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%%0%%%%%%%%%%6%6%6%%%%% %% %% %6%6%%%%%% %% % %% %%
%%%%%%%%%%% DNS of 2D Plane Laminar Mixing Layer %%%%%%%
%%0%0%0%%%%%%%%0%0%6%6%%%%%%%%0%6%6%%%%%% % %% %% %%

Clc;

clear all;

%%0%%0%%%%6%%%%%0%6%%%%%%%
LX=input('"Enter LX");

LY=input('"Enter LY");

eps=1e-50;

GAMA=1;

%%0%%0%%%%6%%%%%0%6%%%%%%%
NX=input('Enter NX') % Number of nodes in x direction
NY=input('Enter NY"') % Number of nodes in y direction

%%%%0%0%%%0%0%%%6%0%%%6%%%%%

AY



BETA=input('"Enter BETA'") % Streching factor
RE=input('Enter Reynolds number') % Reynolds number
time=input('"Enter number of time step') % Final time of simulation
%%0%0%0%%%%%%%%%:%0%0%%%%%%

%%0%0%0%%%%%%% Function
amir_lam_func_similarity(LX, LY, NX, NY, BETA, RE, time);
DX=LX/NX;
DY=LY/NY;
I=NY+I1;
J=ENXH+1;
DT=0.1*DX;
%%0%%%%%%%%%%6%0%6%%%%%%%
%%0%0%0%%%%%%%%%:%0%0%6%%%%%
t0=0; % Start time of simulation
%%0%%0%%%%6%%%%%0%6%0%%%%%%
DIRECTX=0:DX:LX;
DIRECTY=0:DY:LY;
%%0%%%%%%%%%%6%0%6%%%%%%%
if time<500

break

end

%%%%%%%%% Rung-Kutta coefficients
c=[8/15,5/12,3/4];
d=[0,-17/60,-5/12];

%%%%%%%%% Weight value
W1=5/12;
W2=43/54;
W3=28/27,

%0%%%%%%%%%%% Pade finite difference scheme %6%%%6%%%%%6%%
26%%%6%0%%%6%6%%%%6%6%%6%6%6%6%%6%6%6% %% %6%6%6%%%6%6%% % %%
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%%%%%%%% Al1X=matrix A for 1st derivative in X direction %%%%%%%
%%%%%%%%%%%%%%%% A*¥*F=B*F' %%%%%%%%%%%%%%%%%
AlX=zeros(J);
ATX(1,1)=-W1*5/2; A1X(1,2)=W1*2;
A1X(1,3)=W1*0.5; A1X(1,4)=0;
A1XJJ)=W1*5/2; A1X(J,J-1)=-W1*2;
A1X(J,J-2)=-W1*0.5; A1X(J,J-3)=0;
A1X(2,1)=-W2*3; A1X(2,2)=0; A1X(2,3)=W2*3;
A1X(J-1,))=W2*3; A1X(J-1,J-1)=0; A1X(J-1,]J-2)=-W2*3;
A1X(3,1)=-W3*3/37; A1X(3,2)=-W3*87/37; A1X(3,3)=0;
A1X(3,4)=W3*87/37; A1X(3,5)=W3*3/37;
A1X(J-2,0)=W3*3/37; A1X(J-2,J-1)=W3*87/37; A1X(J-2,]-2)=0;
A1X(J-2,J-3)=-W3*87/37; A1X(J-2,]J-4)=-W3*3/37;
%%0%0%0%%%%%%%%%:%0%0%6%6%%%%%%% %%
%%0%0%0%0%%%%%%%%%0%6%6%%%%%%%% %%
for j=4:J-3

A1X(,))=0; A1X(j.,j-1)=-7/3; A1X(j,j+1)=7/3;

A1X(,j-2)=-1/12; A1X(j,j+2)=1/12;
end;

A1X=(1/(DX)).*AlX;

%%0%%%%%%%%%6%%6%%%%%%%%%%%%%6% %% %% % %% %% %%
%%%%%%%%6%6%%0%%%%%6%6%%%%%6%6%6%6%%%%%%%%%%% %%
%%% %%%% B1X=matrix B for 1st derivative in X directio %%%%%%%%%
B1X=zeros(J);

