting on the drop surface. Due to the 

drop symmetry, the Marangoni force has the application point in the injection point 

with surfactant at the drop surface. 
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This Marangoni force will determine all kinds of drop movements, especially 

deformations, rotations and oscillations of the whole drop, as well as surface waves 

and drop translational motions depending on the experimental working conditions. 

The symmetry of the problem suggests a system of spherical coordinates (r, θ, φ) 

with the origin placed in the drop center and with the Oz axis passing through the 

sphere in the point of the minimum interfacial tension, i. e., the injection point of 

the surfactant.  

We underline that the surfactant injection point at the drop surface may be taken 

anywhere, the drop being initially at rest. In the following theoretical model, we 

shall take it like it is shown in Figure 2.  
 

3.  Variation of the Surface Tension 
 

The variation of the interfacial tension over the drop surface must be defined before 

we can proceed with the analysis of the model. Generally, the interfacial tension, σ, 

is assumed to be distributed [9] within the surfactant invaded region, (0 ≤ θ ≤ θ f), 

by 

 

σ(θ) = σm – a1 cos θ 

 

where σm and a1 are constants. 

 

For the variation of the interfacial tension with θ, we have proposed for the constant 

values:  

                              σm =  + σ1     and    a1  =  .  

 

Thus, the above equation becomes: 

 

            σ(θ) = (1– cosθ) +σ1                             (1)                              

  

where σ0 = σ(θf) and σ1 = σ(0).          
 

The surfactant front position, in this radial flow, is noted by the angle θf, and the 

interfacial tension, σ, is considered a unique function of the angle θ. Within the 

surfactant invaded region, (0 ≤ θ ≤ θf), for the variation of the interfacial tension 

with θ, we take the equation (1).           

0 1
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Equation (1) presents the advantage that it contains the angle θf and permits the 

calculation of σ for different drop coverage with surfactant. For the situation when 

the surface of the entire drop is covered with surfactant, θf = π, Eq. (1) is similar to 

that one proposed by other authors [10]. This confirms that Eq. (1) proposed by us 

in its general form is correct. Further, by derivation of Eq. (1), the interfacial tension 

gradient, dσ/ d(θ), in the invaded drop region, Figure 2, with surfactant is obtained: 

                                  

                                                                                      (2) 

 

where, the interfacial tension σ0 is constant in any point of the uncovered drop 

surface, while the interfacial tension difference П =  arises only in the 

invaded region with surfactant. Therefore, it is clear that only σ1 and σ0, i.e., the 

minimum and the maximum values of the interfacial tension, can be experimentally 

measured. 

  

4.  Theoretical Model 

 

4.1. Theoretical framework for surface-driven fluid motion in sessile drops 

 

The theoretical model reported here considers that the drop is initially at rest and 

the real surface flow – Marangoni flow – arises on the drop surface, with a distinct 

front, which advances continuously; without a surfactant transfer inside or outside 

the drop. The drop surface is considered a two-dimensional, incompressible 

Newtonian fluid. The Reynolds number of the inside and outside flow is less than 

unity. The equations governing the flow inside and outside the drop are the 

continuity and Navier-Stokes equations [11-13]. The continuity equations for a 

Newtonian incompressible fluid, for the outside and inside flow are as given by 

Eqs. (3, 4):  

∇ ⋅ ,              (3) 

 

∇ ⋅ ,                                                       (4) 

                            

where is the velocity of the bulk liquid L and ’ represents the velocity of the 

liquid L’ within the drop. 

The Navier-Stokes equations for a steady flow are as follows (Eqs. 5, 6): 

 

                                                                 (5)                                                         

0 1

f

dσ
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                                                         (6)    

where p and p’ are the pressures outside and inside of the drop;  and  are 

the kinematic viscosities of continuous liquid and drop liquid, respectively.  

All these parameters are considered constants. We propose here to give some 

account on the equations governing the fluid motion in a surface, considered as a 

two-dimensional, incompressible Newtonian fluid, having surface density, Г, 

surface dilatational κ viscosity and surface shear ε viscosity. Even that we consider 

the interface like a bi-dimensional geometrical surface, it has a finite thickness 

about 5 x10-10 cm. 

The flow in a surface is not just a flow in a two-dimensional space whose governing 

equations will be immediate analogs of the three-dimensional ones. In contrast with 

the three-dimensional space, this surface is a two-dimensional space that moves 

within a three-dimensional space surrounding it. In our case, the interface is the 

region of contact of two liquids, i.e. drop liquid and bulk liquid. This is a new 

feature which oblige us to take account on the dynamical connection between the 

surface and its surroundings, namely on the traction exerted by the outer and 

inner  liquid upon the drop interface.  

