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Simulation and Analysis of the Residual Volume of the
Drop Impact a Cylinder with a Rhombus Cross Section
by Volume of Fluid Method

Javad Alishahl, Soroush Madahz*, Javad Alinej ad3, Yaser Rostamian®

Abstract— In this article, the impact of a water drop on a horizontal cylinder with a rhombus cross-section is
simulated in three dimensions. The innovation of the present work is to investigate the change in the shape of the
division and the remaining volume of the collision of a Newtonian droplet with a rthombic cross-section. For the
numerical simulation of this phenomenon, the volume of Fluid method based on the dynamic contact angle has been
used to track the fluid-solid interface. To validate the results, the impact of a water drop with a diameter of 2 mm at a
speed of 1 m/s on a horizontal pipe with a diameter of 3.18 mm and a deviation of 1.55 from the center has been
simulated. The simulated images of drop shape change after impact agree well with the experimental results. Then the
impact of drops on cylinders with a rhombus section was investigated. The calculation of the remaining and divided
volume of the drop shows that the maximum remaining volume of the drop(2.7522 x 10°m’) is on the cylinder with a
diameter of d= 2.4 mm and speed V= 1m/s and the minimum remaining volume of the drop (0.8391 x 10m’) on the

cylinder with a diameter of d= 1.6 mm and speed V=2 m/s.
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1-Introduction

Deformation and breaking of liquid droplets is observed
in a wide range of industrial applications and natural
processes. For example, combustion systems of electro
spray painting, cosmetic sprays, inkjet printers, turbines and
cooling systems are some of the industrial applications.
Also, there are many examples in geophysical phenomena
from volcanic explosion and rock formation to rain
phenomenon. According to the conditions in which the drop
is placed. The mechanism of the two-phase system varies
from movement in the moving environment to free fall in
the stationary environment under the effect of gravity. In
2010, J.Q.feng [1] studied the flows governing a droplet
falling at a finite speed using the finite element method. He
investigated different values of viscosity and density as
well as Reynolds and Weber numbers and calculated the
friction coefficient. In 2004, Gottesdiener et al. [2]
calculated the stable drop fall speed in different conditions
with a similar method, but did not investigate the failure of
the drop. J. Han and G.Tryggvasson [3] used the finite
difference method to track the unstable movement of drops.
studied in different liquids. The results of this research were
classified in two density ratios of 1.5 and 10 and different
dimensionless numbers. Like most of the numerical
research done in this research, only changes in the shape
and speed of the drop were discussed and no results were
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presented for failure. The drop mechanism in the two-phase
system is affected by its physical conditions in a static
environment under gravity, such as a shock cylinder. Chang
et al [4]. experimentally investigated the droplet effect on a
cold surface and investigated the energy conversion
between the droplet and the environment. Ma and his
colleagues [5]. numerically simulated the effect of a three-
dimensional drop on supercold and rough surfaces using the
Boltzmann lattice method. Kezhao and his colleagues [6]
theoretically studied the effect of droplet diffusion on the
liquid film, which increased the thickness of the liquid film.
Luo and his colleagues [7] numerically investigated the
controlled contact time of droplets on solid surfaces. Zhang
and his colleagues [8] experimentally investigated the
phenomenon of splashing and spreading of droplets on a
wettable surface with different diameter and speed of the
droplets. Taoli et al. [9] numerically investigated the effect
of nanodroplet expansion on surfaces to reduce contact time.
Wang et al. [10] used high-speed photography technology
Experimentally investigated two drops with low speed on a
liquid film. Ma and his colleagues [11] have investigated
the impact of three-dimensional simulated metal drops on a
dry surface with the hydrodynamics approach of
Vsevolodsklabanskyi et al[12]. They theoretically studied
the droplet impact in the gas flow by increasing the velocity
gradient and its colleagues. YanzhouQin et al[13]
numerically investigated the droplet impact in the proton
exchange space fuel cell Expansion increases with droplet
velocity. Lifan et al [14] numerically simulated the impact
of droplets with variable speed on an engross microgroove
with variable surface temperature. ZhenyanXia and his
colleagues [15] experimentally investigated the effect of
water drop on superhydrophobic surface with laser
treatment. G. Y. Li and his colleagues [16] numerically
investigated the effect of a water drop on a solid surface
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with characteristics of heat transfer and smoothed particles.
KeisukeUeda and Taylor [17] numerically investigated the
impact of nanodroplet with thermodynamic behavior and
different diameters in the drug.

