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1. Introduction  

The droplet impact can be very significant in vari-

ous engineering applications, ranging from inkjet printing, 

engine washing, to aircraft icing [1-4]. Specially, droplet 

impact has also a great effect on parachute working process. 

In severe weather, the supercool droplet could even cause 

local icing to degrade the decelerating of parachute and ac-

cordingly reduce parachute success. Hence, it is of great ac-

ademic and engineering significance to study the droplet im-

pacting on fabric surfaces. 

Scholars have made fruitful achievements about 

the droplet impacting on impermeable surfaces. Shen and Bi 

[5] studied the effects of several dimensionless parameters 

on the deformation of a droplet impacting on a 2D round 

surface by using lattice Boltzmann algorithm and revealed 

that initial impacting velocity plays a significant role in im-

pact dynamic. Li and Zhang [6-7] experimentally and nu-

merically measured the impact forces of the low-speed wa-

ter droplet colliding on a light and tiny aluminum plate and 

investigated the effects of impact velocity and diameter of 

droplets, Reynolds and Weber numbers on the impact 

forces. Blake and Thompson [8] employed an enthalpy-po-

rosity method to numerically simulate the impact and solid-

ification of a super-cooled water droplet on a cooled sub-

strate. 

However, the study of impacting droplets spread-

ing over permeable media has received little attention. Reis 

et al [9] applied magnetic resonance imaging (MRI) tech-

niques to obtain the evolving shape of the liquid droplet in-

side the porous medium during evaporation. Then Reis [10] 

employed Finite Volume Method (FVM) to simulate the 

fluid dynamics of impacting droplet onto a porous medium. 

Golpaygan et al [11] proved that the droplet spreading inside 

a porous substrate is governed by the We number of the im-

pacted droplet, while the major penetration is decided by the 

Re number. Kim and Lee [12] applied the volume of fluid 

(VOF) method to simulate the effects of porosity on the drop 

motion and examined the effect of the three-phase contact 

angle line by varying adjusting parameters. Choi and Son 

[13-14] employed the level-set (LS) method to track the 

droplet deformation and investigated the effects of initial 

droplet radius, impact velocity, contact angle and porosity 

on the droplet spreading and penetration in a porous me-

dium. Cheng [15] investigated the droplet impacting on can-

opy fabric surface by experiments and revealed that the im-

pact velocity is the most crucial factor in droplet spreading.  

The droplet impinging on the porous medium is 

controlled by two processes, which are the droplet spreading 

on the surface and an infiltration inside the porous medium 

[16]. The fabric is a porous medium, and its characteristics 

make the impact process between permeable and imperme-

able surfaces. However, the existing numerical research re-

sults have not made an accurate and rigorous analysis of the 

phenomena that droplets impact on the fabric surface. The 

experimental research hardly obtained the pressure field and 

velocity distribution, due to the limitations of experimental 

method. 

In this work, the numerical model of the fluid dy-

namics of liquid droplets impacting on the fabric surface 

with VOF method was proposed. The numerical results ob-

tained by the proposed model were compared to experi-

mental results. The mechanism of the liquid droplet mor-

phological evolution was investigated by pressure distribu-

tion and velocity vector, and the obvious bubble entrapment 

was captured. The evolution laws of the spreading factor 

and the contact angle at the liquid-porous interface were in-

vestigated and the reason why the contact angle is dynamic 

is analyzed. The effects of droplet diameter and impact ve-

locity on the fluid flow characteristics are also discussed.  

2. Mathematical modelling 

It is important to define the computational domain 

and the initial conditions, before introducing the governing 

equations. In this work, the two-dimensional axisymmetric 

model is used, as shown in Fig. 1.  

 

Fig. 1 The configuration of the computational domain 

 

The computational domain is defined to the 16 mm 

for the length and height, respectively. It is remarkable that 

a thin slice region at the bottom of the whole domain is the 
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porous region. The liquid droplet is set in a tiny distance 

above the porous region, with an initial impact velocity. Un-

der the force of gravity, the liquid droplet flows downward 

and impacts on the porous surface. 

