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1- Droplet Behavior and Instability Analysis of Two-phase Pseudo-potential Model of

Lattice Boltzmann Method; Status: Under review in Physics of Fluids Journal.
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180 g Model ParabolazD
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Plot Contact Angle
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function LBMD2Q9
$Start main function######H###H###H#HERHAHHRHASHAHERIH
%$Revised 2021-08-25
% C7 C3 Cé6
% \ |/

C4-Cl-C2

/ 1\
C8 C5 C9

o° o° o°

clc
clear;
close all
Ny=100;
Nx=100;

TotalIteration=5000;%All time steps
IterationIn=5000;%dividing all time steps to IterationIn

DensityGas=0.056;

Density0il=2.659;

GCohGas0il=-8;%fluid-fluid interation

Tau=1;

DissolvedDensity=0.01;

Squarelength=60;%Size of square droplet in the chamber
IterationOut=round(TotalIteration/IterationIn) ;%outter loop
Omega = 1./Tau; % Relaxation parameter for fluid 1,
T=1/omega,niu=1/3*(T-1/2) ,miu=rho*niu

Cs=1/((3)70.5);% Cs=c/(3)70.5 , c=1

Q=9;

cx=[0, 1, 0, -1, O, 1, -1, -1, 1];

CY=[Or 0! 1! 0! _11 1! 1! _11 _1];
w=[4/9,1/9,1/9,1/9,1/9,1/36,1/36,1/36,1/36];

isSolidNode=zeros (Ny,hNx) ;
%Create Solid Pattern

for j=1:Ny
for i=1:Nx
if ( j== || j==Ny)
% isSolidNode(j,i)=1;
end
end
end

%% Initialization---------——=---——-————————————-

$Determine Saturation
Density=zeros (Ny,Nx) ;
for j=1:Ny
for i=1:Nx

\RR



if ( (i>=(Nx/2)- (Squarelength/2)) && i<=((Nx/2)+(Squarelength/2)) &&
(j>=(Ny/2) - (Squarelength/2)) && j<=((Ny/2)+(Squarelength/2)) )
Density(j,i)=DensityOil;
else
Density(j,i)=DensityGas;
end
end
end

vEquiX=zeros (Ny, Nx) ;
vEquiY=zeros (Ny, Nx) ;

[fIn]=fEq(VEquiX,vEquiY,cx, cy,w, Density,Ny,Nx,Q,isSolidNode) ;
[Density,Pressure,Psi,vEquiX,vEquiY,Vx,Vy,Velocity]=DensityVelocity (fIn,
GCohGas0Oil,cx,cy,Ny,Nx,Q,isSolidNode) ;

plotVariables (Density,Velocity,Pressure,1l,Ny, Nx)

%% Time marching process start------------------

for OutIteration=l:IterationOut
for InIteration=l:IterationIn

[VEquiX,vEquiY]=FluidSolidIntraction (Density,DissolvedDensity,Psi,vEquiX
,VEquiY,GCohGas0Oil,Omega,cx,cy,w,Ny, Nx,Q,isSolidNode) ;

[£PC]=fPostC (VvEquiX,vEquiY¥,cx,cy,w,Density,Ny,Nx,Q,isSolidNode, £fIn,Omega
)

[fIn]=streamingandBC (fPC,cx,cy,Ny,Nx,Q,isSolidNode,Density,w,DensityGas,
DensityOil ,DissolvedDensity,Cs) ;

[Density,Pressure,Psi,vEquiX,vEquiY,Vx,Vy,Velocity]=DensityVelocity (fIn,
GCohGasOil,cx,cy,Ny,Nx,Q,isSolidNode) ;
end
Progress=round (100*OutIteration/IterationOut) ;
plotVariables (Density,Velocity, Pressure,Progress, Ny, Nx) ;
end

end%

SHidddd444444444444404000 4000000000

%% functions
% function in the main code by order
function
[fEqu]=fEq(VEquiX,vEquiY,cx,cy,w,Density,Ny,Nx,Q,isSolidNode) $fEq-—-----
fEqu=zeros (Ny,Nx) ;
for j=1:Ny

for i=1:Nx

if isSolidNode(j,i)==0

vEqui=(vEquiX(j,1i) . *2+vEqui¥ (j,i) .*2);

