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 This paper describes the Volume of Fluid model in which a driving force is applied to stimulate 

the droplet ejection. Through this model, the wettability of the nozzle’s inner wall will be 

determined as it plays a vital role in the droplet’s shape and size. The effect of parameters viz. 

breakup thread length, breakup velocity, breakup/ detachment time on the drop formation are 

computed in this paper by using volume of fluid method. The results indicate that the increase 

in contact angle of the nozzle inner wall reduces the drop’s breakup time while increasing the 

breakup velocity and thread length of the drop. Also, the results indicate the reduction in 

quality of drop formation with increased hydrophobic nature, which is not suitable for spray 

painting or in inkjet printing. Similarly, the deterioration in the quality of drop formation is 

due the more hydrophilic nature of the nozzle.  
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1. INTRODUCTION 

 

In the last few years, a lot of work has been done on the drop 

formation process, but the basic principle of the drop dynamics 

process remained the same. Use of droplets in industrial 

processes has been increased tremendously. In the current era, 

almost every sector like automobile painting, inkjet printing, 

fuel injection, medicine and agricultural sector implements the 

droplet generation as per their requirements [1-5]. In all, these 

applications have to deal with high speed and high accuracy 

during drop formation process. Eggers [6] reviewed the 

process of drop formation in a thorough manner starting from 

drop’s formation to its detachment into primary and secondary 

droplets. Recent advancements in the technical field allow 

high-speed cameras are used for capturing the variations in the 

droplet shapes during its ejection time to drop’s breakup time. 

Through this technique, researchers evaluate the effect of 

jetting speed, nozzle size, and material properties on the 

dynamic of the drop formation process [7-12]. Other than 

experimental techniques, several computational and numerical 

methods are introduced for the investigation of drop 

detachment process. Badie and Lange [13] considered the 

finite element method for the simulation drop on demand 

droplet formation. Feng [14] applied finite volume method for 

the simulation of the drop formation. The numerical methods 

used for tracking the evolution of the droplet’s free surface are 

a tough task especially during the breakage and merging of the 

drop’s thread. In these methods, we have to solve both the 

Continuity equation and the Navier- Stokes equation; which is 

a complicated task.  

Researchers are dealing with this subject under the banner 

of two-phase flows. Here, drop’s formation and its breakup at 

a various capillary angle are quite interesting. Study of 

wettability basically involves the measurement of contact 

angles as core data, which represents the degree of wetting 

when a solid and liquid interact. It plays an important role in 

various industrial processes like liquid coating, spray painting, 

lubrication etc.  

The degree of wettability is divided into two segments. High 

wettability represents when the value of contact angle is less 

than 90˚ and low wettability represents when the contact angle 

is greater than 90˚. More specifically, if the contact angle is 

less than 90˚, it means the surface is favorable for wetting, i.e. 

fluid takes a large surface area on the surface. Similarly, if the 

contact angle is more than 90˚, it means the surface is not 

favorable for wetting and the liquid will minimize its contact 

surface area and form a spherical droplet. The shape of the 

liquid drop is decided by the surface tension of the liquid. In a 

liquid droplet, each molecule is being pulled equally by 

neighboring molecules, due to which no net force develops in 

the droplet. At the surface of the droplet, due to unavailability 

of molecules, some positive net forces act, which pulls the 

neighboring molecules inwards. This causes the drop to be 

spherical in shape. 

In 1805, Young [15] investigated the contact angle of a 

liquid drop on a solid surface by comparing the three 

interfacial tensions as: 

 

γlvcosθY = γsv − γsl 

 

where γlv, γsv, γsl  represents the surface tension between 

liquid- vapor, solid- vapor and solid-liquid phases respectively, 

θY is Young’s contact angle. 

A new relationship between the drop base radius and the 

contact angle was developed from theoretical relationship 

named as modified Young’s equation. Gajewski [16] confirms 

the hysteresis impact on the sessile drops’ contact points with 

expanding drop diameters and diminishing diameters even on 

metallic surfaces. He proved that aluminum and stainless steel 

have zero hydrophobic properties when the diameter of the 

drop increases or decreases while this was not observed with 

copper and metal. He affirms that the basic contact angle 

depends upon the compound properties of the surface and on 

surface roughness. Lam [17] analyzed the advancing and 

receding of contact angles of 21 different liquid samples 

through automated Axisymmetric Drop Shape Analysis-
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Profile (ADSA-P). Moraila – Martinez et al. [18] monitored 

different receding sessile drop at different static contact angle 

at low capillary numbers. 