In the approach, the following assumption are 

made as: 1. the flow is axisymmetric, laminar and Newto-

nian fluid; 2. the properties of liquid, air and solid are con-

stant during the numerical simulation. 

2.1. Governing equations in external region 

The conservation equations of mass and momen-

tum in external region can be expressed as: 
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where: U is the velocity vector; ρ is the constant density of 

the fluid; g is the acceleration due to gravity; σ  is the surface 

tension; t is time, T can be written for a Newtonian fluid as 
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expression: 
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2.2. Governing equations in porous region 

It is noteworthy that the conservation equations of 

mass and momentum in porous region with a porosity ɛ, 

which is treated as a constant in this approach, can be ex-

pressed as [9, 10, 17]: 
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where: U  is the Darcy velocity vector, also called the 

macroscopic averaged velocity vector in porous medium, 

U U ,  is the porosity of the fabric medium, which 

can be written as P
V

V
  , P

V  is the volume of pores in po-

rous medium, V is the total volume of the porous material 

[18]. The drag coefficient B is defined as [19]: 
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here: p
d  represents the particle diameter in the porous me-

dium. 

2.3. Combined governing equations for the whole domain 

As above, the governing equations in this approach 

are determined, and it is necessary to link the equations for 

the fluid flow outside and inside the porous region. The two 

sets of governing equations in the external and porous re-

gion are similar, differing only in the additional resistance 

term and the appearance of the porosity, which must comply 

with the matching conditions at the porous-fluid interface. 

The boundary conditions at the porous-fluid interface can be 

summarized as [14, 20]: 
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Therefore, by introducing the following effective 

velocity vector Û and pressure p̂ ,which are continuous 

through the porous-fluid interface, 
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the combined government equations complying with the 

matching conditions can be written as: 
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where: ̂ , T̂ and B̂  are defined as Û and p̂  by following 

expressions: 
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3. Numerical results and discussion 

3.1. Morphological evolution of the impacting droplet 

The liquid properties used in the approach and the 

whole 16 initial impact conditions are presented in Table 1. 

In order to study the dynamic characteristics of the droplet 

impacting on the fabric surface and compare to experiments 

results, we regard the model of the impacting droplet with 

the 2.12 mm diameter and 0.75 m/s velocity as the bench-

mark model. 

As demonstrated in Fig. 2, numerical results of the 

benchmark model are in well agreement with experimental 

results [15]. Both of them have three stages: Spreading 

Stage, Recoiling Stage and Oscillating Stage. In spreading 
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stage (0-2.7 ms), the upper part of the droplet is spherical 

and the lower part spreads to the periphery. The wetting area 

between droplet and fabric surface spreads to the maximum 

diameter and the droplet shape is similar to a bowl. Under 

the action of surface tension, the droplet begins to recoil in 

the opposite direction and enter in recoiling stage (2.7-

9 ms). In this stage, the wetting area almost keep the original 

state without increasing. However, it can be observed that 

the droplet concentrates to the center and a little bead sepa-

rates from the body of droplet due to inertia. In oscillating 

stage (9-70 ms), the droplet rapidly changes from conical to 

hemispherical due to surface tension, and keeps oscillating. 

After the bead falls down into the liquid body, the droplet 

eventually tends to stabilize. 

Table1  

Properties of water droplet at 20℃ 

Liquid Properties at 20 ℃ Impact conditions 

Water 

Density, 

kg/m3 

Viscosity, 

mPa s 

Surface 

tension, 

mN/m 

Velocity, m/s Diameter, mm Re We 

998.2 1.0 72.8 0.75/1.39/1.94/2.42 2.12/2.98/3.42/4.54 1587-10965 16.35-364.50 

 

Fig. 2 Deformation processes of the benchmark model

In order to investigate the mechanism of the drop-

let morphological evolution, pressure field and velocity vec-

tor of the benchmark model in Fig. 3 are obtained. 

