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— Nz=30,000H (4z=0.06mm) - Nz=1,000,0007H (4z=0.06mm])

£ 1,150212] AXI 4 Z 320X AXI 4

D03 10kIHC] AKXt AL : 1,1508 D01, 320 J0E &&= HPC
LESE AHESHLIH 2-4H1°] 2! AKX ALE Jis (3AHA JIE 8-64HH°] HAXt 24 21

I'-I)|

= 182149] ZXt 7 = 5XJH0 AXt AN

O{Z0] HIEHAIXOI pHA! H|2 ZAH , Reynolds averaged Navier—-Stokes (RANS) 4} Al

™
(o]
o
S
O
O
)
4
@)
f
(@]
i

[41 DONG-A UNIVERSITY
@ ZMYSHEZ A}




Sl T 2
S gy
v_uily V+ W+
S LR 5E
3u72x V+ WlT
SMRIEIR S
u; — e S
T T
N +
& &le e
[
I I ___
lo =
Mo :
=
-
U s ee e
TSI
e + + +
_ & S|c &S nmia
Q SY Q Q

15
time (sec)

o

(']

v DNS

- TM=00| 04 S0l= B2

[H0

o
m
Uio

nl0
110
BJ

<ar

o
uir

0]
o]

ol
KO

JI

4

XHOIM
XM

Rr
o]
oll
Kq

HlME 2 24 28 (M 2Kt 001)

Il

5
<ar

[t
HO

JI

Rr

~
0

1

=
m <
o B
ol O
Ho ©0
5 K
2 0
2 ol
il |
(e
S Ol
=,
S KO
b0 )
w0
B3
o e o)
20 T R
R 2
0. = ©
= 5
= < W
R R RO
N Bl 2
= ol O
qr K4 J
= N2
0 S
s K < mm
ﬂw_ R’ OZH
»n n ZH
% TS 30 Mmﬁ
= o0 m%ou
N mﬁ
B

[

(€202) 22NY0 w01



op (dlu d*u dzuj
=y S+

o M a
_0p dv dv dv
rfrrn 4 T
_ap dw d'w d*w
—— "o ﬂ(dxz+dy2+dzzj
timne (sac)
v BANS O0HA
- USRS AX 371 32 S (one-point model)
- ZgSt ATINME HET YL *QI AJ1JL ETHOIE = @A 24
-l AU ATNIME YRS = HE K30 &3

& 1 DONG-A UNIVERSITY
@ ZMYSHEZ A}

10t OKUCC (2023)



OpenFOAM= O| 23} CFD

v SUFHIOHNAL] M B (AKX 2T JHY)

m
A

g DNS
3
2 (NS, LBM)
':c: no model
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P ;J[ i g model LES

S N 2@ Slz| £
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v HAQHIONAL] A et

m
3 _
g DNS
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S o 2 AHE:
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212l E[ timit#DNs :
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i " o RANS
very low fidelity very high =
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v ME2 U5 D0 (Hst I@o}
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0<x,y<2m

u = cos(x) sin(y) e 2v¢

v = —sin(x) cos(y) e 2"

p= ——{cos(Zx) + cos(2y)}e~ "t

0.51

~ 0.0
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v S8 AXIE 0188

- OpenFOAM?] & AXI D= HA Big

- Z3 AN SH M X KA Wet 5

- OpenFOAM & Xt ato|= 2] JHA
i

side <zone 0> outlet <zone 0>

(U : symmetry)

p : symmetry p:0

oversetl
<movingZone>
U : overset
( p: overset)

inlet <zone 0>
(U (< 0~3> 00))
p : zeroGradient

DONG-A UNIVERJ\TErSet
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(U : zeroGradient)

! Suggar++ ct0|=cicd] Hiul

cell type cell type

OpenFOAM log Ux contour

#0 Foam::error::printStack(Foam::Ostream&) at 7?:?

#1 Foam::sigFpe::sigHandler(int) at ?7:?

#2 72 in "/lib64/libc.s0.6"

#3 Foam::divide(Foam::Field<double>&, double const&,
Foam::UList<double> const&) at 77:?

