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Worked examples of the SIMPLE algorithm

** 1D Flows
® 1stexample: frictionless, incompressible flow through a duct of constant cross-sectional area

= Constant velocity = trivial solution

= How an initial guess with varying velocities along the length of the duct is updated to satisfy mass
conservation using the pressure correction equation.

® 27 example: frictionless, incompressible flow through a planar, converging nozzle

= With an assumption that the flow is unidirectional and all flow variables are uniformly distributed
throughout every cross-section perpendicular to the flow direction

= We can develop a set of one-dimensional governing equations for the problem.

< Area

N 0.5 m?
\“—h;
Stagnation 0.1 m?
g 0 » u u pressure 10 Pa
! —T> | - i — | :

: ) : 1 : I : 1 : Static

1 A 2 B 3 C 4 D 5 T T== -
pressure O Pa

Atea A Inlet boundary Outlet boundary TR

2.0m ‘
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*** Example 6.1

® Steady, one-dimensional flow of a constant-density fluid through a duct with constant cross-
sectional area
® Starting point

= Assume that we have used a guessed pressure field p* in the discretized momentum equation to
obtain a guessed velocity field u*.

= Pressure correction equation only!

® We demonstrate the guess-and-correct procedure that forms the basis of the SIMPLE
algorithm.

Y
/

Inlet boundary Outlet boundary

> —@—
w—e—
O—@—

)

1
Area A \




Worked examples of the SIMPLE algorithm

*** Example 6.1

® Problem data
= Density p = 1.0 kg/m3 is constant.
®= Duct area A is constant.
= d=1.0= not realistic, just for practice
" u;=10m/sand p,=0Pa
= |nitial guessed velocity field: u,* =8.0 m/s, u;* =11.0 m/s and u,* = 7.0 m/s.

® |In this very straightforward problem with constant area and constant density,
it is easy to see that the velocity must be constant everywhere by continuity.

® Hence, we will be able to compare our computed solution against the exact solution
U.= Us= Us= 10 m/s.

e [ e
T

Area A \ /

Inlet boundary Outlet boundary

> —@—
o —e—
oO—=~—
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*** Example 6.1

4 / ' 4 / / /
ay gpr3=are1 301417+ A1 3P 13t Ar ge1pr 701+ Ar 10191+ b1y

4
Ar+1,7 ar-1,y ag g+1 ar 7-1 b L7

(pdA)ir1, 7 | (pdA)iz | (pdA); 1 (pdA);; | (pu*A); 5— (PH*A')M,;
+ (pv*A) ;= (pv*A) [ 1

’ ’ ’ L

lli-t] — d,-x?(p;_l,] = p[”;() U — d([)[ — P1+1) u=u"~+ ll,
A Ay
where d; ;= —2 and d, i= o]
Cl,"] Cl]’j

==

)

1
Area A \

Inlet boundary Outlet boundary
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*** Example 6.1
® Solution

’r ’ ’ ’
appp = apypPy+ agpp + b

61”/2 (pdA)n) ar = (pdA)c adp= aI’/V_l_ ag b, = (pu*A)m T (pu*A)e

Node B ay = (pdA), =(pdA), =1.0x1.0x.4=1.04
ap=(pdA), = (pdA); =1.0x1.0x A=1.04
ap=ay+ar=104+1.04=2.04
¥ = (pu*d), — (pu*d), = (pu*A), — (pu* )
=(1.0x8. xA)—-(1.0x11.xA)=-3.04

(2.04)p5 = (1.04)p; + (1.0A)pss + (=3.0.4) 25= s+ ph—3

|u:2 |U3 |U4 [ |U5
P e e e )
/Z A 2 B 3 C 4 &\Dj 5

i
Area A \

Inlet boundary u,* =8.0m/s u;*=11.0m/s Outlet boundary

u,*=7.0m/s
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*** Example 6.1
® Solution

’r ’ ’ ’
appp = apypPy+ agpp + b

61”/2 (pdA)n) ar = (pdA)c adp= aI’/V_l_ ag b, = (pu*A)m T (pu*A)e

Node C ay=(pdA), =(pdA);=1.0x1.0x A=1.04
ap=(pdA),=(pdA)s;=1.0x1.0xA=1.04
ap=ay+a;=104+1.04=2.0A4
b = (pu*A), — (pu*A), = (pu*A); — (pu*A),

=(1.0x11.xA)—(1.0x7.xA)=4.04

(2.0A)pl=(1.04)pz + (1.04)p,, + (4.04) 2p6=pp+pp+4
U2 Us Ua [ \Us
,Z A 2 B 3 C 4 &\Dj g

i
Area A \

Inlet boundary u,* =8.0m/s u;*=11.0m/s Outlet boundary

u,*=7.0m/s
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** Example 6.1
® Solution

4 V4 /7 4
appp = aypy + agpp + b

Ay = (pdA)n) dp = (pdA)c dp= a”/_l_ ag b, = (pu*A)m o (pu*A)e

Node A dy = 0.0
ap=(pdA),=(pdA), =1.0x1.0xA4A=1.04
ap=ay+a;=0.0+1.04=1.04
b= (pll*—A)”, o (PU*A)e + (pUA)bmmr/mj]' = _(pu*A)Z + (puA)l =
= (1.0 x 8. x A) + (1.0 x 10. x A)
=2.04

