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Contents
¢ COMPUTATIONAL CHARACTERISTICS:
¢ MATRICES:
e START POINT:
e LOOP:

e Stepl: Continuity Equation
o Step2: Vorticity

e Step3: H

o Stepd: Term |

o Step5: Term Il
o Step6: Term lll

o Step7: RHS
o Step8: RK3

o Step9: Update Boundary Conditions
e Stepl0: Poisson Equation

e Figures In Process

e OUTPUTS:

9999900000000 09090900000000000000000000000000000
0000000000000 000000000000000000000000000000D
99999900 999999000
655556066 DNS CODE FOR ROUND JET $%5%%5666
00000000000000000000000000000000000000000000

clear all
close all

COMPUTATIONAL CHARACTERISTICS:

digits (128)
S = Geometry —--—---—-—--—-—--- %
Nx=160;

Ny=100;

Lx=120;

beta=3;

% —=—-—- Flow Characteristics ----- %
Re=200; %Reynolds number

C=0.2; %convection velocity



 ———————— Intervals —-—-—-———————- %
hx=Lx/Nx;

h=1/Ny;

den=6; %inverse of time interval
Dt=1/den;

dtdx=Dt/hx; %$ratio of intervals

S Domain —---——-——-——-———-————-— %

xi=linspace(0,1,Ny+1l); %computational domain in r-direction
x=linspace (0,Lx,Nx+1); %domain in x-direction
r=beta*tan (pi*xi/2); %domain in r-direction
%$Lambda:
for j=1:Ny+1
for i=1:Ny+1
L1(i,j)=2/(pi*beta)*(cos((pi*xi(i))/2))"2;
L2(i,3)=L1(i)"2;
L3(i,3)=-4/(pi*beta”2) *sin ((pi*xi(i))/2)* (cos ((pi*xi(i))/2))"3;

T e Inputs —-—-=-=-===—---- 5
fprintf (‘*\n Lx=%g , dt=%1.3f , C=%g , Re=%g\n’,Lx,Dt,C,Re)
pause
fprintf (*\n Nx=%g , Ny=%g , beta=%g \n\n’,Nx,Ny,beta)
itr=input (‘' Iteration= '); %iteration
LT=itr*Dt; %final time in laminar case
fprintf (*\n LT=%g\n\n’,LT)
% ——- Initial Velocity Profile --- %
for i=1:Nx+1
for j=1:Ny+1

U0 (i,3)=1-tanh(r(3))"2;
end

§ ——————- Selected Station -------—- %
si=[1 fix(0.2*Nx)+1 fix(0.4*Nx)+1 fix(0.6*Nx)+1 fix(0.8*Nx)+1 Nx+1];
%$selected nodes in x direction

for i=1:6
sx(i)=x(si(i)); %x stations
end
sr=[1 2 3]; %r stations
for i=1:3;
rsr=abs (r-sr(i));
[TT (1) T(i)]=min(rsr); %$selected nodes in r direction
end
RAN=[ 0.5 0.50 ; 1 00 , O0OO0O1 ; 110 ; 101; 0001

scolors RGB values

SiS=fix (itr/10); %select 10 equal steps in time
Tl=fix (Ny/4); %arbitrary node in r-direction
T2=fix (Ny/2); %arbitrary node in r-direction
T3=fix (3*Ny/4); %Sarbitrary node in r-direction
Lx=120 , dt=0.167 , C=0.2 , Re=200

Nx=160 , Ny=100 , beta=3

MATRICES:

derivativematrices %$run for matrices

A



% DERIVATION OPERATORS:

S —m——————= Respect To r ————————-— %
Dk=A1R"-1*B1R;

Dr=L1.*Dk; $%1°° (f’/=Dr*f)
DDk=A2R"-1*B2R;

DDr=L2.*DDk+L3.*Dk; %2"¢ (f”=DDr*f)

% —m——————- Respect To x —-—-—————--— %
Dx=A1X"-1*B1X; $%$1°° (f/=Dx*f):
DDx=A2X"-1*B2X; %2"% (f”=DDx*f)

% RUNGE-KUTTA COEFFICIENTS:

c=[8/15 5/12 34];

d=[0 -17/60 -5/121;

USEFUL MATRICES:

