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SIMPLE Algorithm

TINEXT/oam

Slide 2 — U E (YAEE 7|27 2) — OpenFOAM £H2| 2X|H 2 a1 & 2ot [=} &5 ® =




NEXTfoam OpenFOAM Korea User's Commu Conference

ZHEFSEH Of| &|

U Magnitude

nnooo 11311 22623 33934 45245 56557 67868 7.9180 90491 10.1802

11| 1l illlllllll'HW

2

NEXT foam
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© Solve momentum equation

apUp + ZaNl_jN = —Vp(Vp)pr
N (1)
apUp = H(U) — Vp(Vp)p
— get U* from solving equation (1)

@® Express velocity as:

gy =1 _Veg,, @)

ap ap

@® Calculate pseudo mass flow rate at cell face

F* = {H(U*)} '§f (3)
“@ Jy

— Collocated gridoi| A{ pressure checker-board &At2 m|5}7| 9 &
— Rhie-Chow Interpolation or Delayed Pressure Discretization

TINEXTfoam
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@ Solve pressure equation

\4
V-l=vp|=> F* 4
(Yw) -5 @
f
— get corrected pressure p* from solving equation (4)

@ Correct mass flow rate
N v
F' = F* — <a> IS¢l - (Vp*) (5)
s
@ Under-relax pressure

pnfw pnld ta (p* 7pnld) (6)

'r'.‘.

NEXT oo
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@ Correct cell velocity

Ulriew _ H(U*) _ E(VPHEW)P
ap ap
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OpenFOAMZ| SIMPLE 1125

@ Correct cell velocity

H(U*) E(

ap ap

Ulriew _ \V4 pnew )P

— p" &= under-relaxation0| & &= AEY
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@ Correct cell velocity

Ulriew _ H(U*) _ E(VPHEW)P
ap ap
— p" &= under-relaxation0| & &= AEY
— mass flow rate correction2} velocity correctionO|

AR 42
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OpenFOAMZE| SIMPLE &112|&

@ Correct cell velocity

H(U*) &(

ap ap

f]';'t)ew — Vpnew)P (7)

— p" &= under-relaxation0| & &= AEY
— mass flow rate correction} velocity correction0| & 2t=|

NI E=)

[Ea=]

“A continuity-satisfying velocity field is likely to be
more reasonable than the starred velocities. ...
Furthermore, the solution of the other scalar
equations in every iteration can be based on a flow
field that satisfies a mass balance. To realize these
advantages, one precaution is necessary: The velocity
corrections should not be underrelaxed.”

— S. V. Patankar(1980), Numerical Heat Transfer and Fluid Flow, pp.128
TINEXTfoam

Slide 7 — UM E (YAEE 7|2 F2) — OpenFOAM £H2| 2X|H 2 a1 & 2ot



OpenFOAMZE| SIMPLE &112|&

@ Correct cell velocity

H(U*) &(

ap ap

ﬁ;’t)ew _ Vpnew)P (7)

— p"¥i= under-relaxation0| M &=l AEl
— mass flow rate correction} velocity correction0| 2= X| 42

“A continuity-satisfying velocity field is likely to be
more reasonable than the starred velocities. ...
Furthermore, the solution of the other scalar
equations in every iteration can be based on a flow
field that satisfies a mass balance. To realize these
advantages, one precaution is necessary: The velocity
corrections should not be underrelaxed.”

— S. V. Patankar(1980), Numerical Heat Transfer and Fluid Flow, pp.128
TINEXTfoam
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Under-relaxation =Al £

@® Correct mass flow rate

v
F'" = F* — <a> ISyl - (Vp*)z
f

@ Correct cell velocity

cnew  H(U*)  Vp

Oy = (Vr)p

ap ap

@ Under-relax pressure

pnew — pold +qp (P* _pold)

TINEXTfoam
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Under-relaxation =A{ &%

* simpleFoam ZE £=H

simpleFoam/pEqgn.H

pEgn.solve(); //solve pressure equation

if (simple.finalNonOrthogonalIter())
{

}

phi = phiHbyA - pEqn.flux(); //correct mass flow rate
}
#include "continuityErrs.H"
//p.relax();
// Momentum corrector
U = HbyA - rAUxfvc::grad(p); //correct cell velocity

U.correctBoundaryConditions () ;

// Explicitly relax pressure for momentum corrector
p.relax(); //under-relax pressure

TINEXT/oam
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Under-relaxation =Al £

