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Stokes Equations id
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Form-|

GrZtar Tryggvason!
Spring 2010!

Develop a method to solve the Navier-Stokes
equations using OprimitiveO variables (pressure
and velocities), using a control volume approach
on a staggered grid.!

¥Equations!

YDiscrete Form!
¥Solution Strategy!
¥Boundary Conditions!
YCode and Results!
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OTwo-dimensional® Row!
u=(u,v)

n=(n.n)
Conservation
of Momentum! /—\

!
—" udV =#8 uudS# +8 pndS+& ' uMdS
It v s s s

!
— " vdV =#8 vuthdS# {8 pndS+&Y ' vindS
It v s s s

OTwo-dimensionalO Row!
u=(u,v)

n =(nx,ny)

Conservation of Mass!

[Su-nds:o
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Control volume!
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OTwo-dimensionalO Row! 1 n;=(021)
Select a square
control volume,
aligned with the  n, = (! 1,0)—| n —n,=(10)
coordinate
directions! n
| ‘ In =(011)
v-velocity!
u-velocity!

x!

Conservation of mass!
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Conservation of mass! !

I'ulnds=0 T_TMZT

h!' — yiap j— Pij—— ui12j—
The velocity at the end of
each time step must satisfy

this constraint! \f” ”Z

hl—|

Integrate over the boundary!

n+l 1 n+1 + n+l | n+1

hu™ I hu™ 1, VO
i+1/2 ir1/2 i,j+1/2 i,jrinz

Divide by h:t - u™* 1 ™t 4y™t ™ =
12§ iz ez ijiar2
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t
Notice that when we apply the [ Vi
mass conservation equation to a
control volume centered at i,j, we —
i-1/2,j7 Piji Ui1/2,ji =

naturally pick up the velocities at
the edges of the control volume.
Nothing has been said so far _\fuw
about how the velocities at the
edges are found. They could be
interpolated from values at the
cell center, or found directly using
control volumes centered around
the velocity at the edges. The
second approach leads to
STAGGERED GRIDS!

i

hl—|
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The Advection Terms!
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Momentum equation!

For the momentum, select a control
volume around each velocity component!

{ Vijsa2! Vie je12! Uiapjert Pijayt ™ Uiz jer!
h! Py = Uiz = Piygy }> (j+12!
Vija2! Vi jar! Ui f J = Pii= U, !

hi— hl—»
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The Staggered (MAC) Grid!

43/2! Vi jaar2! Viajsar2

Vi

~ Usapjer! = Purq" Uizt ™ Prjsat ™ Unarzjer!” Pregjen! = Usarzjea! =

‘4—1‘1‘4 112! "m‘uz‘ Vm‘w 112!
T Ut T P T Yai T Ry T Uit T Pt Uit
Vig a2 Vij-12! Vi jar2

T Uz T Pt T Yazja T Bt T Uizt T Pt T Yeazgal T

"\71‘(3/2‘ Vija2! ‘471“73/2‘
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Debpne Cell-
Averages:!
v - cell!
1 j+1/2"
U=y Y T
1 : h! i-1/2,j Pij uinzy U - cell!
v==1] vdVv
V% Vij-12
L —]
P==1 pdV h
V 'V
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Unsteady term!
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Unsteady term!

Rate of change of y-momentum! [Ty pm1 — Ui
—n VdV hl u 172!
It v
.1/21 - \+1/21
Integrate over the control volume! h!4’

n+l n
! on vdV# | j+1/2 $Vi,j+]J2 h2
t 0,
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Advection terms!