#4 Foam::tmp<Foam::GeometricField<double, Foam::

cyclicAMI
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v IHHIHIOIM X &4 OI= 1x8
- STAR-CCM+E 02t FHH[HI01M oA J1® HE
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v IHHIHIOIE X &4 OIF 1E8

v ESt L= E%l x_-l|_g_
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v IHHIHIOIE X &4 0= 1E%)

\

(a) side view of weighting coefficient for DKE model (b) rear view of weighting coefficient for DKE model
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v IHHIHIOIE X &4 0= 1E%)

(a) k- SST at x/L,
0.6

=0.11 x/L

duct

=0.43 x/L,,.=0.75

duct duct ]
= i y
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(a) b, of k- SS (3D view)  (b) A, of k~® SST (side view)
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v IHHIHIOIM X &4 0= 152 (FAd)
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v OpenFOAM D= 2201l tHet Ol0H

OpenFOAM

Sol rformace
PCG, GAMG, PBiCG

GeometricField<vector,fvPatchField,volMesh>

DimensionedField<vector, volMesh>

fuMesh mesh_¢& mesh() <
dimension [kg. m, 5, K, mol, A, Cd]

100bject, fvMesh, ...

FieldField<fvPatchField, vector>

PtrList<fvPatchField<vector> >

UPtrList<fvPatchField<vector> >

Ulistevector>
setsize() : vector* nv = new vector[~]

label size_ ¢ size()

vector* v_ ¢ operator(]

UistefvPatchField<vector>* > ptrs_

| UlistefvpatchFieldevector>* >
| fwPatchFieldevector>* ptrs_ ¢ operator(]  return *(ptrs_
| setSize(~)

ref{), internalfield(), v(), primitiveFieldRef()

U[~) : “th vector
U.ref()[~] : ~th vector
Leeeb U.mesh() : fvMesh =

U.boundaryField() : Boundary
U.boundaryFeild(}[~] : ~th fvPatchField

{ etstetvparch>
| Ustchvpatch® > purs,
| vustetvpateh® >
fpatch® ptrs_

msmr)

time(), S(), (), Cf) ..

Tstream defaumatscheme.
etauttioterpoiat
dictionsey sovers_
dictionary
regiOobject

surfaceScalarField® weights_ deltaCoeffs_

fuMatrix<vector>

g i_ & psil)
dimensions_
Field<vector> source_ « source()

| Field<vectars, List<vectors, Ulist<vector> vector® prs_

FieldField<vector> internalCoeffs_ & internalCoeffs() )

Field<scalar> *lowerPtr_, upperPtr_ diagPtr_ & lower(), upper(), diag()

[ _smooter [l recondiosone: |

* >, UPtrList<Fi >

triist
Field<vector>® ptrs_

FieldField<vector> boundaryCoeffs_ & boundaryCoeffs()
f », UPtrListeri R

Field<vector>* ptrs_

salve()

oo fuMatrixevectors (fvm::ddt{U)]

Combination of New, declareRunTimeSelectionTable, virtual fuction

New{U_mesh(), U.mesh().
1", “backward” in Hfuschy
User’s choice by runTimeSelectionTable

“Euler”, *Cr

(“ddt{V)")).cef{)fmDdt(U)

+ virtual femDdt()

ype, fuPatchField, ddto
scalar rDtCoef = rDICoef_(ddt0).value()
m.diag(} oef*mesh().v();

- gtemriies

S g -ak i SRR -alE G e

(IR P R T
. i

e e A
"—'r e e e
FRrar—
PR ST D AN A
;{ eI

|_ fum saurce() = (rDtCoef*vt oldTimef . primitiveFiela() +
offCentre_(ddt0.primitiveField()))* mesh().v();

15 arder octurote assumption i time in order to decouple spatial
derivatives from the temporal derivative

fv::ddtScheme<vector>

virtual fumDdt), fucDdt()
virtual fucDdtPhiCoefH), fecDdtPhiCorr() ...