(1.04)p" =0 + (1.0A)p% + (2.04)  [p;=ps+2.0

A
T

)

i
Area A \

2 3

Inlet boundary u,* =8.0m/s u;*=11.0m/s Outlet boundary

u,*=7.0m/s
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*** Example 6.1
® Solution

4 V4 /7 4
appp = aypy + agpp + b

Ay = (pdA)n) ar = (pdA)a dp= a”’f_l_ ag b, = (pu*A)m _ (pu*A)e

Node D pp=0 For all cells,

p1=pp+2
, 2pa=p4+ 0-—3
=0 e
2pc=pptppt4
pp=0

|
RV

u;*=11.0m/s Outlet boundary

u,*=7.0m/s

2

>—@9—
] Jy

w—e—

oO—e—
l{s
|

)

i
Area A \

Inlet boundary  u,* =8.0 m/s
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*** Example 6.1

® System pressure correction equation

pai=ppt+2
2pp=p4+pc—3 o L =1 0}p; -
’ 7 ’ ZPC:pB+4 _1 2 _1 pB — _3
2pc=pp+ppt4 0 -1 2

pp=0

p1=4.0, pp=2.0 and p/ = 3.0 (with pp =0 as before) u=u*+dpr—pr1)

Velocity node 2:  u, =u5+d(p—pp) =8.0+ 1.0 x[4.0 - 2.0] =10.0 m/s

Exact velocity field

iy b g = g P, _ =
Velocity node 3: w3y =u¥+d(pp—pc)=11.0+1.0x[2.0—-3.0]=10.0 m/s in a single iteration!

Velocity node 41 uy=uk+dpc—pp)=7.0+1.0%[3.0-0.0]=10.0 m/s

+ U2 Us Ua [ 'U,S,
1 ! ! ! |

1 /Z A 2 B 3 C g &\Dj 5
Area A \ Inlet boundary  u,* =8.0 m/s u;*=11.0m/s Outlet boundary

u,*=7.0m/s
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** Example 6.1

® Discussion
= Pressure correction equation only
= In more general problem, the pressure and velocity fields are coupled.
= So the pressure correction equation must be solved along with the discretized momentum
equations.

= The value of d: assumed to be constant
— Normally, the value of d will vary from node to node
— Should be calculated using control volume face areas and central coefficient values from the discretized
momentum equations.

= This process will be illustrated in the next example.
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*** Example 6.2
® Planar two-dimensional nozzle
® The flow is steady and frictionless and the density of the fluid is constant.
® Backward-staggered grid with five pressure nodes and four velocity nodes
® The stagnation pressure is given at the inlet and the static pressure is specified at the exit.

L. . o
Pa=Do— E(P“E)

Static
pressure O Pa

4 2.0m

Inlet boundary

Ay=0.5 m? Inlet boundary

Ay=0.5 m?
Outlet boundary Outlet boundary
\ Ag= 0.1 m? \ Ag=0.1m?
Stagnation / Stagnation /
pressure 10 Pa pressure 10 Pa
BN (v S G S e) SR ) G s £ BN G nal - = nal SR v el A7 Lo E-
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*** Example 6.2
® Problem data

Node A (m?) Node A (n)
= p=1.0kg/m3
A 0.5 1 0.45
= [ =2.00m; Ax=L/4=2.00/4=0.5m B 0.4 2 0.35
C 0.3 3 0.25
= Inlet area: A,=0.5 m?, outlet area: A;=0.1 m? 5 o : o
— Area change is a linear function of distance from the nozzle inlet. E 0.1
= Boundary conditions
— Inlet p,=10 Pa , »
_ bt 0P uy = m/(pAy) =1.0/(1.0 x 0.45) = 2.22222 m/s
. ; u, =m/(pA,) =1.0/(1.0 x 0.35) =2.85714 m/s
= |nitial guess

=it/ (pA) = 1.0/(1.0 x 0.25) = 4.00000 m/s
- m=1.0ke/s u, = m/(pAy) = 1.0/(1.0 x 0.15) = 6.66666 m/s

— Linear pressure variation

p%=90=10.0 Pa, p5=7.5 Pa, pE= 5.0 Pa, p5=2.5Pa

j)E — 0.0 Pa
Inlet boundary
A =05 m? Inlet boundary
A ' A,=0.5m?
Outlet bour;dary Outlet boundary
\ Ae= 0.1m \ Ar=0.1 m?2
Stagnation / Stagnation v

pressure 10 Pa B pressure 10 Pa
pustt N0 NSRRI | PRV RURESUN | EVRSRY NS | o PRNEY RCRNTTN . S N il
A ! C D T E A

Us
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*** Example 6.2
® Solution

= The governing equations for steady, one-dimensional, incompressible, frictionless equations
through the planar nozzle

: d
Mass conservation: —(pAu) =0
du
. du dp :
Momentum conservation: pz:Ad— = —d— From NS equation
¥ X