Find the Buxes!

e Vi Vit irs2!
Interpolate the velocities as needed! L2 112
PICTR B ., #2 Ursiag Py Uow) — Pyy Ui,
(W) = "E(q»fa/z.j +H+1/2j)$
" 2 v, : v !
2\ N - 1 n n ij-u2 i+1,j-1/2
()i = #E(Um/zj +u; 1/2,j)%
11

n _ n n #
(uv)i+l/2,j+l/2 _"E(uiH/Z] |+1/2J+1)$' ( iLj+1/2 Vi+l,j+1/2)$

" 1 $ll 1 $
n _ n n n n
(UV)saizi 012 —#E(Uiu/z.j T 1)0/#5 (Vi a2 * Viaa o 1/2)%

Rate of change of x-momentum! T Vi =T Vi1 js1r2
~n u dV h! Pip = Ui — Py
‘ L)
Vi = Vi
Integrate over the control volume! hi—
I n+1
on UdV# |+]J21 $ u|+1/21 h2
tv %
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2 ——— — Advection terms!
In/out Bow of x-momentum!
Vi T Vit !
I' uu!ndS | |
'S
N — P Uiy — Py
Integrate over the boundary! Vipre T Vienjar!
I'Suu IndS# }‘7 L
2\n n
u-) u + (UVv, uv,
(W)ay SN + @, L S@, )
WPI Computational Fluid Dynamics I!
g/ ——— — Advection terms!
In/out Bow of y-momentum!
Upapjert = Pijept ™ Uisaz ot
I'S vu!lnds
Vijew2!
Integrate over the boundary! .:m = Py Uiy
I' vu'ndS # h‘ "
.S

((uv):l+1/2,j+1/2 $ (uv):'l$1/2,j+1/2 + ("Z)Zj+1 $ (VZ)ZJ. )h
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Advection terms!

Find the Buxes!

. Ui apier! = Piicgt ™ Uinazjen!
Interpolate the velocities as needed! e e e
2
11 Vijoa
2\n . n ij+12’
(v )i,j+1 _"E(Vi,j+3/2 |J+l/2)$
Uiaz) = P = Uiy

(V )| j #2 (V ]+l/2 ]' 1/2)%
n _! n +u n H#
(UV)i+1/z‘j+1/2 —"E(Um/z.j .+1/21+1)$- 2( i+1i2 Vi+].j+1/2)$

"] $ g
(uv)|I1/2 J+1/2 #2(u\|1/2 j |'1/2 ]+1)%2( i, j+/2 +Vl'lj+1/2)
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The pressure term!
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Pressure term!
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Pressure term!

i1 P +1/2,j+1!
Pressure force in the y-direction! taaee Pt B ot

i j+1/2
&, pndS }> ‘{

Uiz j Uiz

h“'

Integrate over the boundary!

I pnds - L(p,8p,)n
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2 T — —  Viscous termsNx-momentum!

Viscous diffusion of x-momentum! | n, =0
Approximate ny=(-10)—( n —n,=(10)
the integral:! h

I'n,=011)
&% % )
IR =1 pided
LBy uAndS= ! B0, g n3dS
| (s . . S $
Fa" #y% #x% '

Vijrir2! Vi jrr2!
Pressure force in the x-direction! i e
% !.s pn, ds ht P Uiy — Py
Vijr = Vi
hi—|
Integrate over the boundary!
1 1
' pnxds# (p|+1] $ pl J)
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The viscous terms!
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2 T — —  Viscous termsNx-momentum!
Viscous diffusion of x-momentum!
T Vijruz! Vist joare!
! — Py Uiy — Py

v Vu-nds
N Vigw =™ Vieg jo172!

[a)h )0 02 )PN%

Jx dy ox Js
(ﬁu)" (Hu)" ouY ouY'

== = +|= - = h
dx i+1,j dx i dy ay)

i+1/2,j+1/2 i+1/2,j-1/2
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2 T — —  Viscous termsNx-momentum!
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2 T — —  Viscous termsNx-momentum!

. . . Uisaip

Computing the derivatives
Vijer2! =] Vie1 je1i2!

at the boundary:! /

" n n N

lug & Uiz Yz Uiao = Py = Uiz = Pyoyy U

#Ix%, h
Vij2 T Vispja2!