for k=1:Q
cuVeq= (cx (k) *vEquiX(j,i)+cy (k) *vEquiY¥(j,1i)) ;% cs=c/(3)*0.5 , c=1
fEqu(j,i,k)= Density(j,i) * w(k) *
(1 + 3*cuVeq + (9/2) * (cuVeq.”2) - 1.5*vEqui);
end
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end
end
end
end%

function [Density,Pressure,
Psi,vEquiX,vEquiY¥,Vx,Vy,Velocity]=DensityVelocity (£In,GCohGasOil, cx,cy,6N
y,Nx,Q,isSolidNode) $Calculating Density and Velocity----------
Density=zeros (Ny, Nx) ;

Velocity=zeros (Ny,Nx) ;

Pressure=zeros (Ny,Nx) ;

Psi=zeros (Ny,Nx) ;

Vx=zeros (Ny,Nx) ;

Vy=zeros (Ny,Nx) ;

vEquiX=zeros (Ny, Nx) ;

vEquiY=zeros (Ny, Nx) ;

for j=1:Ny
for i=1:Nx
if isSolidNode(j,i)==
for k=1:Q%calculate rhol & rho2 in any lattice
Density(j,i)=Density(j,i)+£fIn(j,i,k);
end
Psi(j,i)=1-exp(-Density(j,i))

Pressure(j,i)=(1.0/3) *(Density(j,i))+(1./6.) *GCohGasOil*Psi (j,i)*Psi(j,1i
);

for k=1:Q%calculate Vx & Vy in any lattice
Vx(j,1)=Vx(j,i)+((£fIn(j,i,k)*cx(k))/1);
Vy(3,1)=Vy(3,i)+((£fIn(j,i,k)*cy(k))/1);
end

if (Density(j,i)>=0)
%calculate V'x & V'y in any lattice
vEquiX(j,i) (Vx(j,1i)) / (Density(j,i) )

vEQuiY(j,i) = (Vy(j,i)) / (Density(j, i) );
else

vEquiX(j,i) = 0;

vEquiY(j,i) = 0;

end

$calculate Velocity in any lattice
Velocity (j,i)=sqrt((Vx(]j,1i)*Vx(j,i))+(Vy (3, i)*Vy(]j,1)))
else% if it is solid node: plot black
Density(j,i)=-0.05;
end

end
end
end%

function plotVariables (Density,Velocity,Pressure,Progress, Ny, Nx) $ploting
variables

Radius=zeros (Ny,Nx) ;

meanRhoW=mean (mean (Density)) ;

maxRhoW=max (max (Density)) ;

V&



minRhoW=min (min (Density)) ;
radius=sqrt ( (meanRhoW*Nx*Nx-minRhoW*Nx*Nx) / (pi*maxRhoW-pi*minRhoW)) ;
for j=1:Ny
for i=1:Nx
Radius (j,1i)=sqrt ((i- (Nx/2))*2+(j- (Ny/2))*2);
end
end

figure%if you want to have all image, active this line
fig = gcf; % current figure handle
fig.Name=(['ShanChen-D2Q9-LBM, Progress= %', num2str (Progress)]);
fig.NumberTitle=('off');

set (fig, 'Units', 'normalized',6 'Position', [0,0,1,1]);
cm=colormap; cm=flipud(cm); colormap (cm) ;
subplot(2,2,1);

imagesc (Density) ;grid on;grid minor;

S = whos('Density');

title([' Plotting of ',S.name]);

set(gca, 'YDir', 'Normal')

colorbar

myColorMap = colormap;

colormap (myColorMap) ;

axis equal on;

x1lim([1 Nx])

ylim([1 Ny])

subplot(2,2,2);

imagesc (Pressure) ;grid on;grid minor;

S = whos('Pressure');
DeltaPresuure=Pressure (Ny/2,Nx/2) -Pressure (Ny-2,Nx-2) ;
title([' Plotting of ',S.name,', Pressure in-
out=',num2str (DeltaPresuure)]);

set(gca, 'YDir', 'Normal')

colorbar

myColorMap = colormap;

colormap (myColorMap) ;

axis equal on;

xlim([1 Nx])

ylim([1 Nyl)

subplot(2,2,3);

imagesc (Velocity) ;grid on;grid minor;
S = whos ('Velocity');

title([' Plotting of ',S.name]);
set(gca, 'YDir', 'Normal')
colorbar

myColorMap = colormap;

colormap (myColorMap) ;

axis equal on;

x1lim([1 Nx])

ylim([1 Ny])

subplot(2,2,4);

plot (Radius,Density,'. b');

grid on;grid minor;

title(['Density Profile from the center to the corner, Radius by
Formula=', num2str (radius)]);