The equation of the interfacial flow [14-17] is  (Eq. 7):                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

 

                              (7) 

 

where  is the interface velocity,  is the external force acting 

on the drop surface, and  is the surface gradient operator. Because the surface 

density [16] is very small (Г ≈ 10 -7g cm -2) the inertial term can be neglected against 

the remainder terms. It is significant to underline that equation (7) can be used in 

two ways: as the equation which describes the surface flow or as a dynamical 

boundary condition. 

In order to find the distributions of the velocities and of the pressures p and 

p’, the system of equations (3)-(7) must be solved taking into account some 

appropriate boundary conditions [11- 13].  

Thus, the velocities of the inner and outer liquid of the drop must satisfy the 

following kinematical conditions: 

• the outer velocity must be zero far from the drop surface, 

           ;          

1
(v' ) v'  grad p'  ν' v'

ρ
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• the normal component of the outer and the inner velocities must be zero on 

the surface of the drop 

           ,     at     r = a; 

• the tangential velocity components of the two liquids at the interface must 

be equals 

                             at      r = a; 

• the velocity ' within the drop must remain finite at all points, particularly 

at the centre of the drop (r = 0, the origin of the coordinates). 

• In addition to these kinematical conditions, a dynamical condition must be 

fulfilled at the interface and is given by Eq. (7). Eqs. (3–7) with these 

appropriate boundary conditions lead to the distribution of the velocity, 

, and of the pressures, p, outside of the drop. Similar expressions for the 

inner flow are obtained.   
 

     4.2. Marangoni flow 

 

Since the Marangoni flow on the surface of the drop r = a is symmetrical with 

respect to the Oz axis, the velocities of the inner and outer liquid flows are not 

functions of the angle φ, they will have only normal (radial) and tangential 

components  

The continuity equation (3) for the outer flow in spherical coordinates is as given 

by Eq. (8). 

 

                                                                 (8) 

 

while for the Navier-Stokes equations (5) and (6), we have Eqs. (9, 10).  

 

   (9)         

              

      (10) 

 

It is to be noted that similar equations are obtained for the inner liquid motion. The 

velocities of the inner and outer flow satisfy the following boundary conditions 

(Eqs. 11-14). 
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                                                                            (11) 

             vr = vr’ = 0   at   r = a,                                                                      (12)    

              ,                                                                          (13) 

             .                                                                  (14)                             

  

In addition to these kinematic conditions, we also have, as we pointed before, a 

dynamic condition on the drop surface (r = a), obtained from the interface flow 

equation (7), which for small interfacial density Г can be written in the following 

form [14,15] (Eq. 15): 
 

    (15) 

                                                                                                                                                                                                                                                                                                                        

       . 

             

     4.3. Solution of the flow equations 

 

The solution of the flow equations (8-10) with the boundary conditions (11-15) can 

be obtained if we note that the surface flow gives rise to a current fluid directed to 

the drop along the Oz axis. This current fluid arises as a consequence of the 

continual replacement, by a ventilation effect, of that liquid layer which it was 

displaced by the interfacial flow. The profile of the flow indicates that a solution of 

the flow equations should be sought [13] in the form:  
 

                      vr (r,θ)  =   f(r) cos θ, 

                      vθ (r,θ) =   g(r) sin θ, 

                      p (r,θ)  =   μ h(r) cos θ, 
 

 for the outer liquid L, and similar Eqs. are obtained for the inner liquid L’. 

After well-known manipulations, we obtain for f, g, and h, the following relations: 

                                   

v v 0 for    r ,r θ
 = = →

'
v v  at    r a
θ θ
= =

' '
v and  v finite at    r 0r θ

=

v vv1 1 d σ 1 1θ θrμ (κ ε) (v sin θ)
θr θ r r a d θ r θ rsin θ θ

r ar a

  
+ − + + +

   
==

    
    

   

r=a

' ''2(v ) v vv1r aθ θ θrε μ'
2 r θ r ra

=
+ = + −

 

 
 
 
 

21 2
3 43

21 2
3 43

2
4

b b
f(r) b b r ,

r r

b b
g(r) b 2b r ,

2r 2r

b
h(r) 10b r,

r

= + + +

= − − −

= +



 

 

 Surface Tension Effects on the Free Drop Dynamics 25 

with b1, b2, b3 and b4 as constants. Also, equations of identical form for f’, g’ and h’ 

are obtained with constants  

The eight b unknown constants will be determined from the boundary conditions 

(11-15). From Eqs. (11) and (14), we have can find: b3 = b4 = b =0. For the 

outer liquid motion, we obtain: 

                                     

 

and for the velocity and pressure distribution within the drop 
 

                                                                            

 

From Eqs. (12) and (13) we have: 
                                    

                                    

Then, from equation (15), where for  we have used equation (2), the dependence 

of the constant b1 as a function of the interfacial tension gradient Π= σ0 – σ1 is 

obtained:   
 

            . 