Substitute:! Uisarz |

. "-I_U$n "£$n ? ) Y ULai2) Yz &2y, a{
#HIx%,,,  H#IxX%% # yt %

. . . Uis1ip
Computing the derivatives A y ‘
at the boundary:! 4172 s 112
" 0, n n
§I UI% ( M Uiearzf = Pip T Uwa T Prap Uiz
/
: y&+1/2, j+1/2 h
Vigre T Vi
Substitute:! Uitz
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2 T — —  Viscous termsNx-momentum!

x-diffusion of momentum! v Ve
T ij+12 i+1,j+1/2!
h! — Pwvi Uiz — P,q_,‘"
The Pnal result is:! Vig T Vi
hi——|

! $ u#dS%

!(uT‘ S+u” o +u" o 4u &4U" )
i+3/2,j i81/2,j i+1/2,j+1 i+1/2,j&1 i+1/2,j
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Putting it together!

" 0/

0 o
!7ul)3 Ju % 'h) ¢u|+1/2 jat Uz (20 .?(
!y&mz‘m/z y&ﬂ/z i(12& # &
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2 T — —  Viscous termsNy-momentum!
Similarly:! b )
. . \1/21+1 |]o1‘ Hl/?vl*i
y-diffusion of momentum!
wrl/z
- P S \+1/21

The bnal result is:! .mJ

h!—»
! ﬁ v#dS %

!(v,“, +Vv O 4+Vt Y &4V )
i,j+3/2 i,j&l/2 i+1,j+1/2 i&1,j+1/2 i,j+1/2
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. —_— — Gathering the terms!

!
—" udV =#I' uu$ds # 1 I'_pndS
It v s

u; u; 11
|+1/2 i+1/2,] — n n
((u )”11 ! (u )'l uv)i+112,j+112 ! (uv)iu/z,jvuz)

't
+_

Where! =
h
P =Tp




WPI Computational Fluid Dynamics I! WPI Computational Fluid Dynamics I!
. —_— — Gathering the terms! , ——— — Summary!
uiTll/zj ' Wy 11, o0, 2
g | Al = 1 n n | n
a T h ((u k] (u i +(uv)i+1/2.|+1/2 . (uv)m/z‘j!uz)
_I vdV=—[vu~ndS+ +£2(T‘ PV VAR T T )
8t Vv S h i+3/2,] 112, i+1/2,j41 i+1/2,j11 i+1/2,j
1
(Rt RY)
VAN IVA 1
" fawe e My @i, 6t ()
Vi 1y 11 t h i+1/2,)+1 11/2,j+1
Tt (VNN (7 SN o WL Vo) #
ulp h i+1/2,j+1/2 i11/2,j+1/2 bl bl + 2 [yn +y" +\" +\y" 1 4y"
¥
1
L t 2P Py)
Where! '=(Rja! R
_p h'" . n+l T + n+l 1yt =
P—T i+1/2,j  it1/2, Vi,j+1/2' vi,j!llz 0
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Z———— Outline!
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—I http://users.wpi.edu/~gretar/me612.html
A Code for the Navier-
Stokes Equations if “Equaions!
¥Discrete Form!
¥Solution Strategy!
¥Boundary Conditions!

Velocity/Pressure
Form_l I ¥Code and Results!

GrZtar Tryggvason!
Spring 2010!
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Momentum equations!

Yoy ! Yoy 111 2
S Yvanj 22020 102y + uv)” ' n
"t h ((U )'*Ll H(u )'d (uv)lﬂlz‘jﬂlz' (uv)ul/z‘m/z

1 #
FE(Ruy ! R+ (un  +un o+l +
T 2 Tisara 12, i+1/2,j 41

WPI Computational Fluid Dynamics I!

u I 4u”
i+1/2j11 4102,

h
Solution Strategy! L 11 n .
: "t : =F((uv)|+1/zl+1/2 ! (uv)m/z.m/z +(v )i,m! v )w)
1 # (on n n n n
! H(P'J“l! P'<1)+F(V|+L|+1/2 +V|!1,1+1/2 +V|‘|+3/2 v|+112p1/2 ! |.|+1/2)

Write as one vector equation!

