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* Natural Convection in Closed Domain

[outer-wall]
Temperature : 350K

[air properties]

[inner-wall]

Temperature : 373K * density : perfect gas

« specific heat : constant
* viscosity : Sutherland’s law

* conductivity : kinetic theory

g=9.81m/s
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

* Pressure Boundary Conditions : p

* thermophysical propertiesE updates}?| |t pressure

0/p
internalField uniform 101325;
boundaryField
{ outer-wall
! type calculated;
value $internalField;
}

inner-wall

type calculated;
value $internalField;

2

_PiEXEfoa m
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

* Pressure Boundary Conditions : p,;s = p — p(g - F)
o AX| A Ao AF2 == pressure(working pressure)

0/p-rgh

internalField uniform 101325;
boundaryField
{ outer-wall
! type fixedFluxPressure;
value $internalField;
}

inner-wall

type fixedFluxPressure;
value $internalField;

2

_PiEX'I;foa m
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

* Momentum Equation

V- (pUU) =V -7 —Vp —pg

V- (pUU) =V -7 — Vpg — (§-F)Vp

o)

: graivity vector

: shear stress tensor

- = T _ 2
T =pegpq VU + (VU) -3

(V- Uﬁ}

He = p + p = effective dynamic viscosity

Prgn =p — p(&-7)
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

* Pressure-Velocity Coupling

* Use pseudo-velocity(U ) to derive pressure equation

U’* H(J*) VP

P = {& _')VP}P
ap ap
- — \%
Up = Up — ~= (Vprg)r )
ap
. H(U*) 2 V\ [ OPren\ <
w0 5w () B () (5 9
S S S S
Pg
2
® Substituting equation (2) into discretized continuity equation(3_ 7y = 0) yields pressure
equation
TINEXT/oam
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

e fixedFluxPressure

° ¢o0ll Bt flux correction

volScalarField rAU("rAU", 1.0/UEqn().A());
surfaceScalarField rhorAUf ("rhorAUf", fvc::interpolate (rho*rAU));

volVectorField HbyA("HbyA", U);
HbyA = rAU*UEqn() .H();
UEgn.clear();

surfaceScalarField phig(-rhorAUfxghfxfvc: :snGrad(rho) *mesh.magS£());
surfaceScalarField phiHbyA
"phiHbyA",

y (fvc::interpolate (rhoxHbyA) & mesh.Sf())

i
fvOptions.makeRelative (fvc::interpolate (rho), phiHbyA);
bool closedVolume = adjustPhi (phiHbyA, U, p_rgh);
phiHbyA += phig;

TUINEXT/oam
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buoyantSimpleFoam in OpenFOAM-4.0(2.4)

* fixedFluxPressure

* pressure laplacian 0| At&}0HH 0| M surface normal gradient”t ¢, &
AsiES

0y = —Pf(%)f@' ﬂf(%ﬁ)f\gf\

surface normal pressure gradient : 7% =(g-7)s (gﬁ)

FJNEXT foam
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[ |
=MH
otz HZ= 510|8F & oS
c U BEZEEUE S ElE
AN
« =EY()
Zow
0 200 400 600 800 1000
Iterations
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(a) &4 2= (b) =& d
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Operating Pressure
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Operating Pressure

. |O=||'E_I:|

s

st oj2 &2 /S

p AlAFA| round-off error =X

| & == 0| 21 (operating pressure)oi| CH3t Aty eted2 0| 85HH
round-off error& &&= UCE.

P

[

1l

Prgh =p — p(§-7) —p”

// Correct the momentum source with the pressure gradient flux
// calculated from the relaxed pressure
U = HbyA + rAUxfvc::reconstruct ((phig - p_rghEqn.flux())/rhorAUf);
U.correctBoundaryConditions () ;
fvOptions.correct (U);
}
}

#include "continuityErrs.H"

p = p_rgh + rhoxgh + Op;
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Operating Pressure

* Specifying Operating Pressure

IOdictionary operatingConditions
IOobject
(
"operatingConditions",
runTime.constant (),
mesh,
IOobject: :MUST_READ_IF MODIFIED,
IOobject: :NO_WRITE
)i

dimensionedScalar Op (operatingConditions.lookup("Op"));

TUINEXT/oam

(]
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Operating Pressure
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Operating Pressure
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(b) p” = 101325
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Operating Density

[}

NEXTfoam

Slide 20 — ZME (YAEE 7|&@AF L) — XHACHF-

UG A S WM = =] 5 =




Re-define Working Pressure(p,/,)
* OpenFOAM
Prgh =p — p(§-7)
* Commercial Codes

Preh =P — po(g-7)

po : average density or specified as constant

Slide 21 — LM E (YAEE 7|7 A) — KAHF-

Bt HME A S HM o = ] 3



NEXTfoam OpenFOAM Korea User's Community Conference

Re-define Working Pressure(p,/,)