 

Thus, Eqs. (8-10) with the appropriate boundary conditions (11-15) lead to the 

distribution of the velocities  and of the pressures p, p’ outside and inside the 

drop (Eqs. 16-18):  
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                                 (16) 

                              (17)              

                                    

       p(r,θ) =                                        (18)   

                          

for the outer flow, and equations (19-21) for the inner flow. 

 

               (19) 

              (20) 

 

              (21) 

                                      
 

     4.4. Marangoni force, FM(θf), exerted on the free drop 
 

    4.4.1. Calculation and Angular Dependence of the Marangoni Force on the 

Drop Interface 

Further, we describe the Marangoni force FM exerted on the free drop due to 

Marangoni flow. If we analyze the model of the Marangoni interfacial flow, we 

find that as the flow occurs with the driving by viscosity, of the outer liquid L, the 

forces of hydrodynamic pressure will act on the drop L’. The resultant of the forces 

exerted by the outer fluid on the drop, FM, due to the symmetry of the Marangoni 

flow, is oriented along the Oz axis. This force, acting on the drop, can be calculated 

from the general expression of the force given in [11] (Eq. 22):  

 

                                                    (22)                                                                                                                                                              
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where S is the surface covered with surfactant, and prr and prθ are the normal and 

tangential components [11-13], respectively, of the viscous stress tensor given by 

Equations (23, 24): 

                                                                           (23) 

                                                                (24)  

 

The surface element, ds, in spherical coordinates on the drop (r = a) is: 

                                

 

and, the force acting on the drop, FM, given by Eq. (22), can then be rewritten as 

given by Eq. (25): 
 

                                            (25)             

  

Using Eqs. (16-18), one obtains for the normal (Eq. (23) and tangential (Eq. (24) 

components of the stress tensor, at the drop surface (r = a), the following 

expressions [9, 17] (26, 27): 
 

                                       (26)                                                                                                           

                                          (27)   

 

Introducing the viscosities ratio, λ = μ’/μ, the interfacial tension difference, Π = σ0 

– σ1, and because 2κ/3a ≈ 0 as shown previously [5, 18-25], after the integration of 

Eq. (25), by using Eqs. (26) and (27), the force acting on the drop surface, FM(θf), 

is given by the following expression (eq. 28):  
                                         

                          FM (θf) = C (1- 2 cos θf – 2 cos2 θf ),                                  (28) 

 

where C is given as A/3, where A is specified as  .     

             

Thus, Eq. (28) represents the Marangoni force acting on the drop surface along the 

Oz axis. It can be seen that this force depends on the θf angle, namely, on the extent 
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to which the drop surface is covered by the surfactant, as a function of the radial 

interfacial tension difference (П), the ratio of the bulk viscosities (λ), as well as of 

the radius (a) of the drop. 
 

4.4.2. Hammer Effect: Marangoni hammer force and Marangoni lifting force. 
 

For further discussions, it is useful to introduce a new function in Eq. (28), 

namely f(θf) = FM (θf) /C = Fm (θf), given by: 

                                      

                     f(θf) = 1−2 cos θf −2 cos2θf                                                     (29)  

 

which is plotted in Figure 3. 

 

 
 

                                                   

                                                                                                                      

                             

                                    

 

Fig. 3. The graphic of the f(θf) as a function of θf angle ( 0 );  

f(θf) = Fm (θf) = FM (θf) /C.  

 

 

The value of θf, for which the force FM(θf) cancels, FM(θf) = 0, is θ0 ≈ 68.530. The 

value of θ0 does not depend on the physical, chemical and geometric properties of 

the drop. Also, we see that for , the force is negative FM(θf) <0, and for 

 the force is positive, FM(θf) > 0, having the greatest value for θm = 

1200. 

From Eq. (28) it is found that for a coverage degree of the drop, with 

surfactant, as a result of the appearance of a radial interfacial tension gradient П, 

the pressure force FM(θf) exerted by the external liquid upon the drop is oriented 

toward the negative direction of the Oz axis (Figure 3). This is similar with the 

application of a “hammer” knock on the drop in the injecting point of the surfactant.  
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For a coverage degree θf greater than θ0, but less than 1800, the force FM(θf) is 

oriented towards the positive direction of the Oz axis. The propulsive (lifting) force, 

FM(θf) > 0, responsible for the upward movement of the drop, appears only when 

the coverage of the drop with surfactant is greater than θ0. 

Therefore, the effect of coverage by the surfactant on the drop surface can be 

decomposed in two parts, the “hammer” effect for the coverage 0 ≤ θf < θ0 and the 

“propulsive” effect for the coverage θ0 < θf   ≤ 1800 as shown in Figure 4a and 

Figure 4b, respectively. 