* =™ S 1} &9l #1- pitzDaily - residuals

—

10°

Initial Residual
Initial Residual

Iterations Iterations

(a) original (b) modified

[Z]

NEXTfoam
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Under-relaxation =Al £
| #2- double-body ship

&1} 3ol

NEX'[,rbam

[Z]

o
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Under-relaxation =Al £

« =% &1} &2l #2 - double-body ship : residuals

10°

Initial Residual
Initial Residual
=5

L

Iterations Iterations

(a) original (b) modified

[Z]

NEXT/oam
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Under-relaxation =Al £

OpenFOAM Korea User's Community Conference

o} k21 #2 - double-body ship : continuity

Ax] =
. o
o A _
2.0E-6 2.0E—6
- 1.0OE—6 . 1.0OE—6
E E
£ 00E0 S 00E0 b
3 =z
g 2
2 2
© oE6 ~ —10E-6 [
—2.0E—6 —2.0E—6
0 20 40 60 80 100 0 20 40 60 80 100
Tterations Tterations
(a) original (b) modified
—
INEXT/oam
5 = = =3
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Under-relaxation =Al £
#3- double-body ship(structured grid)

o
P}

st
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Under-relaxation =Al £

X

o A
T o

tOII

o} k21 #3 - double-body ship(structured grid) : residuals

2
1
I

2 T 'F/ ) I/ B
0t b W
|
1076 *‘ﬂ(‘
‘\‘/“ W "

10710 ‘) \

Initial Residual
Initial Residual
5
&

50 100 150 200 0 50 100 150 200

Tterations Tterations

(a) original (b) modified

TN

Slide 15— LM E (YAEE 7|2 F4) — OpenFOAM £H{2| 2M|F 2! a4 2ot [=} &5 ® =




: A A
Under-relaxation =Al £

AN
_I_XO

tOII

o} k21 #3 - double-body ship(structured grid) : residuals

10°
1072 "1‘ 'F/
10 9
- — |
z 3
E] Z 10 *‘ﬂ(‘
= E b
7 7 |
ES £ 10 Iy r\/“
z z T v
b=t E= U V
10-12 [—
[ —
[
10-1 v
b —
10-7 . . . 10-16 . . o
50 100 150 200 0 50 100 150 200
Tterations Tterations

(a) original (b) modified

'r'.‘.

NEXT oo

Slide 15— LM E (YAEE 7|aWFL) —




NEXTfoam OpenFOAM Korea User's Community Conference

Non-orthogonality

checkMesh

Mesh (non-empty) directions (1 1 1)
Boundary openness (9.61139e-17 1.28784e-15 5.83167e-16) OK.
Max cell openness = 7.26193e-16 OK.
Max aspect ratio = 137.654 OK.
Minimum face area = 1.20105e-07. Maximum face area = 0.0062768. Face area
magnitudes OK.
Min volume = 1.26073e-10. Max volume = 0.000212885. Total volume = 2.49792.
Cell volumes OK.
Mesh non-orthogonality Max: 76.8778 average: 27.948
*Number of severely non-orthogonal (> 70 degrees) faces: 549.
Non-orthogonality check OK.
<<Writing 549 non-orthogonal faces to set nonOrthoFaces
Face pyramids OK.
*xxMax skewness = 26.0322, 123 highly skew faces detected which may impair the
quality of the results
<<Writing 123 skew faces to set skewFaces
Coupled point location match (average 0) OK.

Failed 1 mesh checks.

NEXT foam
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Non-orthogonality

I
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Under-relaxation &= A10f| 2t¢t 22

- =21

2 1k

= ==Z(velocity correction)0i| under-relaxation0| & S =l

212 AFESH= A2 non-orthogonal meshol| M 2| =20l =2

H(U*) Vp
ap ap

Ulrgew _ ( v pnew )P

'r'.‘.

NEXT oo

Slide 19 — ZME (YAEE 7|27 4) — OpenFOAM £H{2| 2M| 2! s 2ot



NEXTfoam OpenFOAM Korea User's Community Conference

Under-relaxation &= A{0]| 25t 2=

e i

= ==Z(velocity correction)0i| under-relaxation0| & S =l
212 AFESH= A2 non-orthogonal meshol| M 2| =20l =2
H(U*) Vp

Fmew __
gnew =
ap ap

(vpnew)P

* O|CHZ BA=271?

'r'.‘.