A=A2XUA—1*B2XU;

o\

+1 1)

p=x1i(2:Ny+1);

pp=linspace (0,1,Ny+1);

rrl=zeros (Ny+1l,Ny+1l); % (r before a Ny+1*Nx+1)
for i=1:Ny+1

rrl(i,:)=r(i);
end
D=Dr-rrl.*DDr;
D(1,:)=I[1];
D(:,1)=I[1];
(Ny,)=[L
D(:,Ny)=[1];

rr2= zeros(Ny+l,Nx+l); % (r before a Ny+1*Nx+1)
for i=1:Ny+1
rr2 (i, :)=r(i) .”2;
end
rl=r;
rl(l)=1;
for i=1:Nx+1
irl(i,:)=1./rl; %(1/r before a Nx+1*Ny+1)
end
for i=1:Nx+1
ir2(i,:)=1./(r1.”2); %(1/r"2 before a Nx+1*Ny+1)
end
for i=1:Nx+1
ir3(i,:)=1./(r1.”3); %(1/r"3 before a Nx+1*Ny+1)
end
ir=zeros (Ny+1,Ny+1); % (1/r before a Ny+1*Ny+1)
for i=2:Ny+1
ir(i,:)=1/r(i);
end
B=DDr’+ (ir.*Dr)’

START POINT:

t=0; %time

AY



e=1l; %counter of current figure
n=0; %counter of integer times
RHSO=zeros (Nx+1,Ny+1) ;
R(1:Nx+1,1:Ny+1,1)=RHSO;
RSUO=zeros (Nx+1,Ny+1) ;
RSU(1:Nx+1,1:Ny+1,1)=RSUO;
RSV0O=zeros (Nx+1,Ny+1) ;

RSV (1:Nx+1,1:Ny+1,1)=RSV0;
U=u0;

u=U-U0; %U=u+U0

NV=zeros (1,Ny+1);

NVB=zeros (1,Ny+1);

DXI=zeros (1,Ny+1l);
DXO=zeros (1,Ny+1);
lu(:,:,2)=zeros (Nx+1,Ny+1);

BDX (1, :)=(-3/hx) *DXI;
BDX (Nx+1, :)=(3/hx) *DXO;
LOOP:

for 1=1:itr
for k=2:4 %Runge-Kutta

Stepl: Continuity Equation

%d2/dr2 (rV)=-d/dx (U) —r*d2/dxdr (U)
H=rr2.* (Dr* (Dx*u)’); $%DEC
H(1,:)=I[];

H(Ny, :)=11;
RV=linsolve (D, H) ;
RV=RV’ ;

for i=1:Nx+1
for j=1:Ny-1
vint (i,3)=RV(i,])/r(j+1);
end
end
=[Vb Vint Vb];
V(1l, :)=NVB;
V (Nx+1, :)=NV;
%end Stepl

Step2: Vorticity
DX=Dx*V;
DR=Dr*U’ ;

W=DX-DR’ ;
%end Step2

Step3: H
Hx=V.*W;

AY



Hr=-U.*W;
%end Step3

Step4: Term |

DR=Dr*Hx' ;
DX=Dx*Hr;

I1=DR’ -DX;
I=irl.*I1;
%end Step4

Step5: Term |l

D2R=DDr*Hx' ;
DX=Dx*Hr;
DXDR=Dr*DX’ ;
II=D2R’ -DXDR’ ;
%end Stepb

Step6: Term 111

$d/dr:

DR=Dr*U’ ;
%$d2/dr2:
D2R=DDr*U’ ;
%$d3/dr3:
D2pR=Dr*DR;
D3R=Dr*D2pR;
$d4/dr4:
D4R=Dr*D3R;
$d2/dx2:
D2X=DDx*U;
%d3/dx2dr:
D2XDR=Dr*D2X’ ;
%d4/dx2dr2:
D2XD2R=DDr*D2X’ ;
$d4/dx4:
D4X=DDx*D2X;
D3R1=irl.*D3R’;
D2R1=1ir2.*D2R’;
DR1=ir3.*DR’;
D2XDR1=irl.*D2XDR’;
IIT1=D4R’"+2*D3R1-D2R1+DR1+2*D2XD2R’"+2*D2XDR1+D4X;
III=(1/Re)*III1;
%end Stepb

Step7: RHS

RHS=I+II+III;
for i=1:Nx+1
g=RHS (i, 2:Ny+1) ;