 
 
 
 
 
 
 
 

                     

                                         (a)                            (b)             
 

Fig. 4. The Marangoni force, FM, acting on the free drop.  a) Marangoni hammer force; 

b) Marangoni lifting force. 
 

  

Furthermore, the normal force acting on the interface will tend to deform the drop 

from a spherical shape [17, 25-29]. So, the principal mechanical factor which can 

modify the shape of the drop, namely deformations and break-ups of a drop, is the 

normal component of the Marangoni force (Figure 3).  

To understand better the role of this force, on the deformations of the drop, it will 

be useful to calculate the normal Fn component of the resultant force FM.  
 

 4.4.3. FM (θf ) force and its maximum 

 

The normal component Fn of the force FM is given by:  

 

                            Fn(θf) = C (-1 - cosθf - cos2θf).                                       (30) 
 

It can be understood that this force Fn depends on the θf angle, namely on the extent 

to which the drop surface is covered by the surfactant, the interfacial tension 

difference, П, and the ratio of the bulk viscosities, λ. The normal component of 

Marangoni force (in short, the normal force) is negative and consequently acts in 

the opposite direction of the normal at the drop surface (Figure 2 and Figure 4a) for 

any degree of coverage with surfactant.  
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Also, it can be observed from Eq. (30) that this component is at its minimum for θf 

= 0 (i.e. at the point of the surfactant injection) and increases rapidly but it never 

reaches positive values for any value of θf. 

The maximum magnitude of the normal force is for θf = 0 and is given by: 

 

  Fn(0) = - [ ]                                                  (31) 

Further, it is to be noted that Fn(0) = FM(0) (in absolute value). The normal force 

acts like a hammer (hammer effect, Figure 4a), deforming or even breaking up the 

drop, for any value of θf between 0 and π.  

As shown by Eq. (31), the hammer effect appears directly proportional with the 

surface tension effects, П, and with the radius (a) of the drop and inversely 

proportional to λ. 

The tangential component, Ft, of the Marangoni force, or tangential force, is 

responsible for translational motion of the drop and it is given by the following 

expression: 
  

Ft(θf) = C (2 - cosθf - cos2θf)            (32) 
 

where C is given as A/3. 

The tangential force Ft is positive for any value of θf between 0 and π, namely for 

any extent of coverage with surfactant on the drop surface. It is found, from Eq. 

(32), that the tangential force Ft is practically zero for small value of θf, having a 

maximum value at θf = 2π/3. The resultant force, noted f(θf) = FM (θf) /C, is given 

as a function of θf   angle in Figure 3, and it has two components, normal force, 

Fn(θf) /C, and tangent, Ft(θf) /C, force. The resultant force, f(θf) can be noted also as 

Fm, which is FM/C, and it vanishes for θ0 ≈ 7π/18 (≈ 68.53°).  

It is to be noted that, for any degree of coverage, θf <θ0, with surfactant, the resultant 

Fm force exerted by the external liquid upon the drop is oriented towards the 

negative direction of the Oz axis. 

At greater surfactant coverage degree of the drop surface, at θf > θ0, although Fn is 

not zero, the tangent force Ft is much larger than the absolute value of the normal 

force, so the resultant force FM is positive. In other words, the normal force and the 

tangent force do not cancel out for any value of θf and consequently the resultant 

force FM changes its sign, as shown in Figure 3. Evidently, the FM (θf) force reaches 

its maximum value at the spreading moment of the surfactant (t=0) for which θf ≈ 0 

and is given by (Eq. 33):  

 

2π a Π
A=

1+λ
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                             FM(0) = A (where  )                                      (33)  

    

where FM(0) represents the resultant force acting on the drop surface in the 

injecting point.                                                      

 

For physical meanings, we can take the absolute value of this Marangoni hammer force.  
  
 

     4.5. Drop deformation 

 

 In our opinion, the Marangoni hammer force is the principal factor which can modify 

the shape of the drop, namely through deformations and breakups of a drop. It is valued 

to point out the importance of Marangoni hammer force and Marangoni surface flow, 

which are at the origin of other interfacial processes [18-40]. Indeed, the modification 

of the surface area of a drop, when the drop is deformed to a non-spherical shape, dilutes 

the surfactant surface concentration and the deformation of the drop is different from 

that expected one for the equilibrium σ0 case. This is called the surface dilution effect.   

Also, especially at the break-up process of the drop, surfactant molecules may 

accumulate at the tip of the drop due to the convection phenomenon. This phenomenon 

decreases the local interfacial tension and causes the tip to be overstretched. This 

process is called the tip-stretched effect. During deformations, when a drop gets a 

concave surface, capillary forces appear, which tend to bring the drop in the initial 

spherical shape. All these effects can appear, as a consequence of the Marangoni 

hammer force and due to the real flow of surfactant molecules on the drop surface.   