makeDeltaCoeffs()

ip U.mesh().boundaryMesh) : fvBoundaryMesh

U.mesh().boundaryMesh() : fvBoundaryMesh «

fvBoundaryMesh

i

polyPatch polyPatch_ ¢ patch()

stan;rsi’xe(l, (), ), S10, (), deltal), weights(), deltaCoeffs()

List<fvPatch® > ptrs_

| Ulistetvpatch® >
| vPatch* ptrs_ & operator(): return *(ptrs_{l);
| setsize(~)

U.mesh). + fvPatch

U.boundaryField() : Boundary
U.boundaryFeild()[~] : “th fvPatchField

fvPatchField<vector>

\_ € patch()

ype, fvPatch,
“fixedValue”, “zeroGradient” in 0/U
User’s choice by runTimeSelectionTable
oeffs(), oeffs()

virtual
”

+ U.mesh().boundaryMesh(}{0].patch() : polyPatch ==

polyPatch
o

New{name, dict, index, polyBoundaryMesh)
“patch” in constant/polyMesh/boundary
User's choice by runTimeSelectionTable

Combination of New, decIareRunTlmeSeIecnonTabIe, virtual fuction

movingWallVelocity<vector>
virtual correctBoundaryConditions(), write(Ostream)

fixedValue<vector>
valuelnternalCoeffs(), valueBoundaryCoeffs()
oeffs{), gradi oeffs()

fvPatchField<vector>
virtual correctBoundaryConditions(),

tions()
write(Ostream)

label size_ € sizef)
vector* v_ ¢ operator(]

setSize() : vector® nv = new vector(~]

Type : fvP;
Creation :

Boundary condition locations :

derived

Field, fvPatcl
y itis ), write(Ostream)

Field, fvP:
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OpenFOAM D E 7l &

v AE X 8AH 4 (gdb]

immersedBoundary library . m m m = = = - - === - -

-
] id Foam::immersedBoundaryPolyPatch::initAddressing() !
] sedBoundaryPolyPatch.C:1423 !
I |
I roid Foam::immersedBoundaryPolyPatch::calcImmersedBoundary() const ]
2# immersedBoundaryPolyPatch.C:117 I
L
7|E OpenFOAMLbrary — = =|m = = = = = = = = = = = = = —
1
1 oa oolList Foam::triSmfaceSearch::calcInside
3# triSurfaceSearch.C:253
! ¥
! “oam::volumeType Foam::indexedOctree<Type>::getVolumeType
I [4# indexedOctree.C:2624
1 ¥
1 oa umeType Foam::indexedOctree<Type>::getVolumeType
5i indexedOctree.C:401
! ¥
! oam::volumeType Foam::treeDataPrimitivePatch<Foam::triSurface>::getVolumeType
I # treeDataTriSurface.C:32
1 ¥
1 riSurfaceTools::surfaceSide |
! ¥
I
oam::triSurfaceTools::sideType Foam::friSurfaceTools::edgeSide
1 # triSurfaceTools.C:2138
e e e e e e e e e e e e e e e e e e e e e e == =
immersedBoundary library = = = = = = = = — m — — e — - - — =
cell (index : 56)
ImmersedCell.C:491~826
. ., I
¢ i L 195 // At this point, a 1-cell mesh is valid
©0502-0.09) ’
(0.05020,04) @ ! ® 496
(0.05030.04) : 497
©0503-0.09) 498 |
0202008 1o _— | \"L!ssluca]n{g:ﬂ
0303000 ————q= 500 constedgeList& cellEdges = edges():
(0.20.30.04) o < Lo 501
) 502 //Calculate min edge length for a quick check

503 scalar minEdgeLength = GREAT:
cell (index : 56) .

cellposts
¢ W __un U 814 faceOwner_[nFaces] = WET:
(00502.0.04) _ 5 .