In spreading stage (0-2.7 ms), the pressure at the 

center is higher than the edge, forcing the droplet to flow 

from high pressure to low pressure. The upper velocity of 

the droplet is substantially downward, and the lower 

velocity is radial outside, so that the droplet spreads toward 

the edge (1 ms). Then the high pressure region gradually 

shifts to the edge and the velocity at the edge becomes 

smaller and smaller due to surface tension. At this time, 

although the three-phase contact line begins to draw back, 

the droplet at the center still flows to the periphery under the 

action of inertia, further forming a liquid ring at the edge 

and reaching the maximum spreading state (2.7 ms).  

In recoiling stage (2.7-9 ms), affected by the 

pressure difference and surface tension, the velocity 

direction at the trailing edge begins to convert toward the 

center and the pressure rises again, forcing the liquid droplet 

to retract. At 5 ms, Velocity vectors totally turn around and 

a strong upward trend forms at the droplet center. The 

surface energy is converted into kinetic energy, driving the 

droplet to bounce up quickly.  

In oscillating stage (9-70 ms), the high pressure is 

gradually formed at the neck of the liquid droplet, leading 

to the top portion of the droplet overcomes gravity and 

surface tension (9 ms). It is the reason why a little bead can 

be observed in experimenal and numerical results in Fig. 2. 

Then a little bead separates from the bulk of the droplet and 

keeps bouncing upward (32 ms). Meanwhile, the bottom 

velocity points downward under the action of gravity. The 

bottom of liquid droplet remains oscillating until the little 

bead falling down to reach final equilibrium state (70 ms).  

Besides, we also found that the pressure is always 
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symmetrically distributed during the impacting process, and 

the high pressure distribution is generally located at the 

center in porous medium. In pressure field and velocity vec-

tor, the obvious bubble entrapment is captured, which can-

not be observed in experimenal results [11]. 

 

Fig. 3 Pressure field and velocity vector of the benchmark model

3.2. Spreading factor and contact angle  

Fig. 4 demonstrates the comparison of the numeri-

cal and experimental spreading factors of the benchmark 

model [15]. Two curves are in well agreement and both of 

them have the similar three stages (spreading, recoiling and 

oscillating stage). In spreading stage, the spreading factor 

rises quickly from 0 to peak value, taking almost 2.7 ms and 

the maximum spreading factor, which is defined as 

βmax=Dmax/D0 (Dmax is the maximum wetting diameter and D0 

is the initial droplet diameter), is about 1.62, similar to the 

experimental peak value (βmax= 1.61). Recoiling stage re-

sponds to the decrease period from peak value to stabiliza-

tion stage. In oscillating stage, the spreading factor main-

tains in a constant.  
 

 
 

Fig. 4 Spreading factor of numerical and experimental re-

sults 

In Fig. 5, an entertaining phenomenon is revealed 

that the contact angle is dynamic while the advancing con-

tact angle θA=144° in spreading stage, and respectively the 

receding contact angle θR=55°in recoiling stage.  

 
 

Fig. 5 Contact angle curve of the benchmark model 

 

In order to investigate this phenomenon, we obtain 

the contact angle curve of the benchmark model at the liq-

uid-porous interface in Fig. 5, response to the morphological 

evolution of the impacting droplet. In spreading stage, the 

contact angle increases rapidly to peak value (θ=149°), 

while the liquid-porous interface presents super-hydropho-

bic. As above mentioned, it is the result of the competition 

between a spreading process of the droplet on the surface 
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and an infiltration process inside the porous medium. In this 

stage, the spreading is stronger than the infiltration due to 

large kinetic energy and inertia. In recoiling stage, the con-

tact angle decreases to valley value (θ=25°), and the wetta-

bility of the liquid-porous interface shifts from hydrophobic 

to hydrophilic, because the infiltration gradually surpasses 

the spreading under the action of surface tension. In oscil-

lating stage, spreading and infiltration are well-matched, 

and the contact angle keeps oscillating until reaching final 

equilibrium state.  