Therefore, we suggest that the primary effect, due to a reduction of the equilibrium 

interfacial tension (0) in the injection point of a free drop surface with a surfactant, at 

t=0, is the appearance of a Marangoni surface flow of the surfactant on the drop surface. 

This Marangoni flow of the surfactant modifies the equilibrium surface tension, σ0, and 

a Marangoni force FM(θf) will act on the drop. At the beginning, it acts like a hammer 

which changes the shape of the drop, and consequently, several factors might appear, 

namely, the surface dilution and tip-stretching, as well as capillary forces. 
 

     4.6. Internal wave trains 
 

Further, we suggest that it is a direct connection between Marangoni force and the 

deformation of the drop, via the surface waves produced by the hammer effect. 

Furthermore, we have considered that the surface waves, generated by the hammer 

effect, produce traveling periodic internal wave trains [28-32]. If these internal 

waves are absorbed by drop, the shape of the drop is not deformed. If these internal 

2π a Π
A=

1+λ
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waves are not absorbed, the overlapping of the direct and reflected internal waves 

modifies the shape of the drop and causes deformations or even the break-up of the 

drop. For small surface tension gradients, even in the case of the drop not 

deformable, there are different movements, first of all, the surface waves.  

We suggest that these surface waves are produced by the hammer effect described 

above. The surface waves generate a surface Marangoni instability of the drop. This 

instability was observed previously [23] but its cause was not discovered.  

Our theoretical model can describe the surface instability due to the hammer effect. 

Further on, these surface waves will produce the internal waves which are generated 

by the surface tension gradients through hammer impact. As a consequence, 

traveling periodic internal wave trains are generated in the liquid drop after the 

adsorption and spreading of the surface-active compound on the surface of the drop, 

as illustrated latter on in the experimental work [25-32].   

Further, two possibilities can occur for the hammer effect for θf ≤ θ0:   

1. If the drop viscosity μ’ is big, then, the energy of the traveling periodic internal 

trains of waves are absorbed by the drop liquid and the drop is not deformable. 

Nevertheless, other movements might appear, like oscillations of the whole 

drop and rotations. 

2. When the drop viscosity μ’ is small and the energy of the internal waves is not 

absorbed, the waves are reflected by the internal drop surface. The 

superimposing of the direct internal waves with the reflected ones gives a rise 

to a “resonant” effect, which generates the deformation and even break-up of 

the drop.  
 

5.  Experimental Section 
 

The experimental work on drop dynamics and Marangoni instability was performed 

in liquid-liquid systems of equal densities presented in Tables 1 and 2. The densities 

of the liquids were determined picnometrically and the bulk viscosities by using an 

Ubbelohde viscometer. The surface dilatation viscosity at the liquid/liquid interface 

was not directly measured and only a few indications concerning this magnitude for 

the liquid/gas interface have been found [3, 4, 6, 17, 25, 26].  

The mixtures, making up the continuous L phase, were placed in a thermostated 

parallelepiped vessel of 1 dm3, made of transparent glass. The drop (L’) was made 

of various radii between 0.46 and 1.19 cm, by using the mixtures described in Table 

1. The L’ liquid was carefully submerged by using a pipette into the continuous L 

aqueous phase and the density of the latter was then adjusted by adding small 

quantities of water or alcohol until the buoyancy of the drop practically disappeared. 

After the system was stabilized, a small quantity (10-3-10-2 cm3) of the surfactant 
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solution (Ss) was injected with a micrometric syringe, in a point on the drop surface 

(injection point in Figure 2).  

The injection was done either in a vertical direction (as in Figure 5) or in different 

directions (Figures 6 and 7) and no influence of the mode of injection on the 

Marangoni flow or on the drop movements and deformations were observed. 

The interfacial tension of the liquid/liquid systems, e.g., L/L’, was determined by a 

method based on capillarity [3] and its value is given in Table 2. The measurement 

of the above parameters as well as the drop dynamics and surface flow experiments 

have been performed at constant temperature (20  0.1o C). All chemicals were of 

analytical purity and used without further purification. In order to make visible the 

surface flow, the surfactant solution was intensely colored with methylene blue 

(0.28 g/100 cm3). Surfactants were soluble in the continuous phase L for system 1. 

For the 2 and 3 systems, the surfactant was insoluble both in the L and L’ liquid 

phases.  

The movement of the surfactant front was followed by filming with a high-speed 

camera (500 images/sec). A number of sequences, showing the surfactant front 

position at various moments, t, of the process, is presented in Figure 5. It can be 

seen that the front position is easily distinguishable from the uncovered drop 

surface.  