BI1X(1,1)=W1*1; B1X(1,2)=W1*2;

BIX(J,J)=W1*1; BIX(J,J-1)=W1*2;

BIX(2,1)=W2*1; BIX(2,2)=W2*4;

B1X(2,3)=W2*1;B1X(J-1,J)=W2*1,

B1X(J-1,J-1)=W2*4; B1X(J-1,J-2)=W2*1;

B1X(3,2)=W3*1; B1X(3,3)=W3*112/37,

BIX(3,4)=W3*1; BIX(J-2,J-1)=W3*1;

Ao



B1X(J-2,J-2)=W3*112/37; B1X(J-2,J-3)=W3*1;
%%0%%%%%%0%6%0%0%0%0%0%%%%%%%%:%%
%%0%%%%%%6%6%0%0%0%0%0%%%%%%%%:%%
for j=4:J-3

B1X(j,j)=3; B1X(j,j-1)=1; B1X(j,j+1)=1;

end;

%%0%0%%%%%6%6%%%0%6%6%6%%%%6%%%%0%6%6%%%%%% %% %:%0%%%
%%%%%%%%%% AlY=matrix A for 1st derivative in Y directio %%%%%
AlY=zeros(l);
ATY(1,1)=-W1*5/2; A1Y(1,2)=W1*2;
A1Y(1,3)=W1*0.5; A1Y(1,4)=0;
ALY(LD=W1*5/2; A1Y(LI-1)=-W1*2;
A1Y(LI-2)=-W1*0.5; A1Y(LI-3)=0;
ATY(2,1)=-W2*3; A1Y(2,2)=0; A1Y(2,3)=W2*3;
A1Y(-1,I)=W2*3; A1Y(I-1,I-1)=0;
A1Y(I-1,1-2)=-W2*3;A1Y(3,1)=-W3*3/37,
A1Y(3,2)=-W3*87/37; A1Y(3,3)=0;
A1Y(3,4)=W3*87/37; A1Y(3,5)=W3*3/37;
A1Y(-2,1)=W3*3/37; A1Y(-2,I-1)=W3*87/37,
A1Y(1-2,1-2)=0; A1Y(I-2,I-3)=-W3*87/37,
A1Y(I-2,1-4)=-W3*3/37;
%%0%0%0%%%%%%%%%:%0%6%6%%%%%%%% %%
%%0%0%0%0%%%%%%%%:%0%0%0%%%%%%%% %%
for i=4:1-3
AlY(1,1)=0; A1Y(1,i-1)=-7/3; A1Y(1,i+1)=7/3;
A1Y(1,i-2)=-1/12; A1Y(1,i+2)=1/12;
end;

A1Y=(1/(DY)).*AlY;

26%%6%%%%6%%%%6%6%6%0%%6%6%6%% % %6%6% %% %6%6%6%%%6%6%% % %%
%%%%% B1Y=matrix B for 1st derivative in Y direction %%6%%%%6%6% %%

AT



B1Y=zeros(l);
B1Y(1,1)=WI1*1; B1Y(1,2)=W1*2;
BIY(I,D)=W1*1; B1Y(LLI-1)=W1*2;
B1Y(2,1)=W2*1; B1Y(2,2)=W2*4,
B1Y(2,3)=W2*1;B1Y(I-1,[)=W2*1;
B1Y(I-1,I-1)=W2*4; B1Y(I-1,I-2)=W2*1,
B1Y(3,2)=W3*1; B1Y(3,3)=W3*112/37;
B1Y(3,4)=W3*1;B 1Y(I-2,I-1)=W3*1;
B1Y(1-2,1-2)=W3*112/37; B1Y(I-2,I-3)=W3*1;
%%0%0%0%%%%%%%%%%0%6%6%%%%%%% %
%%0%0%%%%%%%%%%6%0%6%%%%%%%% %
for 1=4:1-3

B1Y(1,1)=3; B1Y(i,i-1)=1; B1Y(i,i+1)=1;

end;