At



qq = pchip(p,q,ppP);

RHS(i,1)=g9qg(l); %evaluate value at r=0
end
%end Step’

Step8: RK3

R(:,:,k)=RHS;

lu(:, s, k+1)=1u(:, :, k)+(c(k-1)*R(:,:,k)+d(k-1)*R(:, :,k=-1))*Dt;
t=t+ (c(k-1)+d(k-1)) *Dt;

%end Step8

Step9: Update Boundary Conditions

dt=(c(k-1)+d(k-1)) *Dt;

--—— U -—-%
%$du/dt=-C*du/dx, RK3
u O=u;

DX=Dx*u_ 0;

RSU(:, :,2)=-C*DX;

u 1=u O+c(1l)*RSU(:,:,2)*dt;

DX=Dx*u_ 1;

RSU(:, :,3)=-C*DX;

u 2=u 1+ (c(2)*RSU(:,:,3)+d(2) *RSU(:, :,2)) *dt;
DX=Dx*u_ 2;

RSU(:, :,4)=-C*DX;

u 3=u 2+ (c(3)*RSU(:,:,4)+d(3)*RSU(:, :,3)) *dt;
NU=u 3 (Nx+1,:); %updated u (outlet)

%$U (x=0) =00

NUB=0; $%DEC %updated u (inlet)
===V —-—-%
$dv/dt=-C*dv/dx, RK3

V_0=V;

DX=Dx*V_0;

RSV (:,:,2)=-C*DX;
V_ 1=V 0+c(1)*RSV(:,:,2)*dt;
DX=Dx*V_ 1;
RSV (:,:,3)=-C*DX;
V_ 2=V 1+ (c(2)*RSV (:,:,3)+d(2)*RSV(:,:,2))*dt;
DX=Dx*V_ 2;
RSV (:,:,4)=-C*DX;
V_ 3=V 2+ (c(3)*RSV (:,:,4)+d(3)*RSV(:,:,3))*dt;
NV=V_ 3 (Nx+1l,:); %updated v (outlet)
SV (x=0)=0
NVB=V (1, :); %updated v (inlet)
%-—-- du/dx ---%
$du/dx=-(1/r) (d/dr (rV))
f=(r.*NV) ' ;
G=B1R*f;
DRz=linsolve (A1lR,G) ;
for i=1:Ny+1
DrVR(1)=L1 (1) *DRz (1) ;
end
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for j=2:Ny+1

DXO(j)=-(1/r(3j))*DrVR(j); %updated du/dx (outlet)
end
g=DXO (2:Ny+1) ;
gq = pchip(p,q,pp);
DXO (1l)=gqg(l); %evaluate DXO at r=0
f=(r.*NVB) "’ ;
G=B1R*f;
DRz=linsolve (A1lR,G) ;
for i=1:Ny+1

DrVR (i) =L1 (i) *DRz (1) ;

end
for j=2:Ny+1

DXI(j)=-(1/r(3))*DrVR(j); %updated du/dx (inlet)
end
g=DXI (2:Ny+1);
qq = pchip(p,q,ppP);
DXI(1l)=gqg(l); %evaluate DXI at r=0
Saltenative formulation for 2°¢ derivative respect to r
% [A2XU] [U”]=[B2XU] [U]+[BDX]
BDX=zeros (Nx+1,Ny+1) ;
BDX (1, :)=(-3/hx) *DXI;
BDX (Nx+1, :)=(3/hx) *DXO;
%end Step9

Stepl0: Poisson Equation

lul=lu(:, :, k+1)-(A2XU"-1*BDX) ;

u(l, :)=NUB;

u (Nx+1, :)=NU;

Tul(1,:)=I[1;

Tul (Nx, :)=[];
lul=1ul-A(2:Nx,1)*u(l,:)-A(2:Nx,Nx+1) *u (Nx+1,:);
ul=lyap (Al,B,-1ul);

u(2:Nx, :)=ul;

u(:,Ny+l)=zeros (Nx+1,1);

U=u+U0;

for 1i=2:Nx+1 %$overwrite centerline U velocity using du/dr (r=0)=0

U(i,1)==(((x(1)-r(2))*(r(1)-r(3))*(r(1)-r(4))*(r(l)-

r(5)))/ ((r(1)-r(3))*(r(1)-r(4))*(r(1)-r(5))+(r(l)-r(2))*(r(l)-
r(4))*(r(1)-r(5))+(r(1)-r(2)) *(r(1)-r(3)) *(r(1)-r(5))+(r(l)-r(2)) *(r(l)-
r(3))*(r(l)-r(4))))*(C .