The positioning of the L’ liquid drop in the continuous L liquid for a sufficiently 

long time, as to perform the flow measurements, raises difficulties. Although some 

authors pointed out that two drops never behave in the same manner under the 

action of interfacial tension differences, we have succeeded in measuring the 

reproducible surface flow velocities as well as in evidencing the influence of several 

factors, like interfacial tension gradients and viscosities, on the drop deformations 

and drop movements.  

 

6.  Results and Discussion   
 

The composition and physical characteristics of the liquid/liquid (L/L’) 

systems, of equal densities, are given in Table 1. Bulk viscosities μ and μ’, and 

interfacial tensions σ0 and σ1, are also presented in Table 1.  

The values of the surface tension gradient, П, the ratio of the viscosities, λ = μ’/ μ, 

and the Marangoni hammer FM(0) force (see, equation 33) are given in Table 2.  

The experimental parameters are presented for three different cases of drop 

dynamics, under various surface tension gradients П. The first case (system 1) 

corresponds to the nondeformable drop (Figure 5). The second case (system 2) 

represents the situation of the deformable drops (Figure 6) and the third one 

(system 3) describes the breakup of a free drop (Figure 7).  


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For system 1, the drop radius is a = 1.19 cm and for systems 2 and 3, the drop 

radius is a = 0.46 cm (Table 1). 

 
Table 1. The composition and physical characteristics of the liquid/liquid (L/L’) systems of equal 

densities and for surfactant solution (Ss).  
 

 

Sys-

tem 

No. 

Continuous Phase (L) Drop Phase (L’) Surfactant Solution (Ss) 

Composition 

(% volume) 

 

μ 

(cP) 

σ0 

L / L’ 

dyn/cm 

Composition 

(% vol) 

μ’ 

(cP) 

Composition 

(% volume) 

σ1 

L’ / S 

dyn/cm 

 

1 

 

Methanol 78 

Water     22 
1.33 10.2 Paraffin oil 80 

Propanol 77.3 

Water     22.7 
3.5 

2 

NaNO3    

15.1 

Water    84.9 

 

1.10 

 

28.2 

Chlorobenzene 

50 

Silicon oil    50 

 

5.46 

Benzyl 

alcohol     89 

CCl4   11 

3.6 

3 

NaNO3     

14.9 

Water     

85.1 

1.10 22.8 

Chlorobenzene 

92 

Silicon oil   8 

1.03 

Benzyl 

alcohol     89 

CCl4   11 

3.6 

                 
Table 2. Surface tension gradients, П = σ0 –σ1, the ratio of the viscosities, λ, and the calculated 

values of Marangoni hammer force FM(0), for the three systems. 

 

Sys-

tem 

No. 

П (dyn/cm) λ 
FM (0), 

(dyn) 
Remarks 

1 

 

6.7 0.3 

 

60.15 

 

0.82 

 

The free drop remains practical 

nondeformable and the translational motion is 

insignificant (Fig. 5). 

2 

 

24.6 0.3 

 

4.96 11.92 

The free drop might have slight or big 

deformations (Fig. 6), but after 0.8 s, it 

returns (Fig. 6e) to its initial shape (Fig. 6a). 

The translational motion (Fig. 6e) is evident 

from the initial position (Fig. 6a); drop 

deformation (Fig. 6b); drop rotation is 

observed in Fig. 6c and Fig. 6d against Fig. 

6a. 

3 19.2 0.3 0.94 28.57 

The free drop, Fig. 7, drop deformation, Fig. 

7b, c, d, after 0.3-0.4 s, drop breaks up into 

two droplets Fig. 7e, f, which are also 

moving, as evidenced in Fig. 7d against initial 

Fig. 7a. 
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Then, we compare the calculated values, obtained with our hydrodynamic 

theoretical model, with some experimental observations on the deformations and 

the break-ups of the drops under the surface tension gradient.  

The drops were visualized by filming with a high-speed camera (500 images/sec). 

A number of image sequences illustrating the deformations of the drop at various 

moments (at different times, t) are presented in Figure 6 and of the break-up in 

Figure 7. In Figure 5, the filmed drop images, at different moments of time (t), are 

shown for the case of a nondeformable free drop. In these images is possible to 

observe the motion of the surfactant front on the drop surface, easily 

distinguishable, by the contrast with the uncovered drop surface. Also, in Figure 5, 

we can observe that the horizontal line, corresponding for the initial position of the 

free drop, is only slightly modified in time and the drop is not deformed or moved. 
 

        
                                              (a)                                             (b) 
                                            0 sec.                                      0.71 sec. 
 

         
                                               (c)                                            (d) 
                                          1.02 sec.                                  1.62 sec. 

 
Fig. 5.   Filmed pictures of a nondeformable drop characterized by the system 1, given in Tables 1 

and 2; the interfacial tension difference, П  =  σ0 – σ1  =  6.7 dyn/cm, the viscosities ratio λ= 60.15, 

a = 1.19 cm, and the calculated Marangoni force, FM(0) = 0.82dyn.        