%%0%%0%%%%6%%%%0%0%%%%%%6%%%0%6%6%6%%%%%6%%%0%6%%%%%%
%%%%%%%%%%% A2X=matrix A for 2nd derivative in X direction %%%%%
%%0%%%%%%%%%%%% A*F=B*F" %%%%%%%0%6%%%%%%:%%%% %%
A2X=zeros(J);
A2X(1,1)=13; A2X(1,2)=-27;
A2X(1,3)=15; A2X(1,4)=1;
A2X(J,0)=(36.1)/12; A2X(J,J-1)=-(26.5)/3;
A2X(J,J-2)=(19.1)/2; A2X(J,J-3)=-(13.9)/3;
A(,J-4)=(10.9)/12; A2X(2,1)=12;
A2X(2,2)=-24;A2X(2,3)=12;
A2X(J-1,0)=12; A2X(J-1,J-1)=-24; A2X(J-1,J-2)=12;
%%0%0%0%%%%%%%%%6%0%6%6%%%%%%%%%%%%%
%%0%0%0%%%%%%%%%6%0%6%6%%%%%%%%%%%%%
for j=3:J-2

A2X(j,))=9; A2X(,j-1)=4; A2X(j,j+1)=4;

A2X(j,j-2)=1/2; A2X(j,j+2)=1/2;

end;

AY



%%% %% %% %% %% % % %% % % %%
©%%% %% %% %% %% % % %% % Y% %%
A2Xu=A2X;

A2Xu(1,1)=-3/2;

A2Xu(1,2)=0;

A2Xu(1,3)=3/2;

A2Xu(1,4)=0;
A2Xu=((1/DX)"2).*A2Xu;
%%%%% %% %% %% %% %
A2X=((1/DX)"2).*A2X;

%%0%0%0%%%%%6%6%%%6%6%6%%%%%%6%%%6%6%%%%%%% %% %% %%
%%%%%%%% B2X=matrix B for 2nd derivative in X direction %%%%%%%
B2X=zeros(J);
B2X(1,1)=1; B2X(1,2)=11;
B2X(J,J)=1; B2X(J,J-1)=0.1;
B2X(2,1)=1;B2X(2,2)=10;
B2X(2,3)=1; B2X(J-1,J)=1;
B2X(J-1,J-1)=10; B2X(J-1,J-2)=1;
%%0%0%%%%%%%6%%%0%%%%%%%%%% %%
%%%%%0%%%%0%%%%6%%%%6%%%%0%%% %
for j=3:J-2
B2X(j.,))=4; B2X(j,j-1)=1; B2X(j,j+1)=1;
end;
%%%%%0%%%%0%%%%6%%%%6%%%%%% %
B2Xu=B2X;
B2Xu(1,2)=2;

%%0%0%0%%%%%6%%%%6%6%6%%%%%6%6%%%6%6%%%%%%% %% %% %%
%%%%%%%%%% A2Y=matrix A for 2nd derivative in Y direction %%%%
A2Y=zeros(l);

A2Y(1,1)=13; A2Y(1,2)=-27;

AA



A2Y(1,3)=15; A2Y(1,4)=1;
A2Y(1,D)=13;A2Y(LI-1)=-27;
A2Y(LI-2)=15; A2Y(L,I-3)=-1;
A2Y(2,1)=12; A2Y(2,2)=-24;
A2Y(2,3)=12; A2Y(I-1,))=12;
A2Y(I-1,I-1)=-24; A2Y(I-1,1-2)=12;
%%0%0%0%%%%%%%%%6%%6%%%%%
%%0%0%0%%%%%%%%%6%%%%%%%
for i=3:1-2
A2Y(1,1)=-9; A2Y(1,i-1)=4; A2Y(i,i+1)=4;
A2Y(1,i-2)=1/2; A2Y(1,i+2)=1/2;
end;

A2Y=((1/DY)*2).*A2Y;

%%%6%%%%%6%6%%0%%%%%6%6%%%%%6%6%6%6%%%%0%%%%%%% %%
%%%%%%% B2Y=matrix B for 2nd derivative in Y direction %%%%%%%%
B2Y=zeros(l);
B2Y(1,1)=1; B2Y(1,2)=11;
B2Y(LD)=1; B2Y(LI-1)=11;
B2Y(2,1)=1;B2Y(2,2)=10;
B2Y(2,3)=1; B2Y(I-1,))=1;
B2Y(I-1,I-1)=10; B2Y(I-1,1-2)=1;
%%%%%%%%6%6%%%%0%%%%%%%%%% %%
%%%%%%%%6%6%%%%0%%%%%%%%%% %%
for i=3:1-2