* Resulting Momentum Equation

* OpenFOAM

V- (pUU) =V - F — Vpy — (§-P)Vp

* Commercial Codes

V. (pﬁﬁ) =V.7- Vprgh + (P - pO)g

e A S M
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Implementation of New Momentum Equation

. Old * New
|__UEgnH | |__UEanH

// solve the Momentum equation // Solve the Momentum equation
tmp<fvVectorMatrix> UEqn tmp<fvVectorMatrix> UEqn
(
£vm: :div(phi, U) fvm: :div(phi, U)
+ turbulence->divDevRhoReff (U) + turbulence->divDevRhoReff (U)
f£vOptions (rho, U) (rho - rho0) *g
)i + £voptions(rho, U)

UEqn () .relax(); vi

UEqn () .relax();
fvOptions.constrain (UEqn());
fvOptions.constrain (UEqn());
if (simple.momentumPredictor())
if (simple.momentumPredictor())
solve {

solve (UEgn() == -fvc::grad(p_rgh));

UEqn ()

fvoptions.correct (U) ;
fvc: :reconstruct

(
- ghf«fvc: :snGrad (rho)
- fve::snGrad(p_rgh)

) *mesh.magSf ()

)i
£fvOptions.correct (U);
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Implementation of New Momentum Equation

* Modify ¢,

° ¢, corresponding to body force —(g-7)Vp
% =—Pf< ) &- ?)f< > 151

* ¢ corresponding to body force (p — po)g

b = W(Z) (= )@ 5))
S
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Results

* Residual

° po : volume average

10° 10°
P s
1072 v —— 1072 v ——
i A
10t 104 P
3 3 .
2 10 o
= 108 £ 107t
E =
E (] E 10710
E E
10-12 1012 |
101 101 |
1016 10-16
0 200 400 600 s00 1000 0 200 400 600 800 1000
Iterations Iterations
a _ - b _ [
(@) pron =p — p(§ - F) (0) pren =p — po(§ - F)

TUINEXT/oam
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Results
* Velocity Magnitude

Uagnitude.

O8se.02

Zoos0ea

o007

u
ooz2ia

os0ess

(@) pren =p — p(-7) (B) pren =p — po(g - 7)
TUINEXT oam
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Results

* Temperature

i
37300402

'
E o002
S Sz
>3A| 5 E 15
275 s
Sp— so00s2

(@) pen =p —p(g-7) (B) prgh =p — po(g - 7)
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Results
* Pressure(p_rgh)

pgh
-
B

Eos795

i 924003
0.36764 o0zaet
. L
(@) pen =p —p(g-7) (B) prgh =p — po(g - 7)
TUINEXT/oam
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Results

* Velocity Vector

(@) pron =p —

p(g-7)

" Gyphvector Mogniude
v 5002

Glyphvector Magnitude
100002

Soosons
os0ss2
20

3 4010.05

NEXTfoam
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SIMPLE Algorithm
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Pressure-Velocity Coupling

* OpenFOAM’s SIMPLE

r'nf:/’f{H(g*)} -§f_/’f(‘a/> (§'7)f<gil)> §f_/7f<‘a/> <gi> IS |
s f s f f

S

* Original SIMPLE(Rhie-Chow Interpolation)

N AT 23k R— VY (o) s
f f f f

Rhie-Chow interpolation

- VY = o ——— v op\ =
= prUf - Sy + Pf<a> ISl - (Vp*)r — pr <a> <8n> S|
f f f

* (Vp*); isinterpolation of cell gradient
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Pressure-Velocity Coupling

. (bg
* Original SIMPLE algorithm| /oy = ¢, 2 WEStD Y222 Z7|Hol| A 2t
$eE T2 BiCf

// Add flux due to gravity on all fixedFluxPressure boundaries
forAll (p_rgh.boundaryField (), patchi)

if (p_rgh.boundaryField() [patchi].type() == "fixedFluxPressure")
{
phi.boundaryField() [patchi] += phig.boundaryField() [patchi];

}

// Update the fixedFluxPressure BCs to ensure flux consistency
setSnGrad<fixedFluxPressureFvPatchScalarField>

p_rgh.boundaryField(),
(

phi.boundaryField()
- fvOptions.relative (mesh.Sf () .boundaryField() & U.boundaryField())
*rho.boundaryField()
)/ (mesh.magS£ () . ryField () *rh Uf .boundaryField())
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Results