NEXT oo

Slide 19 — ZME (YAEE 7|27 4) — OpenFOAM £H{2| 2M| 2! s 2ot



NEXTfoam OpenFOAM Korea User's Community Conference

wIMCHZ SHE X}

* Mass flow rateE 517| £ &t velocity interpolation2

)

Rhie-Chow Interpolation® 2 HZ
original modified
1. solve momentum equation i . . .
and get U apUp = H(U) — Vp(Vp)p apUp = H(U) — Vp(Vp)p
2. interpolate pseudo-velocity o H(T*) 5 F* = {f;* + E(Vﬁ),ﬂ} -5
to get mass flow rate a f 4 ap !
. 74 |4
3. solve pressure equation v. (7Vp> s v. (7Vp> s
and get p* a f a f
\4 - \4 -
4. correct mass flow rate rev — pr _ (7) Sl (Vp*), e = F (7) IS, 17+ (Vp* )y
al/y al’sf
5. original: under-relax pressure wew  old v old Fnew _ pw VP o !
— — U, =Up — —(Vp
modified: correct velocity r P ey =) ’ P e V2 )
6. original: correct velocity - H(T* v, . , Id 1d
modified: under-relax pressure U = (“P = i(vilum)ly P = ey @™ ="

TINEXTfoam
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wIMCHZ SHE X}

* pitzDaily =& M

Initial Residual

1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800
Iterations Iterations

(a) original (b) modified

NEXTfoam

[Z]
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RIMONE SR}

* pitzDaily =& M

Initial Residual
5 =
13
Initial Residual

1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800

Iterations Iterations

(a) original (b) modified

* double-body ship(structured grid) #|0| A= 03 A 5| 2A...

TINEXT/oam
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| #¢l
+ V- (pUy) = V- (pTy V) = Sy (1)

2X<Q
« EAHEEo| ofAtSH
(py)
ot
> (T ) ISyl - (Vap)y
7

/ V- (pLyVi)av =
Vp

e 0| AHetof| M surface normal gradient(ii - (V))&
|.
— Central differencing with non-orthogonal correction
laplacianSchemes
Gauss linear corrected;
RINEXTfoam

{
default
o

IT Jtor

e

rr tor
0 i

-
ol
o

}
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21| flol

« AX}2o| orthogonality7| £2X| &2 AL 25t == 29l

— non-orthogonal correction

=y

+ Split unit normal vector(i) into two parts:

then,

i (Vi) = A v k- (Vo)

non-orthogonal contribution
|. NEXTJoam
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[Z]

NEXTfGam

Slide 24 — UM E (YAEE 7|2AF4) — OpenFOAM &1

SMH 2 sig gor = =5 5 =




NEXTfoam OpenFOAM Korea User's Commu Conference

:Olg
My
0f
e
HH=
[

ZXFE CRALL..

TINEXT/oam

Slide 24 — ZXHE (YAEE 7|27 4) — OpenFOAM &t 2|




NEXTfoam OpenFOAM Korea User's Commu Conference
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TINEXT/oam
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N2 ot #2

ol

* uncorrected scheme

system/fvSchemes

laplacianSchemes
! default Gauss linear uncorrected;
}
snGradSchemes
default uncorrected;
}

TINEXT/oam
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ol

Z4 H}O
H = O L_E #tz

* uncorrected scheme
laplacianSchemes
{
default
}

Gauss linear uncorrected;
snGradSchemes

default
}

uncorrected;

* SES MR R Y o

Slide 25 — UM E (YAEE 7|27 4) — OpenFOAM £H{2| 2M|F 2! s 2ot
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HZ ot #3

ol

* limited scheme

system/fvSchemes

laplacianSchemes
! default Gauss linear limited «;
}
snGradSchemes
default limited «;
}

i (V) = |&|% +a{k- (Vo) }

O<a<l)

[Z]

NEXT foam
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ol

HZ arot#3

limited scheme

system/fvSchemes

laplacianSchemes
! default Gauss linear limited «;
}
snGradSchemes
default limited «;

i (V) = |A| = +a{k (Vw)f}

O<ax<l)
* aZfol mEt CHE S

TN

Slide 26 — LM E (YAEE 7|2 F4) — OpenFOAM £H{2| 2M|F 2! s 2ot
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Z4d dio
H =2 O - } ##“

* under-relax non-orthogonal contribution
laplacianSchemes
{
default
}

Gauss linear corrected
snGradSchemes

default
}

corrected;