(U(1,2)* ((r(1) -z (3))*(r(1)-r(4)) *(r(l)-r (5))+(r (1)~
r(1))*(r(1)-r(4)) *(r(1)-r(5))+(r(1)-r (1)) *(r(1)-r(3)) *(r(1)-r(5))+(r(l)-
(1)) *(x (1) -r(3))*(r(1)-r(4)))/ ((x(2)-r (1)) *(r(2) - (3)) *(x (2) -
r(4))*(r(2)-r(5))))+ .

(U(1,3)* ((r(1) -z (1)) *(r(1)-r(2)) *(r(l)-r(4))+(r(1)-
r(1))*(r(1)-r(2))*(r(1)-r(5))+(r(1)-r (1)) *(r(1)-r(4)) *(r(1)-r(5))+(r(l)-
r(2))*(r (1) -r(4))*(r(1)-x(5))) / ((x(3)-r (1)) *(r(3)-r(2)) *(x (3) -
r(4))*(r(3)-r(5))))+ .

(U(1,4)* ((x(1) -z (1)) *(r(1)-r(2)) *(r(l)-r (3))+(r(l)-
r(1))*(r(1)-r(2)) *(r(1)-r(5))+(r(1)-r (1)) *(r(1)-r(3)) *(r(1)-r(5))+(r(l)-
r(z))*(r(l)- 1)-r(5)))/ ((x(4)-r(1))*(r(4)-r(2))*(r(4)-

AT



295 4l

oS

(U(1,5)*((x(1)-r (1) r(l)-r(2) r(l)-r(3))+(r(l)-
r (1)) *(r(1)-r(2))*(r(1l)-r(4)) ) )) *( )-r(3))*(r(1l)-r(4))+(r(l)-
r(2))*(r(l)-r(3))*(r(l)-r(4)) )—r(2))*(r(5)-
r(3))*(r(5)-r(4))))):
end

%end SteplO
end %end Runge-Kutta
lu(:,:,2)=1lu(:,:,k+1);
clc

L=100*1/itr; %percentage

fprintf (M\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n process

completed: \n’)

fprintf (Y%2.0f %% \n’,L)

Figures In Process

==0

if rem(l,Sis
e
\

gcurrent x-velocity

)
figure (e)
t=',num2str(t)])

title ([
hold on
for i=1:6
y=U(si(i),1:T3);
plot(y,r(1:T3),"’-0o’,’Color’ ,RAN(i,:), ' MarkerSize’,1.5)
end
xlabel (‘\bf U’);
ylabel (*\bf r’);
set (get (gca,’Ylabel’),’Rotation’,0.0);

legend ([ 'x=',num2str (round(sx(1l)))], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5)))1, ['x=",num2str (round(sx(6))) 1)
e=e+l;
end
if abs(t-round(t))<le-4 %velocities vs time for integer values of t
n=n+1;
for i=1:Nx+1
Uc(i,n)=U(i,1);
V1(i,n)=V(i,T(1));
V2(i,n)=V(i,T(2));
V3(i,n)=V(i,T(3));
end

end
end

%end L O O P

OUTPUTS:

outputpresentation %run for outputs
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Contents

o Matrices For First Derivative Respect To r

e Matrices For Second Derivative Respect To r

o Matrices For First Derivative Respect To x

e Matrices For Second Derivative Respect To X

o Alternative Matrices For Second Derivative Respect To x

$%%5%%%%%%% derivativematrices $%%5%%%%%%%

Matrices For First Derivative Respect To r

a=1/3; %inner nodes
for i=3:Ny-1

AlR(Ny+1,Ny)=2;

BIR(Ny+1,Ny+1)=(1/(2*h)) *5;

BIR(Ny+1,Ny)=(1/(2*h))*-4;
=(1/(2*h))*-1;