3.2. Effect of droplet diameter and impact velocity  

Figs. 6 and 7 shows the effect of different veloci-

ties on spreading factors. The droplet diameter is set as 2.12 

mm to investigate the effect of impact velocity, which are 

0.75, 1.39, 1.97 and 2.42 m/s, respectively. In Fig. 6, it is 

obvious that a higher velocity leads to a higher spreading 

factor. And all of four lines have a rapid raise stage and slow 

decline stage, and finally tend to stabilize. Besides, the peak 

spreading factors of four curves almost occur at the mo-

ments of 2.2~2.6 ms, and accordingly the time reaching the 

stable spreading factors are almost 3.4 ms for these curves. 

It is notable that the characteristics on the curve (v=2.42 

m/s) is not obvious. The reason is the overlarge collision ki-

netic energy of the droplet, which compels the droplet to 

splash in spreading process, resulting in the measurement 

error of the spreading factor.  
 

 
 

Fig. 6 Maximum spreading factor with different velocities 

 

In Fig. 7, the droplet shapes with different veloci-

ties transform dramatically in maximum spreading state. As 

velocities increasing, the spreading factor rises correspond-

ingly and the droplet shape becomes fractured and thinner. 

In addition, it can be seen that little liquid drops separate 

from the liquid body and the size of drops increase as impact 

velocities rising. 
 

 
 

Fig. 7 Droplet shapes with different velocities 

 

Fig.8 shows that the spreading factor curves of four 

different diameters, which was set as 2.12, 2.98, 3.54 and 

4.58 mm, respectively, with the same droplet velocity of 

0.75 m/s. Apparently, a higher diameter droplet can lead to 

a higher spreading factor and take more time to reach the 

stabilization stage. Besides, the time reaching maximum 

spreading state rises with droplet diameters increasing. It 

can be seen that the curve (d=2.12 mm) spends only 3.6 ms 

to reach maximum spreading stage, meanwhile it takes 9.6 

ms for the curve (d=4.58 mm) to stabilize. In Fig. 9, with 

droplet diameters increasing, the shape of liquid droplets 

looks similar and maximum spreading factors are corre-

spondingly rising. 
 

 
 

Fig. 8 Maximum spreading factor with different diameters 

 
 

Fig. 9 Droplet shapes with different diameters 

4. Conclusions 

In this approach, the numerical model of the fluid 

dynamics of liquid droplets impacting on the fabric surface 

with VOF method is proposed. The following conclusions 

can be obtained. 

1. The results obtained by the proposed model are 

well in agreement with the experimental results. And pres-

sure distribution and velocity vector are acquired. 

2. The obvious bubble entrapment, which cannot 

be observed in experimenal results, is simulated by the pro-

posed model. 

3. The evolution laws of the spreading factor and 

the contact angle at the liquid-porous interface are acquired. 

The dynamic of the contact angle is the results of the com-

petition between the droplet spreading on the surface and an 

infiltration inside the porous medium 

4. Droplet diameter increasing leads more dramatic 

shape distortion of the liquid droplet, and impact velocity 

increasing leads shorter time to reach the maximum spread-

ing stage. 
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NUMERICAL STUDY OF LOW-SPEED DROPLETS 

IMPACTING ON THE FABRIC SURFACE  

S u m m a r y 

In this approach, the numerical model of the fluid 

dynamics of liquid droplets impacting on the fabric surface 

with VOF method is proposed. The results obtained by the 

proposed model are well in agreement with the experimental 

results. The mechanism of the liquid droplet morphological 

evolution is investigated by pressure distribution and veloc-

ity vector, and the obvious bubble entrapment, which cannot 

be observed in experimenal results, is captured by the pro-

posed model. The evolution laws of the spreading factor and 

the contact angle at the liquid-porous interface are obtained 

and the reason why the contact angle is dynamic is analyzed. 

The effects of droplet diameter and impact velocity on the 

fluid flow characteristics are also discussed. Usually, drop-

let diameter increasing leads more dramatic shape distortion 

of the liquid droplet, and impact velocity increasing leads 

shorter time to reach the maximum spreading stage. Finally, 

based on the properties of the impacting droplet by the pro-

posed model, the important references of optimizing the par-

achute design for severe weather are built. 
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ume of fraction; multiphase flow. 
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