TR T
——L=1A}| 1 #,B; +D},
"t . b !
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Discretization in time!

Mass conservation equation!

n+l | n+l +Vn+1 \ Vn+1 -
i+1/2,j ) i11/2,j |,J+1/2' ihjtuz

Write as one vector equation!
Ly ut=0
Where we have used!
. 1
I "u=lim — D@y "nds
s 0 07

to debne the numerical divergence!

Summary of discrete vector equations !

ult -l ' )
T =-Al,-V,R;+D/, Evolution of the velocity!

V,-u'i"=0  Constraint on velocity!

No explicit equation for the pressure! !
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Discretization in time!
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Discretization in time!

Split !

u‘n';l..!—urjzlAirti ! #,R; +Dj]

into!

ui',;'l!tua StAL 4D, # U =+t A+ D))
and!

ut ol nel

"’"—t"'=!# R $ up; =u:,1 VUE# R

by introducing the temporary velocity ut!
Projection Method!

To derive an equation for the pressure we take the
divergence of!

n+ _ t "
U —ui,j! t#hP|,j

and use the mass conservation equation!

n, N+l _
Pyup =0
The result is!
0!
n/n+l _ " "
!Vd” =1, Ul #$t! R,
2 — t
— LB, ==

[EA
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Discretization in time!

1. Find a temporary velocity using the advection and the
diffusion terms only:!

Uiy = upy +! t("AinJ +Dﬂj)

2. Find the pressure needed to make the velocity
beld incompressible!
1
2 — t
! hPi,j _.._! h#ui,j
t
3. Correct the velocity by adding the pressure
gradient:!

n+l _  t "
Ui =g T ER

WP Computational Fluid Dynamics I!
7 ——— — Algorithm!

Initial Peld given!

——

Determine u, v boundary conditions!
Advect!u; ; =uf; +"‘Q Al +Di",j)
)
Poisson equation for B; (SOR)!
Projectioniuf ;" =uj | | "t # P,

t=t+#t!

—
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Computational Grid!
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Computational Grid!

& % H i 3
Array Dimension:! Pimes 3 Paner 5 Primps 3 Pyen 3 Poroyes

' Jer | 7V,W.J__v,w‘+v‘,,‘+ gy
redebne velocity node indices:! Pl:nx+11:ny+1) -

Piy S Pony & Puany E Py E P

t u(l:nx,1:ny +1) L «_Lvm‘+v,_‘ PR
_VTJ)‘ v(@:nx +11: ny) P 3 Pas

Since a fractional number is not allowed in computer program,!

u@i,j)= ui+1/2,j
V(s ) =V, jaan

,:nm 3 Pin =vm 3 Prue

L iw +v,, +w

+

o
T oot
hi—u(-L)—P(i)——u(i) — g, kil i
L

+

+u

Lo 4 e + |
Write also! p,,,i Px § Pan 3 p.,ip,,, 3 Pogr 3 Puas
Loy —Vv(ij-1) E v vt = v v -l
U(l,]) - ui’j |:I4" F Pz 2P T Pae § Pua 3 Puers
V(I,J)_Vi'j Pi ‘_t_p,j_’*:_n,_*—-;ln Py o1y
L P

—
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Boundary Grid Structure!
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Boundary Grid Structure!