AlR(i,1-1)=1;
AlR(1,1)=1/a;
AlR(1,1+1)=1;
BlR(1i,1i-2)=-(4-1/a)/(12*h);
BlR(1i,i-1)=-(1+2/a)/ (3*h);
B1R(i,1)=0;
B1lR(1i,i+1)=(1+2/a)/ (3*h);
BIlR(1i,1i+2)=(4-1/a)/(12*h);
end
a=1/4; %next to boundaries
i=2;
AlR(i,1-1)=1;
AlR(1i,1)=1/a;
AlR(l i+1)=1;
BlR(1i,1i-1)=-(1+2/a)/ (3*h)
B1R(i,1i)=0;
BlR(l i+1)=(1+2/a)/ (3*h)
1=Ny;
AlR(i,1-1)=1;
AlR(1,1)=1/a;
AlR(l i+1)=1;
BIR(1i,i-1)=-(1+2/a)/ (3*h);
B1R(i,1)=0;
BlR(1i,i+1)=(1+2/a)/ (3*h);
AlR(1,1)=1; %at boundaries
AlR(1,2)=2;
B1R(1,1)=(1/(2*h))*-5;
B1R(1,2)=(1/(2*h))*4;
B1R(1,3)=(1/(2*h))*1;
AlR(Ny+1 Ny+1)=1;
(
(
(
(

BIR (Ny+1,Ny-1)

Matrices For Second Derivative Respect To r

AA



a=1/4; %inner nodes
for i=3:Ny-1
A2R(i,1-1)=1;
A2R(1,1)=1/a;
A2R(i,1+1)=1;
B2R(i,1i-2)=(10-1/a)/(12*h"2);
B2R(1i,1i-1)=(4/a-4)/(3*h"2);
B2R(i,1)=-2*((4/a-4)/(3*h"2)+
B2R(1,1i+1)=(4/a-4)/(3*h"2);
B2R(i,1i+2)=(10-1/a)/(12*h"2);
end
a=1/10; %next to boundaries
i=2;
A2R(1,1-1)=1;
A2R(1,1)=1/a;
A2R(1 i+1)=1;
B2R(i,i-1)=(4/a-4)/(3*h"2);
B2R(1,1i)=-2*(4/a-4)/(3*h"2);
B2R(1 i+1)=(4/a-4)/(3*h"2);
i=Ny;
A2R(1,1-1)=1;
A2R(1,1)=1/a;
A2R(1 i+1)=1;
B2R(1,1i-1)=(4/a-4)/ (3*h"2)
B2R(1,1i)=-2*(4/a-4)/(3*h"2);
B2R(1,1i+1)=(4/a-4)/(3*h"2);
A2R(1,1)=1; %at boundaries
A2R(1,2)=11;
B2R(1,1)=(1/h"2)*13;
B2R(1,2)=(1/h"2)*-27;
B2R(1,3)=(1/h"2)*15;
B2R(1,4)=(1/h"2)*-1;
A2R(Ny+1 Ny+1)=1;
A2R (Ny+1,Ny)=11;
B2R (Ny+1,Ny+1)=(1/h"2)*13;
B2R (Ny+1,Ny)=(1/h"2)*-27;
B2R (Ny+1,Ny-1)=(1/h"2)*15;
(

B2R (Ny+1,Ny-2)=(1/h"2) *-1;

(10-1/a)/ (1

2*h"2));

Matrices For First Derivative Respect To x

a=1/3; %inner nodes
for i=3:Nx-1
AlX(i,1-1)=1;
AlX (1 ) 1/a;
AlX(l +1)=1;
BlX(l,l 2)=-(4-1/a)/ (12*hx) ;
Bl1X(i,i-1)=-(1+2/a)/ (3*hx);
B1X(i,1)=0;
BIX(1i,i+1)=(1+2/a)/ (3*hx);
BlX(1i,i+2)=(4-1/a)/ (12*hx);
end
a=1/4; %next to boundaries
i=2;

AlX(i,1i-1)=1;

A4



AlX(i,1)=1/a;

AlX(1,1+1)=1;
BlX(1i,i-1)=-(1+2/a)/ (3*hx);
B1X (i, i)=0;
B1X(i,i+1)=(1+2/a)/ (3*hx)
1=Nx;

AlX(1i,1-1)=1;

AlX(i,1)=1/a;