 

These findings are in substantial agreement with the data earlier published [3], for 

nondeformable free drops. For comparison, we have chosen similar experimental 

conditions given in Table 1, for system 1 and therefore, we clearly demonstrated 

the reproducibility of these experiments. In plus, here, we calculated the Marangoni 

force FM(0), which is given in Table 2. 
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The normal force acts like a hammer (hammer effect), deforming and even breaking 

up the drop. As shown by Eq. (33), the hammer effect appears directly proportional 

with П and with the radius (a) of the drop and inversely proportional to λ. Therefore, 

at big values of λ ratio (Figure 5, Table 2), the Marangoni force is small and a 

significant deformation and the displacement of the drop, after the surfactant 

injection, are not observed. However, the normal force may produce some gentle 

surface waves, but these waves were not detectable in these experimental 

conditions. 

Then, we compare the calculated values, obtained with our hydrodynamic 

theoretical model, with some experimental observations on the deformations and 

the break-ups of the drops under the surface tension gradient. The drops were 

visualized by filming with a high-speed camera (500 images/sec). A number of 

image sequences illustrating the deformations of the drop at various moments (at 

different times, t) are presented in Figure 6 and of the break-up in Figure 7. 
   

             
    (a)       (b)            (c) 
                         0 sec.   0.14 sec.                   0.44 sec.         

   

   
                                                  (d)                                        (e)                                  
          0.66 sec.                             0.78 sec. 
 

Fig. 6. Filmed pictures of drop deformations. The liquid-liquid (L/L’) system is characterized 

by the system 2 in Tables 1 and 2; П =24.6 dyn/cm; λ = 4.96; a = 0.46 cm; FM(0) = 11.92 dyn.   
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Figure 6 shows different shapes of a deformable free drop, Figure 6a-d, and its 

movement from the initial position (i.e., from the shown reference horizontal line). 

In this case, for the system 2, given in Tables 1 and 2, due to the variation of the 

drop shape, besides the Marangoni force, the surface dilution and capillary forces 

will appear in the description of drop deformations.  

At the surfactant injection moment, the resultant Marangoni force Fm is negative 

(Figure 3), acting on the opposite direction of the normal to the drop surface and 

having its effect as the changing of the drop shape, e.g., Figure 6b compared to 

Figure 6a. For θf > θ0 the resultant Fm force becomes positive and its effect is the 

propulsion of the drop or the translational movement of the drop along the Oz axis 

(Figures 6c, 6d); after 0.78 s, the free drop has its initial shape in Figure 6e, with its 

displacement on Oz axis.        

            
 

       
               (a)                                          (b)                                       (c)   

  0 sec.                   0.02 sec.                    0.12 sec. 
 

                  
               (d)              (e)                 (f) 
           0.25 sec.                              0.36 sec.           0.43 sec.   

 
Fig. 7. Filmed pictures of the initial free drop (panel a), the deformed drop (b,c,d) and the break-up 

drop (e and f). The liquid/liquid (L/L’) system is characterized by the system 3 given in Tables 1 

and 2; П = 19.2 dyn/cm; λ = 0.94; a = 0.46 cm; FM(0) = 28.57 dyn. 
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Figure 7 illustrates the initial free drop (panel a), the drop deformations Figure 7(b, 

c, d), the drop movement (Figure 7d) and the break-up of the drop into two droplets 

(Figure 7e and f).  This is the third case of a deformable drop observed for the system 

3, and its detailed characterization is given in Tables 1 and 2. It can be seen that at 

a certain moment in time (Figure 7e) a tip in one of the drop compartments appears 

(Fig. 7e, upper droplet), and it might be an example of the tip-stretched effect.  

As we can see, from Table 2, for system 1, the value of viscosities ratio, λ >> 1, is 

very large, and the value of the Marangoni force, FM(0), is slightly smaller than 1 

dyn, and the drop is nondeformable (Figure 5). For systems 2 and 3, given in Table 

2, the ratio values of the bulk viscosities are greater than unity, λ > 1 (system 2) or 

rather close to unity (system 3), and the Marangoni force, FM(0), is much higher 

than 1 (system 2) and the highest value is for system 3. Accordingly, system 2 

represents a deformable free drop, shown in Figure 6, and system 3 signifies a 

deformable free drop for a short time followed by the break-up drop in two droplets, 

as given in Figure 7.  

Figure 7 reveals the different shapes of the free drop dynamics. Because there is a 

variation of the drop shape, in this case, the surface dilution and capillary forces 

will appear. This is the situation of a slightly viscous drop, when the Marangoni 

effect will provoke the drop deformations, which will generate the surface dilution 

in parallel with the appearance of capillary forces (Figure 7b). 