B2Y(i,i)=4; B2Y(i,i-1)=1; B2Y(i,i+1)=1;

end;

%%0%%%%%6%%%%%6%0%6%6%%%%6%0%%%0%6%6%6%%%%6%% %% %% %%
%%%%% LAN=Diagonal matrices for the 1st and 2nd derivatives %%%%%%
%%%%%%% aproximations in the cross stream direction %%%%%%%%%%

%%%%0%0%%%%0%%%% LANI1

A4



LANI=zeros(I);
for i=1:1
% % for mapping y=-BETA.Cot(pi.kisi);
LANI1(1,1)=(1/(pi*BETA))*((sin(pi*(i-1)*DY))"2);
% for mapping y=BETA.Tan(pi.kisi/2);
% LANI1(1,1)=(2/(pi*BETA))*((cos(pi*(i-1)*DY/2))"2);
end;
%%0%%%%%%%%%%% LAN2
LAN2=LAN1.%2;
%%0%%%%%%%%%%% LAN3
LAN3=zeros(I);
for i=1:1
% for mapping y=-BETA.Cot(pi.kisi);
LAN3(1,1)=2/(pi*(BETA"2)))*((sin(pi*(i-1)*DY))*3)*cos(pi*(i-1)*DY);
% for mapping y=BETA.Tan(pi.kisi/2);
% LAN3(1,1)=(-4/(pi*BETA))*(sin(pi*(i-1)*DY/2))*(cos(pi*(i-1)*DY/2)"3);

end;

%%0%%%%%%0%%%%6%6%6%%%%%6%0%0%%0%6%6%6%%%%6%% %% %% %%
%%%% D1Y=1st derivative operator in the cross-stream (y) direction %%%%
DIY=LAN1*B1Y"-1)*AlY;

%%%%%% D2Y=2nd derivative operator in the cross-stream (y) direction %%
D2Y=(LAN2*(B2Y"-1)*A2Y)+(LAN3*(B1Y"-1)*A1Y);

%%%%%% D1X=1st derivative operator in the cross-stream (x) direction %%
DIX=(B1X"-1)*Al1X;

%%%%%% D2X=2nd derivative operator in the cross-stream (x) direction %%
D2X=(B2X"-1)*A2X;

%%0%%0%%%%%%%:%0%0%%%%%%%

D2Xu=(B2Xu"-1)*A2Xu;

%%%%6%0%0%%%0%0%%%0%0%%%6%0%0%%%0%0%%%0%0%%%6%%0%% %% %%

%%%%%%% introduce mean velocity profile in the streamwise direction %%%



%%%% NOTE: U=U0+u where UO=base flow, U=instantaneous velocity %%%
%%%%%%%%%%% u=computational velocity %%%%%%%%%%%%%%
UO=zeros(1,J);
for i=1:1
for j=1:J
% for mixing layer:
% U0=1/2{(1/landa)+tanh(2z) }=(Reynolds profile);
% landa=[(U1-U2)/(U1+U2)]=3-->U1=2, U2=1.
UO0(1,j)=0.5*(3+tanh(2.*(-BETA.*cot(pi.*(i-1).*DY+eps))));
%U0(1,j)=0.5*(1+tanh(-BETA.*cot(pi.*(i-1).*DY+eps))); (Michalke profile);
% for jet flow:
% U0(1,) )=GAMA*(1-(tanh(GAMA2*(-BETA.*cot(pi.*(i-1).*DY+eps))))"2);
% for wake flow:
% UO0(1,))=1-(0.692*exp(-In2*((-BETA.*cot(pi. *(i-1).*DY +eps)"2))));
end;

end;

%%0%0%0%%%%%%%%0%6%6%6%%%6%6%%%%0%6%6%%%%:%%%%0%6%0%%%
%%%%%%%%%%%mean velocity (base flow) derivatives %%%%%%%%

Uo1Y=D1Y*UO;

%%0%%%%%%

U01X=zeros(LJ);

%%%%%%%%

U02X=zeros(I,J));

%%0%%%%%%

U04X=zeros(LJ);

%%%%%%%%

U02Y=D2Y*UO;