= Discretization of u-momentum equation

Ap
(puA),u, — (puA),u,=—AV Ap=p,— P,

Ax

pw B pe
Fu.—Fu, = T Ax AV Upwind differencing scheme!
Eew
Qutlet boundary S Outlet boundary
\ Ag=0.1 m? \ Ag=0.1m?
Stagnation / Stagnation

pressure 10 Pa pressure 10 Pa
il U N (T Sl S D S P S

E At
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*** Example 6.2

® Solution
= With UDS
Fu, - Fu, =Pu—Pe py
Ue — FU,, = (u,=u, and u,=u,)or (u =u. and u, =u,)

AX
—max(- F,,0)uz. —min(- F,,0u, —max(F,,0)u, —min(F,,0u,

= —max(-F,,0)u. —max(F,,0)u, —[min(-F.,0)+min(F,,0)u,
= —a.U. —a, U, —[min(=F,,0)+min(F,,0)u,
= —agUg —a, Uy +[aE +ay +(Fe - Fw)]up =3,
a. =max(-F,,0)
lac +a, +(F, - F,)u, =agug +a,u, +S, a,, = max(F,,0)
ap =ag +a, +(Fe—FW)

Inlet bounda
Y w Inlet boundary

P 2
Ay=0.5m e A,=0.5m?
Outlet boundary Outlet boundary
— 2
\ : AE—O.l m \ A£=O.1 m2
% I
Stagnation ! / Stagnation /
pressur e 10 P ! pressure 10 Pa
—— = o —— - — = —— @ ——z— f—— A — e ——- e E‘_ s
Uz
I
I
1
]
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*** Example 6.2

® Solution
= For intermediate velocity

apu’p = ayupy+aguyr+.S, ag = max( F, ,O)
— For face velocities needed for F, and F, Ay = max( O)
F:IOUA dp _aE+a\N+(Fe F)

» For initial step: initial guess
» During iteration, the corrected velocity obtained after solving the pressure correction equation.

— For source term,

p* p* 1 Crude approximation?
S =tw Fe Ay —(p"—p” (0" =" )1=(A =+ The accuracy order is
: AX (pw Pe )Aav (pw Pe ) 2 (AN Ae) no worse than the UDS

Inlet boundary
AA = 0.5 rT]2 e

Stagnation

pressure 10 Pa

Inlet boundary
Ay= 0.5 m?

QOutlet boundary

I

Stagnation

Outlet boundary
Ag=0.1m?

pressure 10 Pa
—9—-
E A




Worked examples of the SIMPLE algorithm

*** Example 6.2

® Solution
= For intermediate velocity

apu’p = ayupy+aguyr+.S,

a. = max(-F,,0)
a,, = max(F,,0) »
dp =ag +3a, +(Fe_Fw)

Inlet boundary
AA = 0.5 rT]2 e

N

Outlet boundary
Ag=0.1 m?

Stagnation

________________

Inlet boundary

Ap= 0.5 m?

N

pressure 10 Pa

Stagnation

Outlet boundary
Ag=0.1m?

A
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*** Example 6.2
® Solution

= Pressure correction vs. velocity correction
apU, =acU. +a,U, +Ap A,

apUp = agUg +a, U, +Ap A

aP(uP _u;): Ag (UE _UE )""aw(uw _UJV )"‘ (Ap _Ap*)AP

ap(up —u;) aE(uE —u;)+aw(uw — Uy )+[(p— p*)w —(p— p*)e]AP

a,U, =acU. +ay, Uy, +[p'w — p'e]Ap

Inlet boundary
Inlet boundary

P 2
A,=0.5m e A =0.5m?
Outlet boundary Outlet boundary
\ Ag=0.1m? \ Ae=0.1m?
= 0.
Stagnation / Stagnation

pressure 10 Pa pressure 10 Pa
ey U S N i SN D YN S W

E At
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*** Example 6.2
® Solution

= Pressure correction vs. velocity correction
AUy = acUy +ay Uy +|pw—Pe A

AUy =|pw—pe|As A (A

av w + *’4(2)
d — =
ap 2(11)
U, =d [p w— [ e]
Inlet boundary
Ay=0.5m? e Lr‘jitg%urr:iary

Outlet boundary

; 0.1 m? o

Stagnation

Stagnation

pressure 10 Pa pressure 10 Pa

I
A B T ) e - i £ At

Outlet boundary
Ag=0.1m?
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*** Example 6.2

® Solution
= Continuity equation

(pllf])t, o (p”A)m = O
U, =U; +u, =u; +d,|p, — pe |

uW :uw+uw :uw+dw[pw o pP]

pU A, — pu, A, = oAU +d, (py - P |- oA, u;, + d (py - Py )]
= (pd A, + pd, A, )Py — P, A, Pe = pd A, By + p(UIA, —ULA, )=0

Inlet boundary
Ay= 0.5 m?
Outlet boundary

; 0.1 m? N

Outlet boundary
Ag=0.1m?
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*** Example 6.2
® Solution

= Pressure correction equation

(pdeAe +10dWA\N)pP _pdeAe pE _pdew pW +,O(U:Ae _U\TVA\N): 0

a,Pp =ay Py +a: P +b

3y = pd, A,
a‘E = pdeAe
b = plu,A, -

L)

Inlet boundary
AA = 0.5 i"n2

N

Stagnation
pressure 10 Pa
___-K‘_

System pressure correction equation !