VY



xlabel ('Radius') ;ylabel ('Density');
set(gca, 'YDir', 'Normal')
x1lim([1 Nx])

pause (0.5)
end

function
[VEquiX,vEquiY]=FluidSolidIntraction (Density,DissolvedDensity,Psi,vEquiX
,VEquiY,GCohGasOil,Omega,cx,cy,w,Ny,Nx,Q,isSolidNode)

for j=1:Ny
for i=1:Nx

$Force of other fluids on the node by neighbourhood lattice
rhoContributionx = 0;
rhoContributiony = 0;

for k=2:9Q

% Fluid-Fluid intraction in Boundaries.
tempij=j; tempi=i;

X

if (i+cx(k)==0 && j+cy(k)>=1] && j+cy(k)<=Ny)$% left wall
tempij=j; tempi=Nx+1; end

if (i+cx(k)==Nx+1l && j+cy(k)>=1] && j+cy(k)<=Ny)$% right wall
tempj=j;tempi=0; end

if (j+cy(k)==0 && i+cx(k)>=1 && i+cx(k)<=Nx)% bottom wall
tempj=Ny+1; tempi=i; end

if (j+cy(k)==Ny+1l && i+cx(k)>=1 && i+cx(k)<=Nx)% top wall
tempj=0; tempi=i; end

if (i+cx(k)==0 && j+cy(k)==Ny+1l)% left top corner
tempj=0; tempi=Nx+1l; end

if (i+cx(k)==Nx+1 && j+cy(k)==0)% right bottom corner
tempj=Ny+1l; tempi=0; end

if (i+cx(k)==0 && j+cy(k)==0)% left bottom corner
tempj=Ny+1; tempi=Nx+1l; end

if (i+cx(k)==Nx+1 && j+cy(k)==Ny+1l)% right top corner
tempj=0;tempi=0; end

% fluid-fluid condition------—--—-——=—=—"———-"——————
rhoContributionx=rhoContributionx-
Psi(j,1i) * (GCohGasOil*Psi (tempj+cy (k) , tempit+cx (k) ) *w(k) *cx (k) ) ;% fluid-
fluid intraction
rhoContributiony=rhoContributiony-
Psi(j,1i) * (GCohGasOil*Psi (tempj+cy (k) , tempi+cx (k) ) *w (k) *cy (k) ) ;% fluid-
fluid intraction

end% End of k=2:Q
$Equivalent Velocity

if (Density(j,i)>DissolvedDensity)

A



vEquiX(j,i) =
vEquiX (j,i) +(1/Omega) * (rhoContributionx) /Density (j,i); $POTENTIAL
CONTRIBUTION OF FLUID 2 ON Node+Gravity Force
vEquiY (j,i) vEquiY (j,i)+(1/Omega) * (rhoContributiony) /Density (j, i) ;
else
vEquiX(j,i)
VEqui¥ (3, 1)
end

VEquiX (j,1) ;
VEQuiY (j,4);

end
end
end%

function
[fPostC]=fPostC (vEquiX,vEquiY¥,cx,cy,w,Density,Ny,Nx,Q,isSolidNode, fIn,Om
ega) $Collbgk---
fPostC=zeros (Ny,Nx,Q) ;

for j=1:Ny

for i=1:Nx;
if isSolidNode(j,i)==
vEqui=(vEquiX(j,1i) . *2+vEquiY (j,i) .*2);

for k=1:9Q
cuVeq= (cx (k) *vEquiX(j,i)+cy (k) *vEqui¥(j,i)) ;% cs=c/(3)*0.5 , c=1

fEqu= Density(j,1i) * w(k) *
(1 + 3*cuVeq + (9/2) * (cuVeq.”2) - 1.5*vEqui);

fPostC(j,i,k) = fIn(j,i,k) - Omega * (fIn(j,i,k)-fEqu);