AlX(1,1+1)=1;
BlX(1i,i-1)=-(1+2/a)/ (3*hx);
B1X (i, i)=0;
BIX(1i,i+1)=(1+2/a)/ (3*hx);
AlX(1l,1)=1; %at boundaries
AlX(1,2)=2;
B1X(1,1)=(1/(2*hx))*-5;
B1X(1,2)=(1/(2*hx)) *4;
B1X(1,3)=(1/(2*hx)) *1;

AlX (Nx+1,Nx+1)=1;

AlX (Nx+1,Nx)=2;

B1X (Nx+1,Nx+1)=(1/(2*hx)) *5;
BIX (Nx+1,Nx)=(1/(2*hx))*-4;
B1X (Nx+1,Nx-1)=(1/(2*hx))*-1;

Matrices For Second Derivative Respect To x

a=1/4; %inner nodes
for i=3:Nx-1
A2X (i,1-1)=1;
A2X(1,1)=1/a;
A2X(1 i+1)=1;
B2X(i,1i-2)=(10-1/a)/ (12*hx"2) ;
B2X(i,i-1)=(4/a-4)/ (3*hx"2);
B2X (1,1)=-2*((4/a-4)/ (3*hx"2)+
B2X(i,i+1)=(4/a-4)/ (3*hx"2);
B2X(i,1i+2)=(10-1/a)/ (12*hx"2) ;
end
a=1/10; %next to boundaries
i=2;
A2X(1,1-1)=1;
A2X(1,1)=1/a;
A2X (1,1+1)=1;
B2X(i,i-1)=(4/a-4)/(3*hx"2);
B2X(i,1i)=-2*(4/a-4)/ (3*hx"2);
B2X (1,i+1)=(4/a-4)/ (3*hx"2);
1=Nx;
A2X(1,1-1)=1;
A2X(1,1)=1/a;
A2X (1,1+1)=1;
B2X(i,i-1)=(4/a-4)/(3*hx"2);
B2X(i,1i)=-2*(4/a-4)/ (3*hx"2);
B2X (1,i+1)=(4/a-4)/ (3*hx"2);
A2X(1,1)=1; %at boundaries
A2X(1,2)=11;
B2X(1,1)=(1/hx"2)*13;
B2X(1,2)=(1/hx"2)*-27;

(10-1/a)/(12*hx"2)) ;



B2X
B2X
A2X
A2X
B2X
B2X
B2X
B2X

1,3)=(1/hx"2)*15
1,4)=(1/hx"2)*-1
Nx+1,Nx+1)=1;
Nx+1,Nx)=11;
Nx+1,Nx+1)=(1/hx"2)*13;
Nx+1,Nx)=(1/hx"2)*-27;
Nx+1,Nx-1)=(1/hx"2)*15;
Nx+1,Nx-2)=(1/hx"2)*-1;

AAAAAAAA

Alternative Matrices For Second Derivative Respect To X

A2XU=A2X;

B2XU=B2X;

A2XU(1,1)=1; %at boundaries

A2XU(1,2)=2;

B2XU(1,1)=(-3/(2*hx"2))*1;

B2XU(1,2)=(-3/(2*hx"2))*0;

B2XU(1,3)=(-3/(2*hx"2))*-1;

B2XU(1,4)=(-3/ (2*hx"2))*0;

AZXU(Nx+1 Nx+1)=1;

A2XU (Nx+1,Nx)=2;

B2XU (Nx+1,Nx+1)=(-3/(2*hx"2)) *1;

B2XU (Nx+1,Nx)=(-3/(2*hx"2)) *0;

B2XU (Nx+1,Nx-1)=(-3/ (2*hx"2))*-1;
( = ) *0

B2XU (Nx+1,Nx-2)=(-3/ (2*hx"2)

7
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Contents

o transverse velocity

e vorticity

o centerline x-velocity vs time

e r-velocity vs time

o x-velocity self-similar profile
o r-velocity self-similar profile
e half- width

o centerline velocity

e characteristics

e Save
$%%%%%5%%5%% outputpresentation $%%%5%5%%5%%
for i=1:Nx+1 %calculate half-width

i
for j=1:Ny+1

if abs(U(i,]))<abs(0.5*U(i,1)

b(1)=r () +(((r(J-1)-r(J))

* ~—

(U(i,3)-0.5*U(i,1)))/(U(i,3)-U(i,]-
1))
break
end
end
end
Undefined function or method ‘U’ for input arguments of type ‘double’.