2. Governing Equations

The equations governing the multiphase flow are the
classic Navier-Stokes equations. The basic rules in fluid
mechanics are conservation of mass, momentum and energy.
The equilibrium equations of mass and magnitude of
motion represent the transition in one phase. In isothermal
transfer, heat and energy balance equation is ignored.
Because in the current study, the flow is assumed to be
calm. There is no need to use turbulent flow models.

V.U=0 )
% +V.(pUU) =-Vp + V.T +pf},
2

where the velocity vector and T=2uS-2u(V.U)3,, /3
are the viscous stress tensor. Also S:O/S[VU +(VU)T} in

the stress tensor represents the tensor of the average rate of
gravity, § i the symbol of Kroner’s delta, which is equal to

one for thermal stress components (i=j) and zero in cases
(i#). P The pressure, P density and f, It represents the
volumetric forces in the unit of mass, which includes the

forces of gravity and surface tension in the interface. In the
fluid volume method, the variable Y is used to describe the

volume fraction of each phase in a cell as a function of
space Time is defined. In this method, the volume fraction
transfer equation is solved simultaneously with the
continuity and motion equations (18).

The volume fractiony is in the range of ) <y <1 and

the values of 0 and 1 correspond to the areas occupied by
only one phase.

%+ V.(Uy)=0 @
a(1 —
% +v[U,(-7)]=0 )

where his subscripts L and g represent the liquid and gas
phases respectively. Assuming that the contribution of
liquid and gas velocities in the assessment of the free
surface is proportional to the corresponding volume fraction
and also the effective fluid velocity in the fluid volume
method as an average Weight is defined as follows

U=yU, +(1-7)U, (6)

And by inserting the above equation in the volume
fraction equation (3) we will have.

%+V.{[yUl +(1—y)Ug]y} =0 )

By defining the relative speed as compression speed as
follows:

U,=U,-U, ®)

And by substituting the above equation in equation (7),
we will have:

%+V.{[Ul —(l—y)Ur]y} =0 9)

By rearranging the above equation, we will have:

%Jrv.(Utv) -v{[a-ywU,J}g0 (O

=0
According to the definition of the transfer equation in
the liquid phase, the two terms on the left side of the above
equation are equal to zero. So we will have:
V. [1-y)yU, ]=0 (1
Now, by adding this expression in the transfer equation,
we will have a volume fraction:

%+ V.(Uy)+V.[Uy(1-7)]=0 (12)

In short, the present mathematical model is defined by
the continuity equations of motion size and fuzzy fraction.

3. Dynamic contact angle

The contact angle between the droplet phase and the
solid cylinder is simulated and calculated in Figure 1. The
vector perpendicular to the surface curvature for the fluid

phase (droplet) n 4 and the solid phase of solid cylinders)

n . is shown as follows:
Va

ng=n (13)
~ _ Va-9)
= ) (14)
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Fig. 1 Schematic view of the contact angle between the drop and the
cylinder

The spatial angle (8) between two vectors perpendicular

to the curvature of the interface between solid and fluid is
as follows:
cos(0) = n,. A, (15)
The three-dimensional interface between the fluid phase
(droplet) and solid phase (of solid cylinders) with vectors
perpendicular to each of the phases and n,

PN sin(04) ~ sin(6-6y) A
€7 sin(@) 4 sin(6) t (16)

It is given that they are shown using the contact line n,
and are expressed as follows:

where is the dynamic contact angle of the drop on solid
cylinders as shown in Figure 1. For water droplets on a
stainless steel surface, the advance and equilibrium contact
angles are calculated as 40, 110 and 75, respectively.

4. Independence from the network

The quality of the mesh size has been evaluated by
changing the ratio of the number of cells to the droplet
radius (cpr). The pressure jump of P level at the interface of
two fluids is calculated for comparison. Therefore, the
compressive stress equation is shown as follows:

c _ ZijkfijkPijk

Ps = Yijkfijk an

where fi;k and p;;y are the volume fraction and pressure
of a cell in the two-fluid domain, respectively. Therefore,
the tensile stress error toThe following is shown:

p§
~ 40/D -1 (18)

That ¢ and D show the surface tension of the fluid (air-
liquid) and the droplet diameter, respectively. According to
Figure (2), the errors relative to the number of cells for
cpr=15are less than %5 and close to Cpr = 18 and the
current simulation is based on cpr=15.