%%0%%%%%%

U04Y=D2Y*U02Y;

U042X2Y=zeros(L,J);

1)



%%0%%%%6%6%%%%%6%0%6%6%%6%%6%0%%%0%6%6%6%%%%6%% %% %% %%
%%%% introduce instantaneous velocity in the streamwise direction % %%%
for i=1:1
for j=1:]
%U(1,))=0.5*(1+tanh(-BETA. . *cot(pi.*(i-1).*DY+eps)));
U(1,))=0.5*(3+tanh(2.*(-BETA.*cot(pi.*(i-1).*DY+eps))));
end;
end;
%%%%%%%%%%% computational velocity %%%%%%%%6%%%%%%%
u=U-U0;
%%%%%%%%%%% initial boundary values of u %%%%%%%%%%%%%
inflowu(:,1,1)=u(:,1);

%%0%0%%%%6%%%%%6%0%6%0%%6%%6%0%%%0%6%6%6%%%%6%% %% %% %%
%%%%%%% NOTE: V=v where V=V _bc=instantaneous velocity % %%%%
%%%%%%%%%%% v=v_bc=computational velocity %%%%%%%%%%%
%%%% introduce instantaneous velocity in the cross-stram direction %%%%
for i=1:1

for j=1:J

V_bc(i,))=0;

end;
end;
v_bc=V bc;
%%0%0%0%%%%%%%% %%
%%0%0%0%%%%%%%% %%
%%%%%%%%%% initial boundary values of v %%%%%%%%%%%%%%
inflowv(:,1,1)=v_bc(:,1);

%%0%0%0%%%%%%%%%%% other be for V. %%%6%%%%%%%%%%%%
%%%%%%%%%%% initial boundary values of du/dx %%%%%%%%%%%
inflowv1 Y=D1Y*inflowv(:,1,1);

inflowdu(:,1,1)=-inflowv1Y;

ay



%%0%%%%6%6%%%%%6%0%6%6%%%6%6%0%%%0%6%6%6%%%%6%% %% %% %%
%%%%%%% third boundary condition %%%%%
inflowd2u(:,1,1)=zeros(L,1);

%%%%%%% forth boundary condition %%%%%
inflowd3u(:,1,1)=zeros(L,1);

%%0%%%%%%0%%%%6%6%6%%%%%6%0%0%%0%6%6%%%%%%% %% %% %%
%%%%%%%%%%%% grad2U=Laplace equation %%%%%%%%%%%%
u2X=(D2X*u')';

u2Y=D2Y *u;

gradu(:,:,1)=u2X+u2Y;

%%0%%%%%6%%%%%6%0%6%6%%6%%6%0%%%0%6%6%6%%%%6%% %% %% %%
%%%%%%%%%%%%%% Time Advancement %%%%%%%%%%%%%%
%%%%%%%%%%%%%% using 3rd order Runge-Kutta method %%%%%

t(1)=t0;

NT=0;

A=D2Y;

B=D2Xu';

while t(1)<time

for sub=1:3

t(sub+1)=t(sub)+(c(sub)+d(sub)).*DT;

%%0%%%%%%%%%%:%%%%%% du/dx

ulX=(D1X*u")’;

ul X(:, 1)=inflowdu(:,1,sub);

%%%%%%%% %% %%%%% %% v
Q2=-D1Y*(ulX);

Q2(1,:)=[1;

Q2(I-1,)=(1;
%%%%%%% % %% %% %% % %%
DD2Y=D2Y;

ay



DD2Y(:,1)=[];

DD2Y(:,I-1)=[];

DD2Y(1,:)=[1;

DD2Y(-1,:)=[];

v_int=DD2Y"-1*Q2;

v=[zeros(J,1), v_int', zeros(J,1)]';
v(:,1)=inflowv(:,1,sub);
%%0%0%%%%%%%%%%:%0%6%6%%%%%%%% %%
%%0%0%0%%%%%%%%%6%%%%%%%%%% U & V:
U=u+U0;

V=v;

%%0%0%0%%%%%%%%%%0%6%%%%%%%% w:
V1X=(D1X*V")}
UlY=DI1Y*U;

% UlY=ulY+UO1Y;

w=(V1X-U1Y);
%%0%0%0%%%%%%%%%%0%6%6%%%%%%% %
H1=V . *w;