i V” "‘33‘ Array Dimension:! =0 -0 o
! Une2,ny+d” Proctny+d Uncetngs: Pyt Ungoyed ™ Prcetnyed Array Dimension:!
Prg = U st Uyy— pog— usg—— PAMx+11ny+1) Y h
=3 ‘ ' ‘ nx1: P(L:nx+11: ny+1)
=0 ‘ ‘ u@:nx1:ny+1) Vawsng s Vot ( 11:ny+1)
Viz Vos Vo v(L: nx+11: ny) ‘ ‘ u@: nx1: ny+1)
‘ — Unezng™ Pociny Uneang™ Procny ™ Upeny ™ Prcrtny =0 v(L:nx+11:ny)
Pig 7 U ™ Pog ™ Upa T Py Usg
=0
I | ‘ ‘ Vie1,ny-d Vr— Vst g
Vit Vo Va g ‘ ‘ |
U2yt Prxnyd Unciny-d Prcnyd Unenyd Pocrinyd =0
Py Uy gt P2y Uy Py Uy
¢ € VincLny- Viny-2 VicsLiny-2

Computational Fluid Dynamics I!
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Vig Vog Vg The edges of the
! \ pressure control
Pig Prd— U,g— Psg— Us3——  volumes coincide
I with the .
. V[ v‘z boundaries of the Boundary conditions
1, 2, 3, .
i computational .
| | domain. The for the tangential
P12 Poz ™ 2T Poz T a3 normal velocities .
=0
i are therefore VeIOC“:yl
Vit Va1 m specibed directly
on the walls!
P11 Uy P2t Uy Ps 1 Ug g
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Velocity Boundary Conditions!

'WPI

Velocity of wall is given, U, ,, (no-slip) !
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The Pressure Equation!

Computational Fluid Dynamics I!
Boundary Conditions - Pressure!

'WPI

Apply continuity at the boundary:! ‘

urﬁ-l lu n+l +Vn+l| / =0

i.2 |'12

Uas — Big Ug

n+l | n+l + Vn+1 —
u|2 unlz i,2 0

Substitute for the velocities!
viz =V, 4*?3 P.)

"t Ugq ™ Byt U
1 g 7 P o
uypt = U‘ 2! h (P|+12 ! Puz)

u "t
.Ij.lz_uulzl F( 2! PuLz)

"r‘ [ Vs ™
Interpolate linearly!
P Y P Ug— Pug
ul 2 + ul 1 —
2 wal i V\Q‘ D V|+1‘2‘_
Solve for the OghostO velocity!
T P2 U P2
- 2UwaII |, ‘
If Uy =0 ! Ut Y= Y
u,='u, U
(ref3ection technique)!
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Y ST T,
Vijswz = Vijjswz® PAMCEN \.1) Substitute
. "t into:!
Vwr.‘;zllrz:\’:‘m/z! W(PI] ! PI,]!l)
n+l | n+l + n+l ’ n+l =
» i+1/2,) 0 il12, L2 ity
Giving:!
_h, : : :
Poaj* Pay +P”*1+R"1 4P"1 - T[(uwllzj ! Mm/z/ +Vu+1/2 ! V:,_f‘l/z)
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g/ —_— — Boundary Conditions - Pressure!
vist=v,! ﬁp\s' P.) Substitute into:!
R N+l n+ N+l _
uzt=u,! (Puz! Py) u ! U, TV = 0
o "t
Ul = U ! F(Pu,z! Pi12)
Giving'I
.. "t "t
.z 4( 12! \,2)- wL2+ h (Pu‘z! P|'L2)+V\[,z! F(Pu‘s! Puz) =0
Rearrange!
h
Rua*Phia # Pt 3R, = (Ul Ul Vi)

Computational Fluid Dynamics I!
Solving the pressure equation!

'WPI

Solving for the pressure! P@,j) i=2nx j=2ny

Interior nodes:! i=3! ,nx!'1 j=3! ,ny!1

hidn " "
|l__’1\+|] it w1+|+P|11) #.t(ui‘.J u"A”+v"‘ % ) +(1" 1P,
Boundary nodes except corner:! i=2i=nx j=2j=ny
1 " " "
Pu=§"0 Play+ Pyt Pty #t( UL, v V‘l,])-‘”(l 1R,
\(—/

One is zero!
Corner nodes:! (i,]) = (2.2); (nx.2); (2,ny);(nx,ny)