transverse velocity

figure (11)
hold on
for i=1:6
y=V(si(i),1:T3);
plot(y,r(1:T3),"’-0o’,"Color’ ,RAN(i,:), ' MarkerSize’,1.5)
end
xlabel (M\bf V') ;
ylabel (*\bf r’);
set (get (gca,’Ylabel’),’Rotation’,0.0);
legend ([ 'x=',num2str (round(sx(1l))) ], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5)))1, ['x=",num2str (round(sx(6))) 1)

vorticity

figure (12)

hold on

for i=1:6
y=W(si(i),1:T3);
plot(y,r(1:T3),"’-0o’,’Color’ ,RAN(i,:), ' MarkerSize’,1.5)

end

xlabel (M\bf W) ;

ylabel (*\bf r’);

ay



set (get (gca,’Ylabel’),’Rotation’,0.0);

legend ([ 'x=",num2str (round(sx(1l))) ], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5))) ], ['x=' ,num2str (round (sx(6)))]);

centerline x-velocity vs time

yt=1:1:LT;

figure (13)

hold on

for i=1:6
y=Uc(si(i),:);
plot(yt,y,’ Color’ ,RAN(i, :))

end

xlabel (‘\bf time’);

ylabel (‘\bf U c’);

set (get (gca,’Ylabel’),’Rotation’,0.0);

legend ([ 'x=',num2str (round(sx(1l))) ], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5))) ], [ Y%=’ ,num2str (round (sx(6)))]);

ylim([0.1 17)

r-velocity vs time

Q

figure (14) % 1°° station

hold on

for i=1:6
y=V1(si(i),:);
plot(yt,y, Color’ ,RAN(i, :))

end

xlabel (‘\bf time’);

ylabel ([“\bf V (r=',num2str(sr(l)),’)"1);

legend ([ 'x=',num2str (round(sx(1l))) ], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5)))1, ['x=",num2str (round(sx(6))) 1)

figure (15) % 2™ station

hold on

for i=1:6

y=V2(si(i),:);
plot (yt,y, Color’ ,RAN(i, :))
end
xlabel (‘\bf time’);
ylabel ([“\bf V (r=',num2str(sr(2)),’)"1);

legend ([ 'x=',num2str (round(sx(1l)))], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5)))], ['x=',num2str (round (sx(6)))]);

figure (16) % 3*® station

hold on

for i=1:6

y=V3(si(i),:);
plot(yt,y,’ Color’ ,RAN(i, :))
end
xlabel (“\bf time’);

ay



ylabel (‘\bf V_o’);

ylabel ([“\bf V (r=',num2str(sr(3)),”)"1);

legend ([ 'x=',num2str (round(sx(1l))) ], [ 'x=',num2str (round(sx(2)))], [ 'x=',nu
m2str (round (sx(3))) 1, [ 'x=",num2str (round(sx(4)))], [ 'x=' ,num2str (round (sx (
5))) ], ['x=' ,num2str (round (sx(6)))]);

x-velocity self-similar profile

figure (17)
hold on
for i=2:6
y1=U(si(i),1:T3)/U(si(i),1);
y2=r(1:T3) /b(si(i));
plot(y2,yl,’.","Color’ ,RAN(1i, :)
end
xlabel (‘\bf r/b’);
ylabel (“\bf U/U c V)
set (get (gca,’Ylabel’),"Rotation’,0.0)
legend ([ 'x=',num2str (round(sx(2))) ], [ 'x=',num2str (round(sx(3))) ], [ 'x=',nu
m2str (round(sx(4))) 1, [ 'x=",num2str (round(sx(5))) ], [ 'x=' ,num2str (round (sx (
6)))1);
x1im ([0 5])

r-velocity self-similar profile

figure (18)
hold on
for i=2:06
y1=V(si(i),1:T3)/U(si(i),1);
y2=r (1:T3) /b (si(i));
plot(y2,yl,’."”,"Color’ ,RAN(1i, :)
end
xlabel ("\bf r/b’);
ylabel (“\bf V/U c ‘)
set (get (gca,’Ylabel’), " Rotation’,0.0)
legend ([ 'x=',num2str (round(sx(2))) ], [ 'x=',num2str (round(sx(3))) ], [ 'x=',nu
m2str (round(sx(4))) 1, [ 'x=",num2str (round(sx(5))) ], [ 'x=' ,num2str (round (sx (
6)))1);
x1im ([0 5])

half —width

figure (19)

plot(x,b,'r.”)