* Residual

° po : volume average

10° 10°
e i
1072 v —— 1072 v ——
v — W —
1074 1074 1
E e E .
Z w0 R U
= 108 £ 107t
z 3 N
E=R () E 10710
= 5
10-12 10-12 |
10-14 10-1 L
10-16 10-16
0 200 400 600 800 1000 0 200 400 600 800 1000
Iterations Iterations

(a) OpenFOAM'’s SIMPLE (b) Original SIMPLE
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Results

* Velocity Magnitude

UMagnitude

umag

Sossoz Euﬂam
Zoceosss Soosor
oo oasss
ooz azoies

e aoesc0

(a) OpenFOAM's SIMPLE (b) Original SIMPLE
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Results

* Temperature

T T
37300002 Ta00002
Swzs S
>3A| 5 3 15
55575 s
3 sonavcz 0oz

(a) OpenFOAM's SIMPLE (b) Original SIMPLE

Slide 35 — ZME (YAEE 7|&@AF4L) — XHACHF-

TUINEXT/oam
BIot AXE A S M




NEXTfoam OpenFOAM Korea User's Community Conference

Results

* Pressure(p_rgh)

Poh

s
E
000268

o
[nm

3862008

(a) OpenFOAM's SIMPLE (b) Original SIMPLE
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Results

* Velocity Vector

Givphvector Magnitude Glyphvector Magnitude
5100002 o2

Soowes
0040482 E 1040404
ooz concz
2d0t0.05 s1005

(a) OpenFOAM’s SIMPLE

2

NEXTfoam

o
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i
"
il
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What if we specify operating density(pg) as 0?

* Residual
* po=0
100
p_rgh
1072
1074
=
—6
Z 10
~ 1078
=
£ 10710
g
10712
10714
10—16 L L L I
0 200 400 600 800 1000
Iterations
TUINEXT/oam
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What if we specify operating density(pg) as 0?

* Results

i
37300402

Zser2s

3615
35575
35000402

(a) Temperature (b) Pressure(p-rgh)
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What if we specify operating density(pg) as 0?

* Results

Glyphvector Magnitude
090-2

_— i e
(a) Velocity Magnitude (b) Velocity Vector

r5t QRE Bl A 26 A
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What if we specify operating density(pg) as 0?

* Velocity Vector

Glyphvector Magnitude
Ooe-2

Ghphvecto Mogntude
e

Zooones Sooorus

>nmmam E 1040498

ooz oost

2516005 o005

(a) po = volume average

UG A S WM
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Pressure Gradient in Momentum Equation
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Discretization of Pressure Gradient in Momentum Equation
* Momentum Equation

V- (pUU) =V -7 — Ve + (p— p0)&

° POZOOIEPrgh:p

V. (pUU) =V -7 —Vp+p§ (3)

* Integral Form

/VP {v-(pffﬁ)}dv=/VP(V-%)dv—/vp(vp)dv+/w(pg')dv )
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Discretization of Pressure Gradient in Momentum Equation

* Two Different Discretization Methods in OpenFOAM (fvc: :grad (p))

* Gauss’ Divergence Theorem
® flat face 7}&
® face centroidoi| CHt Taylor series expansion I &t (first-order approximation)
® face centroidol| A 2| pressure,p;, = interpolation2 2 T8

[ copav - /V (9 -phav = }i oD

= = - ®)
~ DD S =>_nS
f f
° Least-Squares Method
® VpZE cell centroidof| CH{ & Taylor series expansion2 2 =3
® first-order approximation
® cell centroide| & o|of 2t 1XHEH AH
® cell centroidoi| A 2] pressure gradient, (Vp)p,Z least-squares method2 &t
(Vp)dv = Ve(Vp)pr (6)
172
TINEXT/oam
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Discretization of Pressure Gradient in Momentum Equation

* fvSchemes dictionary example

* Gauss’ Divergence Theorem

system/£fvSchemes

gradSchemes

grad(p) Gauss linear;

° Least-Squares Method

system/fvSchemes

gradSchemes

grad(p) leastSquares;

Slide 45 — LM E (LQAEE 7|2 L) — XACHFE ZTE5t YRS A &6 HM o = ] 3
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Discretization of Pressure Gradient in Momentum Equation

* Least-Squares Method

Giypvector Magritude
Tioe.02

Gyphecto Mg
e
Sooous
0.040498 E 1040591
aoast caorss
o000 P

(a) Gauss linear

UG A S WM
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Discretization of Pressure Gradient in Momentum Equation

* Least-Squares Method2| 2| &

o HOO| M HEHM cell2| gradient A A 22

° fixedFluxPressure ZA| XA} £&5IX| 42

=]

vy uv
1318007 1 06de-13

E 2014

Zr99300-14

Zosnzes

o
E 6502008
1318007

9952014

99814

o261

(a) leastsquares (b) Gauss linear
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Another Way of Pressure Gradient Calculation in OpenFOAM

* fvc::reconstruct (fvc::snGrad (p) xmesh.magSf ())

(Vp)dVv = Vp(Vp)p
Vp

{pr<v> (ﬁ®§f)}~(Vp)P=pr<V> (?) 5
f “ f f a I n 7
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.