=

u:Ae): Fv: _ I:e*

Inlet boundary

Ay=0.5 m?
Outlet boundary
Ac=0.1 m? \
/ Stagnation
pressure 10 Pa
_____________ = 5

4

’

w' =d(pr— pr1)

p=p*+p
Return to the momentum eq. «

u=u*+u

Outlet boundary
Ag=0.1m?
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity (node2)

apup=ayujy+ aguiF+.S, o Velocity node 2
= (puA), = 1.0 X [(u; + uy)/2] x 0.4
F = puA — 1.0 X [(2.2222 + 2.8571)/2] X 0.4 = 1.01587
a. =max(-F,,0)=0 F,=(puAd), = 1.0 X [(u; + u3)/2] % 0.3
=1.0x[(2.8571 +4.0)/2] x 0.3 =1.02857
A = max( )_ ay=F,=101587
a, = a. +aW+( F,) =0
S, =Ap"A, ap=ay+ay+ (F. = F)=1.01587 + 0+ (1.02857 — 1.01587)
=1.02857
uy = 1/ (pAy) = 1.0/(1.0 x 0.45) = 2.22222 m /s PR AN
- =i/ (pAy) = 1.0/(1.0 x 0.35) = 2.85714 m /s Su=APXAy=(pp—pc) x Ay =(7.5-35.0)x0.35=0.875
uy = 1/ (pA;) = 1.0/(1.0 x 0.25) = 4.00000 m /s
Inlet boundary Uy = m/(p4 ) =1. 0/(10 X 015) = 6.66666 m/s
Ay=0.5m?

e 1.02857u, = 1.01587u; + 0.875

Ar=0.1m?

N

Stagnation
pressure 10 Pa

—— e e Y — e —_—

: dy= A/ ap=0.35/1.02857 = 0.34027

K._
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity

Velocity node 3

1.06666u; = 1.02857u, + 0.625

dy=A3/ap=10.25/1.06666 = 0.23437

Inlet boundary
Ay= 0.5 m?

N

Stagnation
pressure 10 Pa
____K'_

Outlet boundary
A= 0.1 m?

S —_—
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity

Velocity node 1

L2 1 (A4
Pa=po— E(PU_'J) uqg=uA /Ay Pa=Po— EP“ i [/11, J
_Fu =P Pe Fouty— Fyug=(py—pg) X A /
Feue I:WuW - AV el L (pi' pB) X Aj F”, = plljf.lj = plllf.ll

AX

Fouy — FoupAy/ A4 =[(py —%PU 1A/ Ag)°) = ppl X A,

[F,— F, A1/ A+ F, X%(A1/AA)2]”1 = (po—pp)A

Inlet boundary

A,=0.5m?
Outlet boundary
\ Ae=0.1m?
Stagnation /

pressure 10 Pa
A

S —_—
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity

Velocity node 1
[F,— F,A/A4+ F, X% A1/ A Tuy = (po = pp) A

[F, + Fy XA/ A ) uy = (py = pp)Ay + Fpdy/ Ay X ut!

— Place the negative contribution to coefficient on the right hand side
— Deferred correction approach
— Effective in stabilizing the iterative process if the initial velocity field is very poor.

Inlet boundary
Ay= 0.5 m?
Outlet boundary

\ As=0.1 m?
Stagnation /
pressure 10 Pa

A E
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity

Velocity node 1

[F, + F\ X XA /A )y = (po — pp) Ay + Fp Ay /Ay x utl

wy=u A/ Ay=2.22222x%0.45/0.5=2.0 F,=(puAd), = 1.0 X [(u; + u;)/ 2] X 0.4
=1.0 x [(2.2222 + 2.8571)/2] x 0.4 = 1.01587
F,=(pud),=pusd=10x2.0x0.5=1.0

A = 0
Su=(po—pp)Ar + Fo( A/ Ag) Xt ap=0
= 21?2‘5 1) X045+ LOX(043/0.5) x 2.22222 | ' b 4 s L4,/ A,)? = 1.01587 + 1.0 % 0.5 x (0.45/0.5)
- =1.42087
Inlet boundary
A= 0.5 m? _
Outlet boundary 1420871,!1 — 3 125
\ A= 0.1 m?
Stagnation / _ o - . i
pressure 19P_a_._ ; ; ] 4 ({1 = ./‘11/(1]) = 0.43/1.4209 — 0.3 16/0
A . W Dl . |E
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*** Example 6.2

® Numerical values
= Momentum equation for intermediate velocity From the continuity