xlabel (M\bf x')

ylabel (‘\bf b’)

set (get (gca,’Ylabel’),’Rotation’,0.0);

centerline velocity
figure (20)

q¢



y=U(:,1);

plot(x,v,’.")

xlabel (M\bf x');

ylabel (‘\bf U c’);

set (get (gca,’Ylabel’),’Rotation’,0.0);

characteristics

figure (21)
x1im ([0 17)

ylim ([0 17)

text (0.25,0.7, ['N_x=’,num2str (Nx)],’ fontsize’,12)

text (0.25,0.6, ['N_y=’,num2str (Ny)],’ fontsize’,12)

text (0.25,0.5,['L _x=’,num2str(Lx)],’ fontsize’,12)

text (0.25,0. 4,[‘\beta— ,num2str (beta)],’ fontsize’,12)
text (0.25,0.3, [ ‘Re=’" ,num2str (Re) ], ' fontsize’,12)

text (0.25,0. 2,[‘C=’,num2str(C)],’font51ze ,12)

text (0.65,0.7, [‘LT= ,num2str(LT)],’fontsize’,lZ)

text (0.65,0.6, [‘"\Deltax=',num2str (hx)],’ fontsize’,12)
text (0.65,0.5, ["\Delta\xi=’,num2str(h)],’ fontsize’,12)
text (0.65,0.4, [‘\Deltat=’ ,num2str(Dt)],’fontsize’,lZ)
text (0.65,0.3, [‘\\Deltat/\Deltax=',num2str (dtdx)],’ fontsize’,12)
save

fprintf (‘saving figures,please wait ..\n’)
print -f1 -r600 -djpeg
print —-f2 -r600 -djpeg
print —-f3 -r600 -djpeg
print -f4 -r600 -djpeg
print —-f5 -r600 -djpeg
print -f6 -r600 —-djpeg
print —-f7 -r600 -djpeg
print —-f8 -r600 -djpeg
print —-f9 -r600 -djpeg
print -f10 -r600 -djpeg 10

print -f11 -r600 -djpeg 11

print -f12 -r600 -djpeg 12

print -f13 -r600 -djpeg 13

print -f14 -r600 -djpeg 14

print -f15 -r600 -djpeg 15

print -f16 -r600 -djpeg 16

print —-f17 -r600 -djpeg 17

print -f18 -r600 -djpeg 18

print -f19 -r600 -djpeg 19

print —-f20 -r600 -djpeg 20

print —-f21 -r600 -djpeg 21

clc

fprintf (M\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n “finish” \n’)
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Abstract

Free round jet results when fluid is issued with a given initial momentum, out of
a circular nozzle into an infinite environment. Round jet flows, due to their
simple geometry, are found in many engineering applications, e.g. propulsions,
mixings and aeroacoustics. They are also important from theoretical point of
view because they represent a convenient prototype of free flows.

The equations in fluid mechanics are generally governed by the Navier-Stokes
equations. Since, these equations are essentially non-linear, exact solutions are
rarely found. The exact solutions can therefore only be obtained by numerically
solving the Navier-Stokes equations. Here, we refer in particular to so-called
direct numerical simulation (DNS) in which all flow characteristics are
computed in detail.

In this work, the direct numerical simulation of a spatially developing round jet
flow is performed. The two dimensional incompressible Navier-Stokes equations
in a cylindrical system are solved. These are solved in a domain which is finite in
streamwise (x) direction and infinite in cross stream (r) direction. To compute
the spatial derivatives, a compact finite difference scheme is used in x and a
mapped compact finite difference method is employed in r. The compact third
order Runge-Kutta method is used to advance the numerical simulation in time.
The result of simulation in low Reynolds number is obtained and the power law
relationship for the centerline deficit and the jet half-width as a function of the
distance from the inflow is investigated. The velocity and vorticity profiles in
different stations of the streamwise extent are depicted and the self-similarity
phenomenon is studied. Also by imposing some perturbations at inflow, mean
and fluctuating velocities are obtained and Reynolds stress distributions are
studied.