H2=(-U).*w;

%%%%6%0%%%6%0%%%%%%%%%%%%
%%0%%%%%%%% H calculating
H11Y=DI1Y*HI,;

HI2Y=D2Y*H]I;

H21X=(D1X*H2"),
H22XY=D1Y*((DI1X*H2')):;

%%0%0%%%%%%%%%%% viscous term %%6%%%%6%%%%%6%6%%%%%
u2X=zeros(LJ);

u2X=u2X"

%%0%0%%%%%%%%%%:%%%%

q¢



AA2Xu=zeros(1,));

ZER=zeros(1,J-1);
AA2Xu=[(-3/DX).*inflowdu(:,1,sub), ZER]';
R2=AA2Xu+A2Xu*u';
%%0%0%%%%%%%0%0%6%%%%%%
R2(1,)=(1;
%%0%%0%%%%%%%%%6%%%%%
B2Xu2=B2Xu;

B2Xu2(1;)=[1;

B2Xu2(:,1)=[];

u2X=(B2Xu2"-1)*R2;

u2X=u2X"

u2X=[inflowd2u(:,1,sub), u2X];
%%0%0%0%0%%%%%%%%%%%%
%%0%%%%%%%%%6%%%%%%
R4=A2Xu*u2X'+[(-3/DX).*inflowd3u(:,1,sub), ZER]'";

%%%%%0%%%0%%%%0%%% %%
u4X=(B2Xu"-1)*R4;

udX=u4X";
%%%%%0%%%0%%%%0%%% %%
U4X=U04X+u4X;

%

U2Y=D2Y*U;

%

U4Y=D2Y*U2Y;

%

U4X2Y2=(D2X*U2Y");

%% %% %% %% % %% %% %% % %% %% %% RHS
RHS=H12Y-H22XY+(1/RE).*(U4Y+U4X+(2.*U4X2Y2));

%

q0



RHSu(:,:,sub)=RHS;
%%0%%0%%%%%%%%%%%%%%% set be,s

%%%%% boundary condition of u
for i=1:1

for j=1:J
U _bc(i,j)=0.5*(3+tanh(2.*(-BETA. *cot(pi.*(i-1).*DY+eps))));
end;

end;
%%0%0%0%%%%%%%%%6%%%
%%0%0%0%%%%%%%%%%%%
u_be=U_bc-U0;
%
inflowu(:,1,sub+1)=u_bc(:,1);
%%0%0%0%%%%%%%%%%%%% boundary condition of v
for i=1:1

for j=1:J

V_bc(i,))=0;

end;
end;
v_bc=V bc;
inflowv(:,1,sub+1)=v_bc(:,1);
%%0%%%%%6%%%%%6%0%6%6%%%%6%0%%%0%6%6%6%%%%6%% %% %% %%

%%%%%0%%%%%%%%%% boundary condition of du/dx
inflowv1Y=zeros(L,J);
inflowv1 Y=D1Y*inflowv(:,1,sub+1);
inflowdu(:,1,sub+1)=-inflowv1Y;
%%0%%%%%%%%%:%0%%%
inflowd2u(:,1,sub+1)=zeros(I,1);
%%0%%%%%%%%%%%%%
inflowd3u(:,1,sub+1)=zeros(1,1);
%%0%%%%%%%6%0%%%0%%%%%%%6%%%0%0%6%%% %% %% % %%
%%0%%%%%%%%%%%:%0%%%%%%% gradU (new)

a1



if sub==
gradu(:,:,sub+1)=gradu(:,:,sub)+(c(1)*RHSu(:,:,sub)).*DT;
else
gradu(:,:,sub+1)=gradu(:,:,sub)+(c(sub)*RHSu(:,:,sub) +
d(sub)*RHSu(:,:,sub-1)).*DT;
end;
%%0%%%%%%%%%%0%6%6%%%%%%%%% AA2Xu
AA2Xu=[(-3/DX).*inflowdu(:,1,sub+1), ZER]';
%%%%
C=gradu(:,:,sub+1)-(B2Xu"-1*AA2Xu)';
A=D2Y;
B=D2Xu';
%%0%0%0%%%%%%%%%:%0%6%6%%%%%%
%%0%%%%%%:%%%%0%6%%%%%%% %%
for i=1:1
for j=2:J
sl=inflowu(i, 1,sub+1)*B(1,j);
C(ij)=C(ij)-s1;
end;
end;
%%0%%%%%%:%%%%0%6%%%%%%% %%
%%0%0%0%0%%%%%%%%:%0%6%6%%%%%%
B, D={J;
B(L,.)=[l;
CC,D=(;
%%0%%%%%%%%%%0%6%6%%%%:%%%% %%
u_int=lyap(A,B,-C);
%
u=[inflowu(:,1,sub+1), u_int];
%
u(1,:)=0;
u(L,:)=0;