Velocity node 4 /

F,=(puA),=1.0 X [(uz +uy4)/2] 0.2 =1.06666 F,=(puA), F,=1.0kg/s
Ay — F”, = 106666

ar — 0

ip=ay+ap+(F,— F,)=1.06666+0+ (1.0 — 1.06666) = 1.0

S, =APXA,,=(pp—pr) X As=(2.5-0.0) x0.15=0.375

wy = m/(pAy) = 1.0/(1.0 x 0.45) = 2.22222 m/s
wy =/ (pAy) = 1.0/(1.0 x 0.35) = 2.85714 m/s
uy = m/(pA;) = 1.0/(1.0 x 0.25) = 4.00000 m/s
uy = 1/ (pAy) = 1.0/(1.0 X 0.15) = 6.66666 m/s

Inlet boundary

Ay= 0.5 m? ——
Outlet boundary 1.01!4 = 1.0666“3 + 03 I3
\ A= 0.1 m?
messrotopa | i1 | b | da |4 / dy=Ay/ap=0.15/1.0=0.15
A E
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*** Example 6.2
® Numerical values

= Momentum equation for intermediate velocity

1.42087uy = 3.125

1.02857u, = 1.01587u; + 0.875
1.0666625 = 1.02857u, + 0.625
1.0000024 = 1.06666u; + 0.375

Inlet boundary
Ay= 0.5 m?

N

Stagnation
pressure 10 Pa
A

iy m/s 1, m/s uzm/s uym/s
2.19935 3.02289 3.50087 4.10926
d; d, dy dy
0.31670 0.34027 0.23437 0.15000

Ar=0.1m?

I S —— —_—

Outlet boundary
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*** Example 6.2

Inlet boundary

® Numerical values A= et bouncian
. . . Ar= 0.1 m?

Pressure correction equation Stagnaﬂon\ -
‘ ‘ ‘ . pressure 19_P_a_1 ________________

a Pp =8y Py +8:Pe +D ! .

ay = pd, A,

a. = pod,

= (u*:—u*Ae)— Fo-F K=
p w (5] W e j)ﬁ . 00

System pressure correction equation !
0.26161p%=0.11909p - — 0.06830 », o Iy Iy o

0.081093p5 = 0.058593p~+ 0.25882
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*** Example 6.2
® Numerical values

= Pressure and velocity correction

Pp=pH+pp=1.
pc=pEtrc=3.

5+ 1.63935=9.13935
0+4.17461 = 9.17461

Pp=0%+pp=2.5+6.20805 = 8.70805

m=ul+di(py—pp)=
wy=u3+dpp—pc)=
uy=u¥+dy(pc—pp)=

uy=ul+d(pp—pr

Mass conservation is satisfied!
Momentum conservation?

¥

Return to the momentum eq.

2.19935 + 0.31670 x [0.0 — 1.63935] = 1.68015 m/s
3.02289 + 0.34027 x [1.63935 — 4.17461] = 2.16020 m /s
3.50087 +0.23437 x [4.17461 — 6.20805] = 3.02428 m /s

=4.10926 + 0.15 x [6.20805 — 0.0] = 5.04047 m/s

Continuity check

Node

2

3

4

puA

0.75607

0.75607

0.75607

0.75607
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*** Example 6.2

® Numerical values

Mass conservation is satisfied!

= The computed velocity solution at the end of an iteration cycle Momentum conservation?

is not yet in balance with the computed pressure field
"= Momentum is not yet conserved.

— The entries in the discretized momentum equations were
computed on the basis of an assumed initial velocity field.
— The velocity and the pressure were corrected.

¥

Return to the momentum eq.

— We need to perform iterations until both continuity and momentum equations are satisfied.

= Under relaxation

— Necessary in the iteration process

(1-0.8)Xu

old + 08 X Ucaleulated

U nemw

ap, S, and d

pm’m = (1 o 08) X pu/:/ " 08 X p(‘((/{‘l{/{ll(’:!
u;m/s u, m/s u3; m/s uym/s
1.78856 2.29959 3.21942 5.36571
1.68015 m/s 2.16020 m/s 3.02428 m/s 5.04047 m/s

2.22222 m/s 2.85714 m/s 4.00000 m/s

6.66666 m/s
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*** Example 6.2
® Numerical values

= |terative convergence and residuals
= Update the coefficient with new velocity and pressure

a; 7 0]

1, 7= Lyt + (Prr,y = Prp)Aig + big+ | (1= 06)—== 7V
a]l a“
1.20425u; = 1.98592 1.143596u, =1.8304137

Need to check!

= Momentum residual

— The difference between the left and right hand sides of the discretized momentum equation at every
velocity node.

uy = 1.78856
<10, accept the solution
1.20425 x 1.78856 — 1.98592 = 0.16795



Worked examples of the SIMPLE algorithm

*** Example 6.2

® Solution
Converged pressure and velocity field after 19 iterations
Pressure (Pa) Velocity (m/s)

Node Computed Exact Error (%) Node Computed Exact Error (%)
A 9.22569 9.60000 -3.9 1 1.38265 0.99381 39,1

B 9.00415 9.37500 —4.0 2 77775 ;27775 39.1

C 8.25054 8.88889 -7.2 3 2.48885 1.78885 39.1

D 6.19423 7.50000 —17.4 4 4.14808 2.98142 39.1

I 0 0 _

0.60 |-

0.55 |-

With proper number of the computational grid,
reasonable solution can be obtained.