Recently, some experimental and numerical studies were 

carried out that focused on the wettability of the nozzle tip and 

the nozzle plate surface [19-20]. Lai et al. [21] studied the 

effect of contact angle during the ejection of a droplet in which 

the model has a vibrational motion instead of inkjet jet. For the 

analysis of complex fluid system having phase transition, the 

Lattice Boltzmann method was used for the computation work 

[22-27]. 

This paper includes the study to compute the effect of 

contact angle on various parameters of drop formation. The 

parameters include breakup thread length, breakup velocity, 

breakup/ detachment time through CFD by considering the 

Volume of Fluid method. Wettability of nozzle depends on the 

material property and contact angle. Contact angle varies from 

advanced contact angle (maximum) to receding contact angle 

(minimum). In this simulation work, the contact angle 

variation of 60˚ to 180˚ was investigated while the rate of the 

drop’s ejection for the simulation work is considered as 0.1m/s. 

Different detachment profile shape of the drop is shown at 

regular interval of time spectrum. 

 

 

2. COMPUTATIONAL SIMULATION OF CAPILLARY 

TUBE 

 

2.1 Methodology  

 

A 2D model geometry of the nozzle is constructed whose 

dimension is given in Figure 1. All zones of the model are 

defined to the system as shown in Figure 1. A laminar flow 

model was considered and assigned the direction of 

gravitational force towards the z-direction. A fully developed 

flow through the nozzle was assumed for the simulation, and 

a user-defined function of velocity flow is developed attached 

to the assumed model’s boundary condition. Pressure Implicit 

with Splitting of Operators (PISO) algorithm along with 

PREssure STaggering Option (PRESTO) scheme was used for 

the discretization process. Under-relaxation factor for pressure 

was 0.3 and that for momentum as 0.7, was used for the 

convergence of all variables. The convergence of the 

discretized equations was said to have been achieved when the 

whole field residual for all the variables fell below 10-3 for ux, 

vy. The order of magnitude of dimensionless numbers G, Ca 

and Re are 4.65x105, 1.71x10-1 and 3.46x100 respectively. 

 

2.2 Rheological properties 

 

The liquid used for the simulation process was Glycerin. 

The physical properties of Glycerin in the air at room 

temperature are given in Table 1. The value of physical 

properties of Glycerol solution is taken from literature [28]. 

 

Table 1. Physical property of 85% Glycerin [28] 

 
Viscosity (kg/ms) Surface Tension (N/m) Density (kg/m3) 

0.1129 0.066 1223 

 

 

3. COMPUTATIONAL DOMAIN AND MESH 

 

3.1 Modeling of physical domain  

Figure 1 shows the geometric model of the computational 

domain developed in the ANSYS-FLUENT module along 

with the necessary boundary conditions. The computational 

domain is a rectangular nozzle with the length of 30 mm and 

the width of 8 mm. The radius of the nozzle is 1.6 mm. The 

computational domain is validated with the experimental 

results [29] which shows that the increase in viscosity 

increases the thread length of the drop. It is also observed that 

the size of the primary drop increases slightly with the increase 

in surface tension and decrease in viscosity whereas the effect 

of density on the size of the primary drop is negligible. The 

green shaded region shows the Newtonian fluid named 85% 

Glycerin aqueous solution, whereas the grey shaded region is 

an air chamber. 

 

 
 

Figure 1. Computational physical domain 

 

3.2 Mesh generation 

 

Figure 2 shows the meshing of the computational domain. 

Meshing plays an important role in finding the numerical 

solutions of the physical problem through computational 

methods. For precise results, grid size should be small or one 

can say that the number of the cells must be more. The cell 

density near the axisymmetric axis is too dense as compared 

to the other zone of the computational domain. This improves 

the accuracy of drop generation and its transport profile. 

Meshed cells are quadrilateral in shape. A total of 80000 

meshing cells were used for the computation process. 