1 h
R :Eﬁ((P\m +R4+Ruth ifl)_E(u\“J _u“a. +V“. _V“m)]"'(l_ﬁ)Pl.i
%(/ \—

Two are zero!
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The Structure of the
Codé
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Discrete predicted velocities!
ut(i,j)=u(i,j)+dt*(-(0.25/h)*((u(i+1,j)+u(i,j)) 2-(u(,j)+...!
u(i-1,j))"2+(u(i,j+1)+u(i,j)*(v(i+1,))+...!
V(i j)-(u(i,+udij-1))*(v(i+1,j-1)+v(i,j-1)))+...!
(mu/h2)*(u(i+1,j)+u(i-1,j)+u(i,j+1)+u(i,j-1)-4*u(ij)));!

Vi(i,j)=v(i,j)+dt*(-(0.25/h)*((u(i,j+1)+u(i,j)) *(v(i+1,))+...!
V(i.J))-(u(i-1,j+ 1) +u(i-1,) (V) +v(-1))+...!
(V(i,j+1)+v(i, ) 2-(v(i,j)+v(ij-1))"2)+...!
(mu/h”2)*(v(i+1,j)+v(i-1,j)+v(i,j+1)+v(i,j-1)-4*v(i,j)));

Discrete corrected velocities!
u(2:nx,2:ny+1)=...!
I ut(2:nx,2:ny+1)-(dt/h)*(p(3:nx+1,2:ny+1)-p(2:nx,2:ny+1));!
v(2:nx+1,2:ny)=...!
I vt(2:nx+1,2:ny)-(dt/h)*(p(2:nx+1,3:ny+1)-p(2:nx+1,2:ny));!
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Algorithm!
Initial peld given! Initialize parameters and arrays, set
— time step!
Determine u, V_ i for is=1:nstep!
boundary conditions! set boundary conditions for !

tangential velocity (ghost!
uiy =ufy +e( A7 +0p) oS!
Find predicted velocity!
Poisson equation! )
Solve for pressure using SOR!
for P, (SOR)! P 9

Find the projected velocity !

ui; =ug; [ #hpij by adding the pressure gradient!
PLOT!
t=t+#t! end!

WP Computational Fluid Dynamics I!
7 ——— — Solving the pressure equation!

"1 i [E

_1 ML wyt V& (e
PH—Z!iPHL]+F>I,.]_J+F>“J+1+F’Ivl‘.1) g(u“‘J u, v v e R,

.1 Dy o
Ry =g P+ P R R (7 v v e DR

"L i [N

1 h
PH =Eﬁ[(P‘+ll + PH.J + F’wﬂ+ Pl,lfl)_z(ulﬁj - u.t,“ +V.t‘, _V."H)]'*- (l_B)PI»I

Pressure!
p(i.j)=beta*c(i,j)*(p(i+1,)+p(i-1,)+p(ij+ 1) +p(ij-1)-...!
(h/dity*(ut(i)-ut(i-1,)+vt(i.j)-vt(i,j-1)))+(1-beta)*p(i.j);!
where!
c(i,j)=1/4 for interior nodes; c(i,j)=1/3 for boundary nodes; !
c(i,j)=1/2 for corner nodes; !
Set p(i,j)=0 for ghost points. !
Set the intermediate normal velocities at the wall to zero!
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THE CODE!
Matlab Implementation!
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nx=9;ny=9;dt=0.02;nstep=200;mu=0.1;maxit=100;beta=1.2;h=1/nx;!
u=zeros(nx+1,ny+2);v=zeros(nx+2,ny+1);p=zeros(nx+2,ny+2);!
ut=zeros(nx+1,ny+2);vt=zeros(nx+2,ny+1);c=zeros(nx+2,ny+2)+0.25;!
uu=zeros(nx+1,ny+1);vv=zeros(nx+1,ny+1);w=zeros(nx+1,ny+1);!
¢(2,3:ny)=1/3;c(nx+1,3:ny)=1/3;c(3:nx,2)=1/3;c(3:nx,ny+1)=1/3;!
c(2,2)=1/2;c(2,ny+1)=1/2;c(nx+1,2)=1/2;c(nx+1,ny+1)=1/2;!
un=1;us=0;ve=0;,vw=0;time=0.0;!