For the system 3, described in Tables 1 and 2, the viscosity of continuous bulk (μ) 

liquid and of the drop (μ’) liquid are almost equal, λ ≈ 1, Table 2, but the Marangoni 

force FM(0) takes the highest value (28.57 dyn). In this situation, after a few 

moments (at about 0.36 sec) the breakup of the drop appears (Figure 7e), and the 

drop is divided into two parts (droplets). This is the most complicated situation, 

when the Marangoni force will provoke the drop deformations, which will generate, 

in parallel, the surface dilution and the tip-stretching, until the drop is broken into 

two droplets, as illustrated in Figure 7 (e, f).  

Under the surface tension gradients, the free drop movement lead to the appearance 

of the resultant Marangoni force, Fm, (Figure 3), with its normal Fn and tangential, 

Ft, components. In this investigation it is shown that the normal force component 

causes the drop deformations and it is the dominant force, for θf < θ0, and it causes 

the hammer effect. The tangential force component provokes the displacement of 

the drop (such as lifting effect) and it is the major force for θf > θ0.  

At the moment of surfactant solution injection, the resultant Marangoni Fm force is 

negative, acting in the opposite direction of the normal to the drop surface. Small 

values of resultant Marangoni force Fm causes the visible modifications of the drop 

shape (Figure 6b,c). For θf > θ0 the resultant force Fm becomes positive and its effect 

is the propulsion of the drop or the translational movement of the drop along the Oz 
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axis (Figure 6d,e). Big values of the resultant Marangoni force Fm causes the visible 

modifications of the drop shape (Figure 7b,c,d) and even the breakup of the drop 

(Figure 7e,f).  

Marangoni flow is driven by a surface tension gradient, and it is crucial for the 

spreading of surfactants, such as fatty acids [33-36], lipids [37-40], proteins [41, 

42], carotenoids mixed and lipids [43-46], as membrane models (e.g., Langmuir 

monolayers and Langmuir-Blodgett membranes) on a liquid interface (air/water, 

liquid/liquid or oil/water interfaces). By placing a surfactant at the air/water 

interface [44] or by its adsorption at the oil/water interface [47], a surface tension 

gradient appears, and the Marangoni flow spreads the surfactant across the 

interface.  

In this context, the interfacial mechanism of anesthesia was explored by us, using 

procaine (a local anesthetic agent) and membrane models, like fatty acids [48,49] 

and phospholipids [50] monolayers, as well as human erythrocytes [51]. Clearly, 

this complex mechanism involves the Marangoni flow, where a fluid membrane 

interface is moved by a gradient of surface tension, caused by differences in the 

procaine concentration.  

Additionally, anesthetic agent interacts with the erythrocyte membrane, altering its 

interfacial properties, as evidenced by atomic force microscopy [51]. The disruption 

of the initial interfacial equilibrium of erythrocyte membrane, by its interaction with 

anesthetic molecules, creates an interfacial tension gradient, generating a 

Marangoni flow within the red blood cell's surrounding fluid. This flow can 

facilitate the interfacial mechanism of anesthesia, as a result of the red blood cells' 

movement and their surrounding fluid movement. 
 

.CONCLUSIONS 

 

An advanced hydrodynamic model has been developed in which the interfacial 

tension gradients, caused by the addition of a surfactant or a surfactant solution on 

the well-defined free drop surface, will generate a Marangoni force primarily 

responsible for the drop deformations and movements. The drop deformation 

process is described and mathematically analyzed. It has been shown that it is a 

deep dependence of the absolute values of the Marangoni force FM(0) and the 

deformations of a free drop.  

In other words, a small Marangoni force will not cause the deformations of the 

viscous drop, but a large Marangoni force will provoke complicated deformations 

and movements of a free drop even the breakup of the free drop. Thus, it is also 

shown experimentally and theoretically that the Marangoni force is a primary cause 

of the deformations of a free drop. Surface dilution and tip-stretching effects, as 
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well as the capillary forces, might appear as secondary factors in the drop 

deformation processes. The results of our theoretical hydrodynamic model are in 

substantial agreement with experimental observed data. 

Certainly, it is to be emphasized that such complex interfacial phenomena, 

generated by Marangoni force and Marangoni instability, are a result of the 

adsorption of a surfactant at the surface between the two liquid phases. These 

phenomena are of a major interest, both in industrial and biological processes [48-

51], in movements at the surface of biological membranes [52, 53], as well as in the 

space science and cosmos technology of liquids [1-7, 17, 25-32]. 

Moreover, the effects of surface tension on living cells [51-53] are crucial and might 

be explored in the new strategies for the treatment of various diseases, including 

nanostructured drug delivery systems [52] targeting the cancerous cells, with 

medical applications. 
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