(0.05020.04) Ly

L® 816 else
' 817 {

818 I/ Positive distance: dry fice
o — | 519 faceOwner_[nFaces] = DRY:

004)
004y

821 nFaces++,

825 faces_setSize(nFaces):
826  faceOwner_setSize(nFaces),

Femmmm e e e e e e — ==

DONG-A UNIVERSITY
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mmersedBoundary lbrary . m e e mm o o= o oo e - - -

void Foam::immersedBoundaryPolyPatch::initAddressing()
1# immersedBoundaryPolyPatch.C:1423

¥

void Foam::immersedBoundaryPolyPatch::calcImmersed Boundary() const
2# immersedBoundaryPolyPatch.C:117

immersedBoundaryPolyPatch.C:225

225 forAll (intersectedCell, celll) /2 point7t outside®i] 2= HP : DRY
226 { 253 else if (!foundinside && foundOutside)
228 const labelList& curCp = cellPoints[celll]; 254
229 256 intersectedCell[celll] = immersedPoly::DRY;
230 bool foundinside = false: 257 }
231 bool foundOutside = false; 258 else if (foundinside && foundOutside)
232 259
233 forAll (curCp. epl) 261 const vector span = cellSpan(celll):
234 { 262
235 if (pointsiside[curCp[epI]]) 266 if (tss nearest(C[celll], span/spanFactor_()).index() == -1)
236 { 267 {
238 foundInside = true; 268 i ell[celll] = i {Poly: TUNKNOWN;
230 ) 269 )
240 else 1 cell2H 0l inside 2t outside point?t Ct 1= AL - CUT
241 else
243 foundOutside = true;
244 intersectedCell[celll]] = immersedPoly::CUT:
245 nintersectedCells++;
2= point7} inside] Y= AL : WET
248 f (foundlnside && !foundOutside) / }
249 { }
251 intersectedCell[celll] = immersedPoly::WET:
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OpenFOAM D E 7} & 1H-

v OpenFOAM HE 9] Jis dlul 0t Gl Al

| pEqn.solve(mesh.solver(p.select(pimple.finallnnerIter())));

openfoam v2206 l

openfoam 4.1 }
1
1
1
: Foam::fvMatrix<Type>::solve Foam::fvMesh::solve
1 | fvMatrixSolve.C:318 fvMesh.C:576
1
Foam::fvMatrix<Type>::solve 1 1 l
fvMatrixSolve.C:61 :
1 : virtual SolverPerformance<scalar> solve Foam::fvMatrix<Type>::solveSegregatedOrCoupled
: dynamicOversetFvMesh . H:206 fvMatrixSolve.C:61
1
Foam::fvMatrix<Foam::scalar>::solveSegregated 1 l l
fvScalarMatrix.C:137 :
: Foam::dynamicOversetFvMesh::solve Foam::fvMatrix<Foam::scalar>::solveSegregated
1 | dynamicOversetFvMeshTemplates.C:601 fvScalarMatrix.C:164
1
1
| '
1
: Foam::dynamicOversetFvMesh::addInterpolation
: dynamicOversetFvMeshTemplates.C:319
1
' symmetric Matrix0l A asymmetric Matrix2 HHl= £&
Foam::lduMatrix::solver::New
» | versiond.1 : IduMatrixSolver.C:50 ——

version2206 : [duMatrixSolver.C:44

- OpenFOAM v22062] overset library0i| Cli{ oF OF-4.1 22 OF-722| O|A JtsH HE
-v22060| A EALE 22 ALt OF-4.10M =S SHAE 27
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OpenFOAM D E 7} & 1H-

v 0penFOAM Jls E419] GlIAl

v make Points & find Cell

systenyControlDict

97 plancDict

98 1

) fustPaiat (10 0);

100 secondPoiui (.10 0.5);
101 thirdPuiat (10 0.5);

102 umberOFdgePoints 10:

Equation
238 pafi][§] = secP + vIiuP-1)+ v2*juP-1)
539 cfillj] = mesh) find Cell(pal i)

;

: — o
W
o

et
P

¥ controlDict 0l ‘M|l = 20 3 LSH= point 44
v pointZ} FHRUE cel2 LM F cell index HE