v



%%0%%%%%%:%%%%0%6%%%%%%% %%
end; % (end of for continue while)
%%0%%%%%%6%%%%0%0%%%%%%% %%
TIME=t(sub+1)
%%0%0%0%%%%%%%%%0%0%6%%%%%%% updating
t(1)=t(sub+1);

gradu(:,:,1)=gradu(:,:,sub+1);
inflowu(:,1,1)=inflowu(:,1,sub+1);
inflowv(:,1,1)=inflowv(:,1,sub+1);
inflowdu(:,1,1)=inflowdu(:,1,sub+1);
inflowd2u(:,1,1)=inflowd2u(:,1,sub+1);
inflowd3u(:,1,1)=inflowd3u(:,1,sub+1);
%%0%0%0%%%%%%%%%:%0%6%6%%%%%%
NT=NT+1;

T(NT,1)=t(1);
%%0%%%%%%%%%%0%0%0%%% %% %% % %%
UXO(NT,1)=U((I-1)/2+1, 1);
UX60(NT,1)=U((I-1)/2+1, NX/4);
UXI20(NT,1)=U((I-1)/2+1, NX/2);
UXI80(NT,1)=U((I-1)/2+1, 3*NX/4);
UX241(NT,1)=U((I-1)/2+1, NX);
%%0%%%%%6%%%%%6%6%6%%%%6%%%%%:% %%
VXONT,1)=V((I-1)/2, 1);
VX60(NT,1)=V((I-1)/2, NX/4);
VXI120(NT,1)=V((I-1)/2, NX/2),
VXI180(NT,1)=V((I-1)/2, 3*NX/4),
VX241(NT,1)=V((I-1)/2, NX);
%%0%%%%%6%0%%%%6%%6%%%%%%%% %% %%
uXO(NT,1)=u((I-1)/2+1, 1);
uX60(NT,1)=u((I-1)/2+1, NX/4);
uX120(NT,1)=u((I-1)/2+1, NX/2);
uX180(NT,1)=u((I-1)/2+1, 3*NX/4);
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uX241(NT,1)=u((I-1)/2+1, NX);
s sk s oo o Kok R oK R o R o K R K s R o R R K R K R o Rk K K R R o R
subplot(2,3,1), plot(DIRECTX, U((I-1)/2+1))
subplot(2,3,2),...
plot(T, UXO0, *b', T, UX60, "R, T, UX120, .G, T, UX180, "K', T, UX241, '.B")
subplot(2,3,3),...
plot(T, VXO0, *b', T, VX60, 'R', T, VX120, 'G', T, VX180, "K', T, VX241, '.B")
pause(.0001)
subplot(2,3,4), imagesc(DIRECTX,DIRECTY,U)
subplot(2,3,5), plot(T, uX60, '"R', T, uX120, .G', T, uX180, "K', T, uxX241, '.B")
subplot(2,3,6), mesh(DIRECTX, DIRECTY, U)
%%0%%0%%%%%%%%0%0%6%6%%%%%%%%% %%
end; % (end of while)
%%%%%0%%%%6%%%0%%%%0%%%%0%%%%%%
figure
plot(T, UXO0, "b', T, UX60, ".R', T, UX120, 'G', T, UX180, "K', T, UX241, '.b")
figure
plot(T, VX60,'R', T, VX120, 'G', T, VX180, 'K', T, VX241, 'b")
%%0%%0%%%%6%%%0%0%6%6%%%%%%%%%:%0%%%
for j=1:J
Um@)=U((I-1)/2)+1, j);
m=15;
% reynolds(delta w0)=rdw0=100; vis=0.01; (U2-U1)=2-1=1;
% (delta_ w0)=dell12=vis*reynolds(delta w0)/(U2-U1);
vis=0.01; % viscosity
rdw(0=100;
delu=1;
del12=vis*rdw0/delu;
for i=m:I-(m-1)
y_norm(i-(m-1), j)=(-BETA.*cot(pi.*(i-1).*DY))/(del12);
U _norm(i-(m-1), j)=U(, j)/Um(j);
w_norm(i-(m-1),j)=w(i, j)*del12/Um(j);
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end;
end;
% %%%%%0%0%%%%%%
%%0%0%0%%%%%%%% %%
figure
plot(DIRECTY,Unorm1(:,round(NX/2)+30),'*g',DIRECTY,...
Unorm1(:,round(NX/2)+35),'skDIRECTY ,Unorm1(:,round(3*NX/4)),
'ro',DIRECTY,Unorm1(:,round(3*NX/4)+5),title('(8")Unorm1 versus kisi')
%%%%%0%%%%0%%%%%% %%
figure
plot(DIRECTY ,wnorm1(:,round(NX/2)+30),*g',DIRECTY ...
wnorm1(:,round(NX/2)+35),'skDIRECTY ,wnorm1(:,round(3*NX/4)),...
'ro',DIRECTY,wnorm1(:,round(3*NX/4)+5),title('(9")wnorm1 versus kisi')
%%%%%0%%%%0%%%%%% %%
figure
plot(T,uXo0,".b', T,uX60,"R',T,uX120,"G",T,uX180,"K', T,uX241,"b");
title("(13)u in X=0,LX/4,LX/2,3L.X/4,XL")
%%%%%0%%%%0%%%%%% %%
figure
mesh(DIRECTX,DIRECTY,U)
%%%%%0%%%%0%%%%%% %%
figure
plot(x,deltaw_n,'ro',x,deltaw_e,'b*")
title('deltaw')(deltaw_e-deltaw n)'
%%%%%0%%%%0%%%%%% %%
figure
plot(DIRECTX, Um, ".r")
%%0%0%%%%%%%%%%%%%
figure
for j=1:1:J
plot(y norm(:, j), U norm(:, j), '.b")
hold on