 

 
 

Figure 2. Meshing of the computational domain 

 

3.3 Grid independence test 

 

Grid independence test was used to determine the precision 

of the computational results for different meshing conditions. 

Figure 3 shows the profile of drop formation at 1.5ms and 3ms 

respectively. 
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Figure 3. Grid independence test 

 

As shown in Figure 3, the periphery of glycerol droplet in 

case of 30,000 meshing cells was not smooth as compared to 

that of 80,000 cells. Increased meshing cells not only smooth 

the drop’s profile, but it will increase the computation time. 

 

3.4 Boundary condition and solution parameters 

 

To examine the drop dynamics process, ‘Volume of Fluid’ 

model was used. The volume of Fluid method was used to 

locate the drop’s profile during its detachment process. To 

initiate the ejection process, a velocity user-defined function 

(UDF) was intercepted with the VOF model. The whole 

process took place under the atmospheric pressure conditions. 

The following assumptions were included in the process: 

Assumptions: 
• The computational model is axisymmetric. 
• The incompressible property is considered for the 

surrounding air.  
• The physical properties of the liquid are known 

and constant.  
• Evaporation phenomenon for the liquid is 

neglected.  
• At the inlet of the capillary tube, fluid flow is 

assumed to be fully developed flow. 
• The thickness of the capillary tube exit is neglected 

[30]. 
The Boundary Condition used for the computation is 

marked in Figure 1 and also stated: 
• Inlet of the domain is velocity inlet. 
• Axis is considered as an axisymmetric axis. 
• Free slip velocity condition near the wall because 

the fluid near the wall is air. 
• The outlet of the computational domain is an 

atmospheric pressure outlet. 
 

3.5 Mathematical modeling 

 

Based on the above-mentioned assumptions, the Navier-

Stokes Equation in non-dimensional form for the transient 

motion of the liquid is considered as, 

 

∇. v = 0,                                                                                          (1) 
 

Re (
∂v

∂t
+ v. ∇v) =  ∇. τ + (

G

Ca
) j                                                (2) 

 

τ =  −pI + [∇v + (∇v)T]                                                           (3) 
 

The variables in Eq. (1) are, ∇ is the gradient operator; v is 

the resultant velocity vector. Similarly, in Eq. (2), τ  is the 

stress tensor; j is the unit vector in the z-direction. In Eq. (3), 

p represents the dimensionless pressure and I is the identity 

tensor. 

Also during the non-dimensionalization process, three 

dimensionless numbers are introduced in Eq. (2), 

Reynolds number, Re = ρUD/ρ, 

Gravitational Bond number, G = ρgR2/σ, 

Capillary number, Ca = μU/σ 

The flow is considered as fully developed, so its velocity 

profile becomes, 

 

vz =  
2Q

πR2 {1 − (
r

R
)

2

}   , 0 ≤ r ≤ R                                           (4) 

 

where, r is the radial coordinate of drop phase, and vz is the 

flow velocity in the z-direction.  

The maximum velocity of liquid phase flow for the fully 

developed flow is given as: 

 

U =  
2Q

πR2                                                                                (5) 

 

 
4. RESULTS AND DISCUSSION 
 

Contact angle gives the quantitative measures of wetting of 

solid by a liquid. It is the angle formed by the liquid at the 

three-phase boundary where liquid, solid and gas intersects. 

Low contact angle indicates that the liquid spreads on the solid 

surface or it can be said that it wets the surface area. Whereas 

the high contact angle shows the poor spreading of a liquid on 

the solid surface and solid surface remains unwetted due to the 

liquid. 

In this work, the effect of contact angle on the shape and 

size of the droplets generated has been investigated by keeping 

remaining physical parameters constant.  

 

 
 

Figure 4. Drop detachment process for contact angle 60˚ 
 

Figure 4 shows the drop breakoff process of the glycerin 

liquid when the contact angle between the liquid and the 

material is 60˚.  As the contact angle 60˚ is less than 90˚ it 

displays the high wettability of the nozzle. Due to this high 

wettability, glycerin liquid remains in contact with the wall of 

the capillary tube. As the wetting condition is favorable for the 

Glycerin liquid, it spreads on the nozzle wall over a large area. 