end
end
end
end
end%

function

[fIn]=streamingandBC (fPostC,cx,cy,Ny,Nx,Q,isSolidNode,Density,w,DensityG
as,Density0Oil,DissolvedDensity,Cs) %Streaming-----——---—-—----—-

fIn=zeros (Ny,Nx,Q) ;

for j=1:Ny

for i=1:Nx;

if isSolidNode(j,i)==

for k=1:Q

if (i-cx(k)>=1 && i-cx(k)<=Nx && j-cy(k)>=1 && j-cy(k)<=Ny)
%***********************************************

if (isSolidNode(j-cy(k),i-cx(k))==0) % no walls condition

fIn(j,i,k)=fPostC(j-cy (k) ,i-cx (k) ,k);

end

%***********************************************

if isSolidNode(j-cy(k),i-cx(k))==1 % Walls condition and half way bounce
back

switch k

case {2, 3, 6, 7}

\RR!



fIn(j,i,k)=£fPostC(j,i,k+2);

case {4, 5, 8, 9}
fIn(j,i,k)=fPostC(]j,i,k-2);
end
end
%***********************************************

end %$if (i-cx(k)>=1 && i-cx(k)<=Nx && j-cy(k)>=1 && j-cy (k)<=Ny)

$Periodic boundary condition
if (i==1)%Left wall
fIn(j,i,2)=fPostC(j,Nx,2);

if (j<Ny && j>=1)
fIn(j+1,i,6)=fPostC(j, Nx,6);
fIn(j,i,9)=fPostC(j+1,Nx,9) ;
end

end

if (i==Nx)%Right wall
fIn(j,Nx,4)=fPostC(j,1,4);
if (j<Ny && j>=1)
fIn(j+1,Nx,7)=fPostC(j,1,7);
fIn(j,Nx,8)=fPostC(j+1,1,8);
end

end

if (j==1)%Bottom wall
fIn(1,i,3)=fPostC(Ny,i,3);
if (i<Nx && i>=1)
fIn(1,i+1,6)=fPostC(Ny,i,6)
fIn(1,i,7)=fPostC(Ny,i+1,7);
end

end

if (j==Ny)%Top wall
fIn(Ny,i,5)=fPostC(1,i,5);
if (i<Nx && i>=1)
fIn(Ny,i+1,9)=fPostC(1,i,9);
fIn(Ny,i,8)=fPostC(1,i+1,8);
end

end

end%end of k=1:Q
end

end%end of i
end%end of j

%Corner node related to periodic boundary condition
fIn(1,1,6)=fPostC(Ny,Nx,6) ;
fIn(Ny,Nx,8)=fPostC(1,1,8);
fIn(1,Nx,7)=fPostC(Ny,1,7);
fIn(Ny,1,9)=fPostC(1,Nx,9) ;
end%




Abstract

The lattice Boltzmann method (LBM) has gained increasing popularity among the most
favorable numerical methods for simulating fluid flow in complex geometries. This method
is used not only for single-phase simulations but also for multi-phase / multi-component
simulations with a high-density ratio. However, it also has some limitations, so we must
recognize and evaluate these limitations to have the highest efficiency. This study aimed to
investigate droplet behavior and assess and identify instabilities of the pseudo-potential
LBM model that can be used as a benchmark for future studies. Accordingly, spurious
currents, thermodynamic inconsistency, parameters dependency, surface tension, two-phase
diagram, and wettability were evaluated and examined. In this way, for the first time, four
new equations were obtained to determine the contact angle with a maximum determination
coefficient of 0.99. In addition, droplet behaviors analysis at different contact angles and
interfacial tensions showed splitting of the droplet to lower volume in high interfacial
tension and high adhesive force, which to the best of our knowledge was not reported yet
and the theory needs more investigations and recommended for future studies. Moreover,
we evaluated two kinds of equations of state and their properties. Besides, we investigated
the instabilities, advantages, and disadvantages of the Van der Waals and Carnahan-Starling
method. Then the fluid-solid interactions are presented and schemes to obtain different
contact angles are discussed. Consequently, the contact angles and surface tension have been
evaluated by these equations of state.

Keywords: Shan and Chen, Pseudopotential, Lattice Boltzmann Method (LBM), Two-
phase Fluid flow, Instability Analysis.
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