}relu_x

Slide 27 — LS (YAEZ 7|&%174) — OpenFOAM &

'r'_‘

NEXT oo




NEXTfoam OpenFOAM Korea User's Community Conference

N2 ot #a

ol

* under-relax non-orthogonal contribution

simpleFoam/pEqgn.H

// Non-orthogonal pressure corrector loop
while (simple.correctNonOrthogonal())

{
fvScalarMatrix pEqn

(
fvm: :laplacian (rAUf, p) == fvc::div(phi)
)i

// under-relax non-orthogonal contribution in pressure laplacian
#include "relaxPressureFaceFluxCorrection.H"

PEQn.setReference (pRefCell, pRefValue);
PEgn.solve();
if (simple.finalNonOrthogonalIter())

phi = —-= pEqn.flux();

Slide 28 — UM E (YAEE 7|27 4) — OpenFOAM £H{2| 22X 2! s 2ot [=} &5 ® =
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N2 ot #a

ol

* under-relax non-orthogonal contribution

simpleFoam/createFields.H

surfaceScalarField pFaceFluxCorrection
(
IOobject
(
"pFaceFluxCorrection",
runTime.timeName (),
mesh,
IOobject: :READ_IF_PRESENT,
IOobject: :AUTO_WRITE
),
mesh,
dimensionedScalar ("zero", dimVolume/dimTime, 0.0),
calculatedFvPatchField<scalar>: :typeName

)i

2

NEXTfGam
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N2 ot #a

ol

* under-relax non-orthogonal contribution

simpleFoam/relaxPressureFaceFluxCorrection.H

scalar pUrf = mesh.fieldRelaxationFactor("p");
surfaceScalarField oldFaceFluxCorrection = pFaceFluxCorrection;
pFaceFluxCorrection = (pEqn.faceFluxCorrectionPtr());

surfaceScalarField relaxedFaceFluxCorrection
(
oldFaceFluxCorrection
+ pUrfx (pFaceFluxCorrection - oldFaceFluxCorrection)
)i

PEqQn.source() += mesh.V()
*fve::div
(
pFaceFluxCorrection - relaxedFaceFluxCorrection
) () .internalField();

* (PEqn. faceFluxCorrectionPtr()) = relaxedFaceFluxCorrection;

TINEXT/oam
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Initial Residual

e
£

0 50 100 150 200 0 50 100 150 200

Iterations Iterations

(a) original (b) modified

* Drag Coefficient

original modified commercial

Cd  0.00417 0.00419 0.00420

[Z]

NEXT/oam
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Turbulence Model

TINEXT/oam
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HREV| AN HREGAS

* Double-body ship(structured grid)

— original simpleFoam
— standard k — € model

k=6x10"% c=5x10"°

Initial Residual

0 5 10 15 20 25 30 35

Tterations

(a) good initial condition

Initial Residual

0 5 10 15 20
ITterations

(b) bad initial condition

TINEXTfoam
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A==

— Model equation

NEXTfoam

70l

up

&l

ol

foam

TINEXT/S

kEpsilon.C
solve (epsEqn) ;
bound (epsilon_, epsilonMin_);
solve (kEqgn) ;
bound (k_, kMin_);

ol
0
il
5

e
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HEXI|ZH0 HRHIAS
- 3 oHYEtE 9I8 TR| JHM
— SRUME Y Y HRELAS M

standardKEpsilon.C

solve (epsEqn) ;
bound (epsilon_, epsilonMin_xle-5);

solve (kEgn) ;
bound (k_, kMin_x10);

// Re-calculate viscosity
nut_ = min(Cmu_x*sqr (k_) /epsilon_, le5xnu());

TINEXTfoam
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7
154
E
K

Initial Residual

0 50 100 150 200

Iterations

Iterations

(a) good initial condition (b) bad initial condition

[Z]

NEXTfoam

)]
i
il
il
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L= A Al O] AHAMSE MBSl Linearization)

* realizable k — ¢ 2 &

100

9| 7|0| &t residual...