Another Way of Pressure Gradient Calculation in OpenFOAM

fvc::snGrad(p)

° non-orthogonal correction

® Split unit normal vector (i) into two parts

dp PN — PP
£ AN PR
<8n>f Al

+k- (Vp)r
‘d| ———
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Another Way of Pressure Gradient Calculation in OpenFOAM

* fvc::snGrad(p)
* correction2 2|5l = 25t cell gradient M2| B X =

correctedSnGrad.C

Foam: : £v: :correctedSnGrad<Type>: : fullGradCorrection
(
const GeometricField<Type, fvPatchField, volMesh>& vf
) const
{

const fvMesh& mesh = this->mesh();

// construct GeometricField<Type, fvsPatchField, surfaceMesh>
tmp<GeometricField<Type, fvsPatchField, surfaceMesh> > tssf =
mesh.nonOrthCorrectionVectors ()
& linear<typename outerProduct<vector, Type>::type>(mesh).interpolate

gradScheme<Type>: :New

mesh,

mesh.gradScheme ("grad(" + vf.name() + ')’)
) () .grad(vf, "grad(" + vE.name() + ’)’)

7
tssf() .rename("snGradCorr (" + vf.name() + ")’);

return tssf;

™ NEX'I;foam
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Another Way of Pressure Gradient Calculation in OpenFOAM

* fvc::snGrad(p)
* objectRegistryd]| SE =l gradient fieldE & OtAM AFESIES =X

correctedSnGrad.C

tmp
<
GeometricField
<
typename outerProduct<vector, Type>::type,
fvPatchField,
volMesh
>
> tgradvf
(
mesh.lookupObject
<
GeometricField
<
typename outerProduct<vector, Type>::type,
fvPatchField,
volMesh

>
>("grad" + vf.name())

Slide 51 — M E (YAEE 7|2 F L) — XACHF-
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Results

* Residual

° po=0

p_reh
Ux

1072 v
h

104 L

Initial Residual
=
-

o |
10712 |
o |
‘ ‘ ‘ ‘ - ‘ ‘ ‘ ‘
200 400 600 800 1000 0 200 400 600 800 1000
Iterations Iterations
(a) Gauss linear (b) reconstruct snGrad
TINEXTfoam
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Results

* Velocity

u

» k.
(a) Gauss linear (b) reconstruct snGrad
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Results

* Temperature

i
37300402

Zser2s

615
35575
35000402

(a) Gauss linear (b) reconstruct snGrad
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Results

* Pressure(p_rgh)

5056001
Enmu

I
945001
o256

o

T S

2067
022086

3526001

2067

(a) Gauss linear

400801

(b) reconstruct snGrad
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Results

* Velocity Vector

Givphvector Magnitude Glyphvector Magritude
5002 180002

Zoosiss

(a) Gauss linear (b) reconstruct snGrad

TINEXT/oam
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Results

* Velocity Vector

Glyphvector Magnitude
180002

Ghphvecto Mogniude
e
o Soonis
0040591 E 10409
oozazss o5
4530006

49400

(b) reconstruct snGrad

(a) leastSquares
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Limited Gradient A}22| 2X| &

* cellLimited gradient scheme

* dictionary
gradSchemes
grad(p) cellLimited Gauss linear 1.0;
° solve (UEqn () == —fvc::grad(p)); 2| 20|
/ {v . (pﬁﬁ)}dv :/ (V- F)dv — \11/ (Vp)dv+/ (0%)dV
vp vp Vp Ve
[ ——

?7?

W : slope limiter
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* laminar flow past a circular cylinder
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* Lift Coefficient
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Slope Limiter

* Face valueE reconstruct& [l A

¢r = ¢p +7-{¥(Vo)r}
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Slope Limiter
* Convection Term O|AtS}

/VP {v - (oU0)}av ~ zf:mfﬁf

* linearUpwind
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Slope Limiter

* fvSchemes dictionary

system/fvSchemes
gradSchemes
{
default
grad (U)
}

Gauss linear;
celllLimited Gauss linear 1.0;
divSchemes
default Gauss upwind;
div (phi,U)

Gauss linearUpwind grad(U);

div ((muEffxdev2 (T (grad(U))))) Gauss linear;
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