Figure 4 shows that owing to the high wettability condition, 

the thinning out tendency of the drop is not so good. It begins 

spreading in both downward as well as transversal sides in the 

domain. 

As earlier described, we investigated wettability of the 

nozzle’s inner wall as the prime parameter which plays an 

important role in controlling the quality of inkjet as well as 

spray painting. 
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Figure 5. Droplet images at the evolution time at nozzle 

inner wall contact angles of (a) θ=60°, (b) θ=90°, (c) θ=150°, 

(d) θ=180° 

 

Figure 5 shows the drop formation at the initial time of 

ejection. It can be seen that for contact angle less than 90˚, the 

glycerin spreads on the nozzle inline, whereas when the 

contact angle is more than 90˚, the motion of the glycerin 

liquid is more towards the vertical direction. The profile of 

drops during detachment for the low wettability is good and 

clear. The hydrophilic wall demonstrates stronger adhesion to 

the liquid as shown in Fig 5(a). When the contact angle 

increases from 90˚ to 180˚, the liquid filament before the break 

up become thinner and longer, it means the time to obtain the 

first droplet is getting increased. The long filament is the main 

factor that increases the probability of the satellite droplet 

formation. These satellite drops will reduce the quality of both 

spray painting in automobile sectors and inkjet printing in 

printing industries. Figure 6 shows the detachment profile of 

the flow field at the instant of droplet breakup. These contours 

exhibit that a more hydrophobic nozzle doesn’t permit the 

drop’s liquid to spread on the inner lining of nozzle although 

the thread length of the droplet extends over a greater distance. 

 

 
 

Figure 6. Droplet images at the breakup moment at nozzle 

inner wall contact angles of (a) θ=75°, (b) θ=90°, (c) θ=150° 

 

For the hydrophilic nozzles, the droplet breaks up earlier 

and also generates a shorter and thicker filament. A 

hydrophilic inner wall is, therefore, a valuable design feature 

that can improve the print quality. Also, as shown in Figure 6, 

the contact angle equal to and below 75˚ leads to a quite thicker 

filament, which means that the volume of the droplet is more 

during ejection and will also reduce the print quality. Hence it 

is not advisable to use an extremely hydrophilic nozzle.  

From Figure 7, it can be seen that the droplet breakup 

velocity, thread length of the drop before the breakup and its 

breakup time depends on the nozzle’s wall wettability. At low 

contact angle, the fluid is hydrophilic, and it takes more time 

to break off at a very low velocity. As the contact angle 

increases from 60˚ to 180˚, the thread length and breakoff 

velocity increase by 12.5 % and 74% (approx.) respectively, 

whereas the breakoff time decreases by 70% (approx.). 

5. CONCLUSIONS 

 

Based on the computational analysis and rational 

discussions, the following conclusions are arrived: 

(1) The comparison of the numerical results with the 

experimental observations is found to be in good agreement, 

indicating the ability of the present computational domain to 

simulate the drop formation.  

(2) A computational model was used to investigate the role 

of wettability in the droplet formation. A number of 

simulations were performed and their result was analyzed with 

three important properties: the drop’s thread length, the 

breakup velocity of the drop, and the breakup time.  

(3) With increase in contact angle from 60˚ to 180˚;  

• the breakup time decreased by 70% (approx.).  

• the droplet velocity increased by 74% (approx.). 

• the thread length increases by 12.5 %. 

(4) The hydrophobic nature nozzle increases the thread 

length of the drop which produces the satellite drops. This 

results in the improved printing quality and performance. 
 

 
 

Figure 7. Variations in the breakup velocity, breakup thread 

length and breakup time with the changes in wettability of 

the nozzle inner wall 
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NOMENCLATURE 

 

p Dimensionless pressure 

v flow velocity (m/s) 

VOF Volume of Fluid model 

UDF User Defined Function 

 

Greek symbols 

 

 

γ Surface Tension between 

different phases(N/m) 

θ Contact Angle (°) 

∇ gradient operator 

V Resultant velocity vector 

τ stress tensor 

ρ Density of the fluid(kg/m3) 

μ Viscosity of the 

fluid(kg/ms) 

Subscripts 
 

Y Young’s contact angle 

lv liquid- vapor phases 

sv solid- vapor phases 

sl solid-liquid phases 

z  z-direction 
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