0.50

Predicted mass flow rate (kg/s)

0.45

0.40 . - :
250 500 750 1000

Number of grid points used
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The SIMPLER algorithm

** SIMPLER (SIMPLE Revised)
® Proposed by Patankar (1980)
® Derive a discretized equation for pressure

= Instead of a pressure correction equation as in SIMPLE

= Intermediate pressure field is obtained directly without the use of a correction.

® Velocities are, however, still obtained through the velocity corrections.

Discretized momentum equation
Pseudo velocity

% _ % % %
a; qufs=2aul,+(pF—pF)A + b
7 Uiy = 2l U g PipAdigtbig Sttty + by 5

l/l‘l; 7 —
R * * _ pk - :
Cl]'}-,b [’J)" - Ed”[)vnb + (p [1‘7_1 p]"y)A[’j' + b[,‘]‘ [I/l,‘?
A Zanbvnb + 17], j
U] = -
2J
Zdnbunb + bi,] Ai,] a ;
= + — J
= Pr,7— 019
[lj"7 (ll"-7

IR r wj y=1t; 3+ d; 4(pro1.7— P19
. nb“nb L Lf

. 3 (P1.7-1— Pr1.7) v =0+ dp (P11~ Pry)
a I,j a 1]

Oy



The SIMPLER algorithm

** Continuity equation

U 7= ﬁ,-j + dl"](p]—l,] - p],_?)

U= 731,‘;' +d; j(p],]—l — p],j)

[(pUA)i+1,J _(/OUA)i,J ]"' [(IOVA)I,j+1 _(pVA)I,j] =0

[ Pis1 7 Aiv1, 7 (lie1 g+ divy 5(Pr g — Pre1.9) — Pi 3A; 7(d; 5
+d; 501, 3= P19+ [ Pr 1AL j1(Fr ji1 + dp jri(Pr 5 — D1 341))
— P A (O j+d (prg1—Pr.9)]=0

Ay gPr 7= a1 gPre1, 7+t Q1 gPro g+ @ gaPr e + @y 1191+ by g

Ap 3= g7 A 3707 341 T A 7

Ary1, 7 a1, ag g+1 ar -1 171,_7

(PdAYery | (pdA)y | (pdA)pmr | (pdA)y; | (pid),— (pid)y s
+ (pdA); ; — (p9A) 11




( START )

The SIMPLER algorithm

STEP 1: Calculate pseudo-velocities

A Zanlss + by
u,= a—
i, J

A ZapVis+ by
V= ——L Y

o
w

o

<

©

<

a,;
A A
u, v iy
STEP 1: Calculate pseudo-velocities
STEP 2: Solve pressure equation
8Py = 81y P, s+ 8rty Prvg + @t Py + 8isa Prsa + by
*
A Za,,bu nb + b,' J
P l&J:
ajJ
Setp*=p
[ =] Sanvt + by,
p* A _ AnoVnb + l,j
Vij =
a,‘d
STEP 3: Solve discretised momentum equations
a, Ul = ZanU, + (Pl = ) Au+ by
ayy Vi = ZawVi + (Pl — Plo) Ay + by G, 0
u*, v*
y
STEP 4: Solve pressure correction equation . .
8 Py = 8, Prag+ 81 Py + 8uet Pt + 81 Plya + by STEP 2 * SOIve pressu re eq u atlon

o a, P = 811y Pr1, s + @1, Preays + 81 Prya + @iysa Pross + by

STEP 5: Correct velocities

Uy =ul+dy, (D1 = P
vy = Vit diy (Pl = Pl p
p, u, v, ¢*
STEP 6: Solve all other discretised transport equations Set p* — p
8010 = B, O-10 + A, i1+ Biger Pruma + Biser B ser + Dor

¢

No /
C

onvergence?




( START )

Initial guess p*, u*, v¥, ¢*

STEP 1: Calculate pseudo-velocities
G _ Zapun+ by
L= au
1 a“
A A
u, v

STEP 2: Solve pressure equation

8Py = 81y Pt s+ 8rery Preas t @y P + @sea Prass + by

p

| Setp*=p |

p*

o

=T

STEP 3: Solve discretised momentum equations

8 U= Zanli, + (Pras = P1) Au+ by

ayy Vi = ZawVi + (Pl — Plo) Ay + by

The SIMPLER algorithm

]
STEP 3: Solve discretised momentum equations

* * * *
aiy Ui ;= Zanlnp, + (P21, = P1J) Ais+ biy

* * *
ay,j Vi = ZanVno + (Pl — P1J) A+ by

u*, v*

o

<

u*, v*

A

A, Py =,y Pl + 8nag Pis,

STEP 4: Solve pressure correction equation

s+ @y Prua + @ Pl + by

STEP 4: Solve pressure correction equation

aj,; Py= 81,y Pia,y+ @y Plea,y + i Pl + 81 Pl + by

o

STEP 5: Correct velocities
Uy =ul+dy, (Pl1,s— P)
Vij = th + ;i (Pl = P

p, u, v, ¢*

8101 = 81,4 P-1,0 + 81,1 Pras

STEP 6: Solve all other discretised transport equations

+ 811 Grsa + @isa G sea + Do

¢

w

Convergence?