for is=1:nstep!
u(l:nx+1,1)=2*us-u(1:nx+1,2);u(l:nx+1,ny+2)=2*un-u(l:nx+1,ny+1);!
v(1,1:ny+1)=2*vw-v(2,1:ny+1);v(nx+2,1:ny+1)=2*ve-v(nx+1,1:ny+1);
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for i=2:nx, for j=2:ny+1 % temporary u-velocity !
ut(i,j)=u(i,j)+dt*(-(0.25/h)*((u(i+1,j)+u(i,j)) 2-(u(i,j)+...!
u(i-1,j))"2+(u(i,j+1)+u(i,j)*(v(i+1,j)+...!
V(i.J))- (@D -1)*(v(i+1j-1)+v(i 1))+
(mu/h2)*(u(i+1,j)+u(i-1,j)+u(i,j+1)+u(i,j-1)-4*u(ij)));!
end, end!

for i=2:nx+1, for j=2:ny % temporary v-velocity !
Vi(i,j)=v(i,j)+dt*(-(0.25/h)*((u(i,j+1)+u(i,j) *(v(i+1.j)+...!
V(i.J))-(u(i-1,j+ 1)+u(i-1,)) V(i) +v(i-1))+..!
V(i j+1)+v(i))2-(v(ij)+v(ij-1))2)+..!
(mu/h”2)*(v(i+1,j)+v(i-1,j)+v(i,j+1)+v(i,j-1)-4*v(i,j)));!
end, end!
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for it=1:maxit % solve for pressure !
for i=2:nx+1, for j=2:ny+1!
p(i.j)=beta*c(i,j)*(p(i+1,)+p(i-1.j)+p(i.j+1)+p(i,-1)-...!
(h/dty*(ut(i,j)-ut(i-1,j)+vt(i,j)-vt(i,j-1)))+(1-beta)*p(i,j);!
end, end!
end!
% correct the velocity!
u(2:nx,2:ny+1)=...!
! ut(2:nx,2:ny+1)-(dt/h)*(p(3:nx+1,2:ny+1)-p(2:nx,2:ny+1));!
v(2:nx+1,2:ny)=...!
! vt(2:nx+1,2:ny)-(dt/h)*(p(2:nx+1,3:ny+1)-p(2:nx+1,2:ny));!

time=time+dt !
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% plot results !
uu(L:nx+1,1:ny+1)=0.5*(u(1:nx+1,2:ny+2)+u(1l:nx+1,1:ny+1));!
w(1:nx+1,1:ny+1)=0.5%(v(2:nx+2,1:ny+1)+v(1:nx+1,1:ny+1));!
w(l:nx+1,1:ny+1)=(u(l:nx+1,2:ny+2)-u(1:nx+1,1:ny+1)-...!

V(2:nx+2,1:ny+1)+v(1:nx+1,1:ny+1))/(2*h); !
hold off,quiver(Ripud(rot90(uu)),Ripud(rot90(vv)),'r');hold on;!
contour(Ripud(rot90(w)),100),axis equal,axis([1 34 1 34]);!
pause(0.01)!

end!

Limitations on
the time step!
Pyl (ul+]vrt

LT
R 2 #2
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Results for the
driven cavity!
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Velocity and vorticity!
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Pressure!
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Quiz 1: Monday March 22!

Grading !

projects (50%), !
homework (25%) !
two quizzes (25%)!

Quiz - 1:!

3 questions!

Problem 1. (50%) Numerical analysis!

Problem 2. (30%) Anything | can think of!

Problem 3. (20%) Twenty multiple choice questions!