1072

10
<
£
= 10—6
)
~
= 1078
= 10—10 |
o -
—12 gx E—
10 I —
. o
10-14 epsilon ‘ ‘ ‘
0 200 400 600 800 1000
Iterations
|. NEXTJoam
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FM Alo| MMM SH M A S}(Linearization)

IR AIQ
* Realizable k — ¢ Model
— kg
A(pk
O | . (o) {( )Vk} Gi — pe (8)
ot k
- Al
00) G (piie) - v {( + )Vs} 5z pCr— S ()
or p pt = pC, p 2k oe
- A%
or = 1.0
o =12
k
C) = max [0.43, 5}, n=35=, S=1/25S;
g
C, =19
|. NEXTJoam
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NEXTfoam

)

ion

ME S}(Linearizat

i00

(10)

Sy (¥) = Su— Spip

(1)

Sk = Gy — pe

(12)

2
\VVE

€

k +

Sa = pCISa — pC2

foam
—

TINEXTS

SMH 2 sig gor
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LIS dHEM AlO| Al MSF M&3}(Linearization)

realizableKE.C

G - fvm::Sp(epsilon_/k_, k_)

ngE*
Se =8, — Spe = C?Sa*—-(Aggggggf)a
c ! ’ P k* + Vver

realizableKE.C

ClxmagS*epsilon_
- fvm::Sp

C2_xepsilon_/(k_ + sqrt(nu()*epsilon_)),
epsilon_

* The symbol (*) is used to denote the value from previous iteration
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O| MM S MESH(Linearization)

S L EERY =
« MES g HE
— UHESIE MBS}
oS \*
5¢(¢)=s*+(%> (¥ —9")
. As\* S\~
=i () e ()
— Al (10)2] HE{Z EE5IH,
suz{s* (ﬁ)*w}
o (13)
oS\ ™
5= (5)

TINEXTfoam
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CrR U Ao MMt M3 Sl(Linearization)
© kA M ASE M St
— HREMASO

YolE 0|85t WY E E

e

S = Gy — pe

o e (14)
'
j_El_T'_y oS, C
k 2-p
Bk~ o2 =By 15
Ok P M "o
— 4l (13)2 o|25t0] E5i5tH,
C
Su = Gi + p? 2 (k*)?
124
c (16)
Sp = 2927”](*
2%
TINEXTfoam
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F M3 S}(Linearization)

ChREE A MYe M
© oAl MM S ME 5}
— n HRELEATE o|B5t0 MMEES 5H
2
Se = pC1Se — pCr ———
e = pL1d€ — p 2k+\/ﬁ
82 52
= pCin— — pCy—————
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(a) original
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* simpleFoam?| 2SZFE ZHIH Al £0|
simpleFoam/UEqgn.H

// Momentum predictor
tmp<fvVectorMatrix> UEgn
fvm: :div(phi, U)

+ turbulence->divDevReff (U)

==fv0ptions ()
)i
UEqn () .relax();
fvOptions.constrain (UEqQn());
solve (UEqn () == —-fvc::grad(p));

fvOptions.correct (U) ;

'r'_‘
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o
e
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2 e (V- ffﬁ}] -
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HIYESM L2 HIO| divDevRef £ Ehp
o
e
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2 e (V- 17)7}] -

otV (00) -V - [yeff{vUJr (vﬁ)T}] - gueﬁ(v . U)iH =-Vp

divDevReff (U)
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HIYESM L2 HIO| divDevRef £ Ehp
e D= abH UK Al
L O O+ OO ™M
- sy
a(pU _ ~ .
) v 00) - v [ueﬁ{vw (VU)’}] S U)I}] — v
- Blesy
oU

. +V - (O0)-V- [ueﬁ{vﬁJr(vU)T}] - iueﬁ(v-ﬁ)TH =—Vp

divDevReff (U)

tmp<fvVectorMatrix> kEpsilon::divDevReff (volVectorField& U) const
! return
( — fvm::laplacian(nuEff (), U)
- fvc::div(nuEff () xdev (T (fvc::grad(U))))
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HYSM LR O EH O] divDevRef £ &Hg

C HIUEY REYREWHA
U - _ - )
E+V (U0) =V - |vgp VU + (VD) =_Vp

kEpsilon.C

tmp<fvVectorMatrix> kEpsilon::divDevReff (volVectorField& U) const
return
— fvm::laplacian(nuEff (), U)

- fvc; ;div(nuEff()*T(fvc: :gr;c'i(U) ))
)i
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static gauge pressure(pcscol)
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Initial Residual
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(a) original (b) modified
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* chtMultiRegionSimpleFoam

Ternperature
[ external wall P
ambient temperature : 280K 2808 300 320 31‘3‘0‘ n 360 3‘73 0

convection heat transfer coefficient : 4W/m~2K
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[ rotating hot wall ]
fixed temperature : 373K
rotating speed : 100rpm

(b) solution

(a) grid & setup
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