STEP 5: Correct velocities
up, = U?.:J + diy (Pleas— P)

- 3 7 ,
Vij = Vi;+ d; (Pl =Pl
T




The SIMPLEC algorithm

** SIMPLEC (SIMPLE Consistent)
® Proposed by Van Doormal and Raithby (1984)

ui:] — dz',](p;—l,j - Pfl,‘;r) Uf,‘/ . d],_,‘(Pf,‘7—1 — 7 }’,‘7)
A, 5 Ay
where d; ;= where d; ; =
d; g — Zdﬂ]) . dr;— Zﬂ”[,

4 _ 7 , ’
[l!-’}fﬂ,-’] - Z(l”bzt ”b + (p]_l"y T p[,‘y)Al.,]
/7 7 , P
ap 07 ;= 2lyVmy+ D7 31— D1 9A;

”zfj = dz',](p],—l,] - Pf',}) A; 4
’ , , where d[-,;(:—" and d[,j:
vy, =d; (P1y-1—P17) S a4y ar ;

ALJ’




The PISO algorithm

*** PISO (Pressure Implicit with Splitting of Operators)
® Proposed by Issa (1986)
® One predictor + two corrector steps

® Predictor step
= Same method as the SIMPLE

® Correctorstep 1

= The first corrector step of SIMPLE is introduced to give a velocity field (u**, v**) which satisfies the
discretized continuity equation.

= The resulting equations are the same as the velocity correction equations (6.21)—(6.22) of SIMPLE

but, since there is a further correction step in the PISO algorithm, we use a slightly different
notation

¥k — 5% ’ / ’
p — p L3 p llﬁf? =Uu 957 + di,](p[—l,] = p[’])
W * =y* +
o = v+ dp (P = pig)
'U** — 'U* + 'U’ [a,/ [s] [a_/ [a]_l [17



The PISO algorithm

*** PISO (Pressure Implicit with Splitting of Operators)

® Corrector step 2
= To enhance the SIMPLE procedure

a; st 5= 2y + (PEN = pT5)A; g+ by o= Zawit Whg =059 Aigt by

aj, U ﬁ;ﬁj_ Zanb (P (p[ﬁ}il _ pﬁf,?)A],j + blaj

1 7”?@‘;*_ zdﬂb Uyp -t (pekaleek- ***)A T 53 bl 7

T Sayli+ (13— p1)Ar + by

da,(uF —u*,
*** _ u*’ﬁg n/( nt n!) +d 7(1)]_1 7 p )

(li,]

pREE = g g

Ya,(vFF — 0%
i;;_'_ nb( nb n/) + d[/(p] 1= p;’r?)

ar;




*** PISO (Pressure Implicit with Splitting of Operators)

® Corrector step 2

= To enhance the SIMPLE procedure

The PISO algorithm

V{4 7 7’ V{4 V{4 V{4
argpry=ar gP eyt a1 gp gt drgmprya tar P thry

a1,y a1,y

ar g+1

ay, 7-1

(p(IA),-'+l,] (pdf4)i7

(pdA)l,jH

(pdA)y,

- p v s
z(l,,[,(l!f[fk _ llf[,) T ( - ztl”[)(l[ﬁ;c - u?fb)

Zaub(ti’:ﬁ( - v ?;b) - ( - Z(l”/}(l’?f]fk - ’Lfb)
] 1 +1

a
+1,7

4

a

[(pAu™™), = (pAU™ )41 5+ (pAV™), ; = (pAV™), 1111 =0



The PISO algorithm

*** PISO (Pressure Implicit with Splitting of Operators)

® Corrector step 2
= Twice-corrected pressure field is obtained from

p*** :p** _,_p” :p* +p’ 1. p”



( START )

Initial guess p*, u*, v*, ¢*

Y

|

Perform STEPS 1-3 of SIMPLE algorithm
— Solve discretised momentum equations
— Solve pressure correction equation

— Correct pressure and velocities

p*, u*, v*, p'
4

Ay P= 8ray Pilas+ 8ua, s Plas+ @ P+ 8a Pioa+ b))

STEP 4: Solve second pressure correction equation

STEP 5: Correct pressure and velocities
pT.J** = Pf) + Pt P

Zan(Uhy = Uy

% % % * ’ ’ ’ rr
Uit =ul +dy (Pl - o) + 3, +d, (P, —PT)
. Ta (v —vh)
ok __ ; 'nb\ ¥ nb nb, ’r 7,
‘f',‘.}- *= ‘ff, +dyj (Pl = Pl + — a, + d; (Piea = Pi)
¥

Set
p*=p u*t=u
vVi=v ¢*=¢

Y

Set

p = prx*
U= yt**

v= vRer

p, u, v, ¢*
 §

The PISO algorithm

( START )

Initial guess p*, u*, v¥, ¢*

Perform STEPS 1-3 of SIMPLE algorithm
— Solve discretised momentum equations
— Solve pressure correction equation

— Correct pressure and velocities

p*, u*, v, p

STEP 6: Solve all other discretised transport equations
8,0, = A 01+ 8y Gras+ @puca G + @i G + by

STEP 4: Solve second pressure correction equation

44 44 rr rr r7 44
a;y Piy= a1 Pt ais1, s Pivast 8102 Prya+ @i Prusa+ 0y

la

No

Convergence?