cpr=10
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Fig.2. Error percentage in relation to the number of cells to droplet radius (cpr)

shows the successive stages of the change of the shape of
the droplet along the axis of the tube. The time of each

5. Validation frame is measured from the moment when the droplet

touches the tube for the first time. Experimental photos [19]

Figure 3 shows the impact of a water droplet with a have a very good match with the images produced by the
speed of 1 m/s and a diameter of 2 mm on a steel pipe with computer model.

a diameter of 3.18 mm (0.125 inch). The center of the drop
deviates 1.55 mm from the center line of the tube. Figure 3

Exprimental result [19 ] Present study
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Fig. 3 . Comparison of simulation results from the side view of a drop of water hitting a steel pipe

6. Results

The present study numerically investigates the impact of
a three-dimensional Newtonian drop on a pipe with a
rhombic section. These results examine the changes of drop
diameter in d= 2.4, 2 and 1.6 mm and drop speed of 1 and 2
m/s. Figure 4 shows the impact of drops with a diameter of
2 and 2.4 mm and a speed of 1 m/s on a pipe with a
rhombus section at different times. The physical factors
effects and the behavior analysis of the droplet impact on
rhombus cylinder were investigated. Break droplets
deformation are simulated using the volume of fluid (VOF)
method with open-source software based on the droplet’s
dynamic contact angle at the spatial interface between two
solid-fluid phases. Finally, some of the main points
summarized:

e The reduction of time costs in simulating this
phenomenon, which is much less CPU time
consuming than previous researches.

e Analysis of break of droplet on cylinders with
different physical conditions using changing in
remaining volume of droplet.

e Survey of effect of droplet diameter into cylinder
dimension on the number of broken droplets.

e In case that droplet diameter is big and the velocity
is small, the Volume percentage of passing droplet
is maximum.

Table 1. Comparison between the relaxation time of
the droplet on the cylinder and the remaining volume of
the droplet on the cylinder for impactlt shows the drop
with different speeds on the cylinder with a rhombus
section.
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Fig. 4. Simulation results of a drop of water hitting a steel pipe with a rhombus section
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Table 1. Comparison between droplet behaviors in all modes

Volume remaining falling speed spec%r:eiions
percentage of volume Drop on the
passing drop tube (m/s)
(X 107°m?®)
62 % 2.7522 1 d =24 mm
78 % 1.5546 2 d =2.4mm
59 % 1.7173 1 d=2mm
71 % 1.2146 2 d=2mm
54 % 0.9819 1 d =1.6 mm
60 % 0.8391 2 d=1.6 mm
| English signs
7. Conclusion t time (s)
In this article, the impact of a drop on a solid tube with a At time step
rhombus cross-section is simulated using the volume of T Viscous stress fensor
fluid method based on the dynamic contact angle of the i
drop, so the impact and change of shape of a drop with fo Body force per unit mass
diameters of d= 1.6,2.2and 2.4 and drop velocities at P Pressure
V=Im/s and 2 m/s around the cylinder were calculated and S Average strain rate tensor
the remaining volume. of thF: drop and the volume passed Ur Compression speed
through the tube were investigated. R Th t dicular to th £
Is. Finally, some important points are summarized as ny ¢ vector peipendicuiat o the surtace
follows: curvature for the fluid phase
f The vector perpendicular to the surface
t .
e  The comparison of the broken volume of the drop c cur\g;liert;rs;ilz :Srlel(sisphase
shows that the lowest percentage of the passing PS P
volume of the drop is %54 The drop was d= 1.6 E Tensile stress error
mm and t?le speed wa.s l m/s. . D Droplet diameter (m)
e The maximum remaining volume of the drop is cpr The number of cells per droplet radius
2.7522 x 10°m’, corresponding to the drop with a ‘ Fluid fraction volume
. ui ion volu
diameter of d = 2.4 mm and V =1 m/s. Lk Coordinat
e The highest percentage of passing volume of the | o oorLl‘na e;G K I
drop, %78, corresponds to the drop with a . ist 0 r3ee symbols
) o) Density (kg/ m")
diameter of d= 2.4 mm and d=2 m/s.
o Viscosity
Y Phase volume fraction
e The minimum remaining volume of the drop is ® Fluid phase volume fraction
0.8391x10”m’ corresponding to the drop with a
diameter of d = 1.6 mm and a speed of V=2 m/s. 0 The spatial angle between 11, andn d
(9 Surface tension
Sij Kronecker Delta
ed Drop dynamic contact angle
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