— pointsBasedGeometry Templates C : 202

aunoPtr<interpolation<Type= nterpolators
(
interpolation<Types:

ew(" cellPoint”, volFkd)

gatherValues(Pstrenm.nProcs{));
atherProcl(Pstream: nProcs();

List=
Li sl

List<Type> Values:

List<scalar> procl;

List<Type> sortValues(makeC_size()).
List<vector> sontPi{makeC_size()).
forAllimakeC i)

ifimakeC_[i][0] = Pstream-myProcNo())

Values. (-dnter

‘procl append(i)

[i}. makeC_[i][1]. 1))

04 )
295 if{makeC_[i][0] =-1)

296

297 Waming[nFunction

298 Wl Ylypeis " << IGeometryType_iypeName{)
<< endl

209 << This poim(" << makePt_[i] << ") is out ofboundary." << endl:

300 ‘break:
e

¥ point, cell index, face index (default = -1) % interpolation Scheme &-&

const pointd pt.
barycentric& bary

284 vectored(a_- d );
285 vectorel(b_-d_

286 vectorel(c_-d )
288 temsor t

290 €00, L0, €230,
91 @030, eLy0, €230,
292 e0.2(), el.20), e2.2()
203 )
295 scalar detT = det(t);
297 if (Foam::mag(detT) < small)
1
299 // Degenerate tetrahedron, refuming 14 barycentric coordinates

301 bary = barycentrief0.25, 0.25,0.25,0.25)

303 return detT;
Y]

306 vectorres = inv(t, detT) & (pt -d );

308 bary[0] - resa:
309 bary[1] - res
310 bary[2] = res.20:
31 bary[3] = 1- cmptSumires);

313 return detT:

A
| =T ' r-rq)
As
where T is now a 3x3 matrix
Ty — Ty Ty Ty Xy Ty
T=|m-wm w-w m-w
H-n nhon B

and Ay = 1 = A) = Az = Agwith the corresponding Cartesian coordinates:

z =Nz + Mz + Mz + (1 - M —da = M)z
y=Xm + Ay + My + (1 - A - X~ A
=Mz o+ ez + Mz + (1= M = Aa — M)z

T| A | =(d-pt)

Ay | =T71d - pt)

_adj ()

= (d -
o) et (d—pt)

) DONG-A UNIVERSITY
| ZUHYSUHES S}

¥ interpolation Scheme (cellPoint) makelnternal Weights()

top (patch)

inlet

(patch) outlet

(patch)

bottom (Paich)

weight_[1]= dist_[1] (p[5]-Cc[1]) / sumDist
weight_[2]= dist_|2] (p[5]-Cc[2]) / sumDist
weight_[3]= dist_[3] (p[5]-Cc[4]) / sumDist

v pointE FF8HE B E facel|
boundary Type & check

2E empty 2 B : internal
Ot! A2 : boundary

makeboundaryWeights()