A

STOP




( START )

Set
p*=p u*t=u
vVi=v ¢*=¢

Y

Initial guess p*, u*, v*, ¢*
Y

Perform STEPS 1-3 of SIMPLE algorithm
— Solve discretised momentum equations
— Solve pressure correction equation

— Correct pressure and velocities

p*, u*, v¥, p'
4

STEP 4: Solve second pressure correction equation

Ay P= 8ray Pilas+ 8ua, s Plas+ @ P+ 8a Pioa+ b))

The PISO algorithm

STEP 5: Correct pressure and velocities
=P+ P+ Pl

Ta(UhF - uk)
* % % * 2 3 nb! nb 'nb,
Uit =ul +dy (Pl - o) + —=a,

* ok %

Py

+d;, (Pl =P

. 7 za (V**_ Vf) rr ’e
V':}"" =V +dy (Pl - P+ % + 0 (Pira = Pid)
.J

L

Set

p = prx*
U= yt**

v= vRer

p, u, v, ¢*
 §

STEP 5: Correct pressure and velocities

STEP 6: Solve all other discretised transport equations
0= A 0+ B Prast 8 Grca + 8uir G + byys

[0

No

A

Convergence?

STOP

* % % *
p,',_p = p.u + p’U + p’I,J
xa (!fk* - u”‘)
kkk ok nb\“ nb 'nb
uy = u 4+ dy (Pl = P) + a; + diy (pia, = P7))
San(Vi —vih)
%k _ , nb\ V nb nb
VT,,- = \f:j +d; (Pl — P + a +d; (Pl — Piy)
J
Set
p = prE*
U= yF**
V= pR*
p, u, v, ¢*




The PISO algorithm

Initial guess p*, u*, v*, ¢*

Y

|

Perform STEPS 1-3 of SIMPLE algorithm
— Solve discretised momentum equations
— Solve pressure correction equation

— Correct pressure and velocities

p*, u*, v*, p'

STEP 4: Solve second pressure correction equation
gt @ Pt @puea Pl + by

” , /
Ay P1s= @1, Picas t+ @isa, 5 Pria

]

STEP 6: Solve all other discretised transport equations

STEP 5: Correct pressure and velocities
Pt =P+ Pt Pl
0= A1 P11,y + 8pa g Oray+ Qg Qe + @1usa Op i + Dy

Zan(Uhy = Uy

P ; ,
U, =+ dy (Pl — P+ 3,

+d;, (Pl =P

- L, Zam(vi = Vi)
‘f',‘.:-” =V + i (Pl-1 =P+ %
gl

L

+ d; (Piea = Pi)

Set Set
*

p=p*** No
U= ek

v= vRer

Convergence?

*

T
Il
o
Il

%
]
<
S
]
S <

'

p, u, v, ¢*

|

STEP 6: Solve all other discretised transport equations

0= A 0+ B Prast 8 Grca + 8uir G + byys

[0

No

Convergence?

A

STOP



General Comments

“» SIMPLE

Relatively straightforward and has been successfully implemented in numerous CFD
procedures.

The other variations of SIMPLE can produce savings in computational effort due to improved
convergence.

In SIMPLE, the pressure correction p’ is satisfactory for correcting velocities but not so good
for correcting pressure.

% SIMPLER

Hence the improved procedure SIMPLER uses the pressure corrections to obtain velocity
corrections only.

A separate, more effective, pressure equation is solved to yield the correct pressure field.
Since no terms are omitted to derive the discretized pressure equation in SIMPLER, the
resulting pressure field corresponds to the velocity field.

Therefore, in SIMPLER the application of the correct velocity field results in the correct
pressure field, whereas it does not in SIMPLE.

Consequently, the method is highly effective in calculating the pressure field correctly. This
has significant advantages when solving the momentum equations. Although the number of

calculations involved in SIMPLER is about 30% larger than that for SIMPLE, the fast
convergence rate reportedly reduces the computer time by 30-50% (Anderson et al., 1984).



General Comments

“* SIMPLEC and PISO

have proved to be as efficient as SIMPLER in certain types of flows but it is not clear whether
it can be categorically stated that they are better than SIMPLER.

Comparisons have shown that the performance of each algorithm depends on the flow
conditions, the degree of coupling between the momentum equation and scalar equations,
the amount of under-relaxation used, and sometimes even on the details of the numerical
technique used for solving the algebraic equations.

A comprehensive comparison of PISO, SIMPLER and SIMPLEC methods for a variety of steady
flow problems by Jang et al.(1986) showed that, for problems in which momentum
equations are not coupled to a scalar variable, PISO showed robust convergence behavior
and required less computational effort than SIMPLER and SIMPLEC.

It was also observed that when the scalar variables were closely linked to velocities, PISO had
no significant advantage over the other methods.

Iterative methods using SIMPLER and SIMPLEC have robust convergence characteristics in
strongly coupled problems, and it could not be ascertained which of SIMPLER or SIMPLEC
was superior.