end;
hold off
figure
for j=1:1:J
plot(y_norm(:, j), w_norm(:, j), '.b")
hold on
end;
%%0%0%%%%%%%%%%6%6%6%%%%%%6%%%%6%%%%%%%% %%
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Abstract

Governing equations for the unsteady two dimensional plane mixing layer flow are
Navier-Stokes and continuity equations. These equations in rotational form are solved using
direct numerical simulation. The length scale and the velocity scale of the base flow at the
inlet boundary of computational domain are used as two characteristics to define the flow
Reynolds number. These two characteristics are the mixing layer half width and velocity

difference of two streams. The governing equations are discretized in the streamwise

direction (x ) and cross stream direction ( y ) , using sixth order compact finite difference

scheme and mapped compact finite difference scheme, respectively. A cotangent mapped of

y =—fcot (71{ ) is used to relate the physical domain in the double infinity of
-0 <y <+ow to the computational domain of ¢ (0<¢ <1). The compact third order of

Runge-Kutta method is used for the time-advancement of the computations.

The numerical solution of the governing equations requires correct boundary condition
implementations at suitable locations to produce well-posed problem. Most of numerical
strategies exhibit weak performance and obtain inaccurate solutions since the outlet
boundary conditions are not known accurately. To avoid this difficulty in this research, we
have applied free boundary condition at the outlet boundary. This free boundary condition is
equivalent to extend the validity of governing equations at the outflow instead of replacing
them with unknown or natural boundary conditions.

An invicid flow (Stuart flow) and a completely viscous solutions of the Navier-Stokes
equations are used for verification of the numerical simulations. The numerical results show
a good accuracy and agreement with exact solution of the Navier-Stokes equations. In this

work, the velocity profiles in x and y direction and vorticity thickness are obtained and

self-similarity characteristic for laminar and turbulent mixing layer flow is investigated.

Keywords: Mixing layer flow, Direct numerical simulation, Navier-Stokes equations, free

boundary condition, Compact finite difference scheme
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