weight_[0]= dist_{0] (p[0]-Fe[33]) / sumDist
weight_[1]= dist_[1] (p|0]-Fc[41])/ sumDist
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Before After Before After
dynamicPolyRefinementFvMesh.C:239 dynamicPolyRefinementFvMesh.C writeIbMasks.C:160 writeIbMasks.
239 if 40 160 forAll (mesh boundary(). patchl) 168 forAll (mesh.boundary(). patchl)
240 ( 45 ( 161 { 169 ¢
241 timelD > 0 246 timelD >0 162 if (lisA<immersedBoundaryFvPatch>(mesh boundary()[patchl])) 70 if (tisA<immersedBoundaryFvPatch>(mesh. boundary()[patchl]))
242 && curTimelndex_ < timelD 247 && curTimelndex_ < timelD 165 171
M3 && || performU U8 &&(p || performt ) 164 sGamma.boundaryField([patchl] = 2 I / by SBLEE
44 ) 249 ) 165 magS{ boundaryField()[patchI] 173 sGamma boundaryFieldRefO)[patchl] =
us 250 { 166 ‘mesh boundary()[patchl] patchSlice(magRawFaceAreas): 174 magSf boundaryField([patchI)/
246 date current time index to skip multiple topo changes per single 251/ 167 175 mesh. boundary([patchl] patchSlice(magRawFaceAreas):
247 /time step 1 t I chat 168 gamma boundaryField()[patchi] = 176
248 curTimelndex = time{).timelndex(): T 169 sGamma.boundaryField()[patchl]: und ) i by SBLEE
. 2 nel timelndex( 17 ) 178 gamma boundaryFieldRef()[patchl] =
171 ebse 179 sGamma.boundaryField([patchl):
1 { 180}
173 sGamma.boundaryField()[patchI] = 1: 181 else
. 174 gamma boundaryField0[patehl] = 1; 182 {
337 if (sizeCellMap) Cell) 175 ) r Ol
338 { 176} 184 sGamma boundaryFieldRef)[patchi]
339 Info<= " lly performed polyhedsal " I c performed pol ine ! )[patch by SBLEE
340 << "Changed from " << nOldCells << " to " << sizeCellMap ianged fror Old¢ ( 186 gamma boundaryFieldRefO[patchl] = 1
1 cells.” < endl; 3 1 187
342 } 188}
M3 else
M4 {
345 Info<< "Refinement/unrefinement not performed in this time step " g Refinement/unref 1t not T i
346 'since no cells were selected.” << endl:
356 */ // by SBLEE
Before After Before After
immersedBoundaryOmegaWallFunctionFvPatchScalarField C: 145 immersedBoundaryOmegaWallFunctionFvE Field.C immersedBoundaryPolyPatch.€:102 immersedBoundaryPolyPatch.C:
145 immersedBor OmegaWallFunctionFvPatchScalarField:: 169 immer dary (WallFunctionFvP eld: triSurfSearchPtr 2] 850l surface®) B2 7} M F /0] 2/ %] 8.
i ¥ unctionFvP; larField 166 i di y paWalll tionFvPa larField New triSurfaceSearchitriSurface type ¥5) 7t B g
M7 ( 167
8 const i dBoundaryOmegaWallFuncti larField pif, 168 const YOmegaWi ScalarField& ptf, 0|5 1% miSurfaceMesh type®! ibMesh #%0] (riSurfnce) & 19 $H 2SR SHAEI T 0] AP surface®| H 27 riSurfSearchPl ##=F S0{7H7 2
149 const DimensionedField=scalar. volMesh>& iF 169 const DimensionedField<scalar, volMesh=& iF
1:“ ) l;m ) o 2H & HE5H7| 25 visurfacee] HEF rem HFE surface() B8 0| B0 HF
151 171:
152 omegaWallFunctionFvPatchScalarField(pte, iF), 172 omegaWallFunctionFvPatchScalarField(ptf, iF),
153 immersedBoundaryFieldBase<scalar 173 immersedBoundaryFieldBase<scalar> -
15t o R o A 1 bty
155 pifibPatchi). 175 pifibPatch(), . ’ N :
156 pifsetDeadValueD, 17 pifseDeadValued), 1y fsmSentp) 104 if(uisutSearshte )
157 pif.deadValue(y 177 pifdeadValue() 106 FawlErorinFunction 106 FamlErrorinFunction
158 ) 178 ), 107 <= "wiSurface search algorithm already exist” 107 =< "riSurface search algorithm already exist”
159 { 179 refValue (ptfrefValue ) // by SBLEE 108 << abort(FatalError); 108 << abort{FatalError).
160 this->setPatchType{ptf); 180 { w0} 09 )
161 } s-setPatchType(pth): / by SBLEE 110 110
182 this->patehType(j=ptf patchType(); 11 i i 11 urfSearchPr_=new triSurfaceSearch(ibMesh ):
183} 12 s - fesh_);// by SBLEE 112 /riSurfSearchPer_ tiSurfaceSearch((riSurface)ibMesh )./ by SBLEE
13 113 miSurfSearchPtr_= new triSurfaceSearch(ibMesh_surface()): /by CWKIM
114} 114
18}
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