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1. FtEHE
MRFSimpleFoamZF|FAL, /20D ZER D h TI7 & 8 {URIIZElERE
t, BNEHELE T, CEE  ABRECEBLEBMBEIHYET D To0 o)

2. ETIL
TREBIKIIILAAREL, ZBHIZEELTEIAAKRINTEY, ZOMD4@E(E
BLLET ., I7UERRICENMMTULET, T7 D RIERE I ZETY,

[ #5 54 (F5000rpmé&

ZEOD{%F#EJW 20000rpm D2/ S8 —>

Ve

EE
2011.11.19
F—FCAE ZoEM#HL UEE i FE Tt —
2. ETIL

SEIOFETIE, IJ70EEERESELDTELS, IJ7028CHEEICTY
FVNEEZET, COEHETILTIE, MRFEFIENHEEZEERLTLE

ER

- Bounds
TJ7ozxBO KOl X range: -0.0772 to 0.0772 (delta: 0.154)
—CVEE‘A;LT:MRFﬁﬁﬁ ¥ range: -0.0772 to 0.0772 (delta: 0.154)

Z range: -0.035 to 0.035 (delta: 0.07)

Du
i

7]

:—Vp+,uvzﬁ—p_[2.axﬂ+§xax
— /

'
where, 7 = position vector of the rotating frame.

=
2} % % = the Coriolis acceleration term due to Totation.

- - — .
(1 x Q0 x 7 = the centripetal force term.

SIMULATIONS OF FLOW OVER WIND TURBINES
DNYANESH A. DIGRASKAR
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2. ETIL
TR, 772D TEIETREIZESIZHSTLVET,

Bounds

X range: -0.0724 to 0.0724 (delta: 0.145)
¥ range: -0.0719 to 0.0719 (delta: 0.144)
Z range: -0.025 to 0.025 (delta: 0.05)

727V DEZEIE145mm

- T7o0E, NESADENR STz Ak (hitp://www-
4m X 4m X 4m leiﬁ: roc.inria.fr/gamma/download/ MECHANICAL/

index0.php) MOF-TET, —HBRELEELTLFET,
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2. ETIL

772 DRARER % OpenFOAM2.0/HM 5 A D F=Surface mesh  toolsZ{#E>T
HEY

O: ZDFEEDRRK
®.

surfaceRefineRedGreen
EiE

Q:
surfaceRefineRedGreen
+surfaceSmooth

« BIRADL
FRGYS
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2. EFI)L

BEGLEFE 25—

T7oDRIRIE, RSAR6DQIZEASTDINE, blenderDIT—T7VEED

WEEZFALTEDLHTOEY,

Boolean Tools
Intersect

Add Union Madifier

779N ERDMRFfEZ £ blender CTHEYE T,

blenderCI7VDEAELYDLKRES B
SHFELLAEZZELT, Boolean

Difference TOOlSMHiOH—GZOEELébﬁij—o ﬁqu
add Intersect Modifier f3§3’3 & %iTO)'E‘, E.I.%:':Lz\go)t;b\zo
Add Difference Maodifier EHLFET . (RS1R36-515 1)

Bounds = "
X range: -0.0772 to 0.0772 (delta: 0.154) (b 155, |115370—GMRF$E
Y range: -0.0772 to 0.0772 (delta: 0.154) iﬁ’éfﬁﬁk
Z range: -0.035 to 0.035 {delta: 0.07) (RS5A(K52-55508)
2011.11.19 7/55
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3. REFM (EL0&H)

-ELRETIL
kOmegaSST

- 77> DEEREN
5000rpm, 20000rpmd25&

-U,p.k,omegaD & TE: R TMK9-165H

*fvSchemes/divSchemes
upwind, limitedLinear 0.5, limitedLinear 10354

Ay EE 25N

No 4 —R% | Z7>EEHK(pm) divSheme Aya

@ CASE 1 upwind

@ CASE2 5000 limited linear 0.5 | #2#E

@ CASE3 limited linear 1.0

@ CASE 1B upwind bic|

B) CASE_1A upwind

® CASE2A limited linear 0.5 1=

D Ee— 20000 . -

@ CASE3A limited linear 1.0

CASE_1C upwind bic|
2011.11.19
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3. EXKMH(U)

internalField uniform (0 0 0);
boundaryField
{

turbine_fan_Mesh

{
type fixedValue;
value uniform (0 0 0);

}
wall 6

{
type inletOutlet;
inletValue uniform (0 0 0);
value uniform (0 0 0);

}
wall 5

{
type inletOutlet;

inletValue uniform (0 0 0);

wall 4

{
type fixedValue;
value uniform (0 0 0);

§
wall 3

{
type fixedValue;
value uniform (0 0 0);

}
wall 2

{
type fixedValue;
value uniform (0 0 0);

}

wall 1

{
type fixedValue;

value uniform (0 0 0);

}

WREFLEFECZ—

=

Bil#& @ TinletOutlet

T7y, BETEEO

inletOutlet

FAA T
WMAT D EEEERE (T4 V7 V&M
9% & & zeroGradient (/AT &)

value uniform (0 0 0); }
}
2011.11.19 9/55
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3. XEEMH (p)
internalField uniform 0; wall 4
{
boundaryField type zeroGradient;
{ }
turbine_fan Mesh wall 3 \
{ {
type zeroGradient; type zeroGradient; \ \
} h
wall 6 wall 2
{ { HIRE CTE A0 (KRKEK)
type fixedValue; type zeroGradient;
value uniform 0.0; } J7y, BETERENEO
} wall 1
wall_5 {
{ type zeroGradient;
type fixedValue; }
value uniform 0.0; )
}
2011.11.19 10/55
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3. BRESEM (k, w) 5000rpmiF

Turbulent energy-

The turbulent energy, k. can be computed as: -

WREFLEFECZ—

B HAO

3 HE 3
. 9 o 2 (A TENIRE) 0.05
k=3 UI) UGHRHGRE m/s) i
. K 0.00375
Where U is the mean flow velocity and [ is the turbulence intensity. «  d(E#mm) 4000
(FHENDRER7—IL m) 0.28
Cu 0.09
From the turbulence length scale. w 0.399297853
it VK
w=Cy' —
I J7y
C 15H i
Where s a turbulence model constant which usually has a (HENBRE) 0.15
value of .09, kis the turbulent energy and [ is the turbulent UGRHZE m/s) 37.96091123
£ 9y th k 48.63478887
length scale « d(lE?%mm) 185
(HENADRERT—)L m) 0.01295
Cu 0.09
w 983.202834
http://www.cfd-online.com/Wiki/Turbulence_free-stream_boundary_conditions
s JE 24
7 —T2CAE FOFIHR WREHEEFE 57—
SN~ 4
3. FREEHE (k, w) 20000rpmAF
Turbulent A
urbulent energy A EE' H:'.]\El
The turbulent energy, X, can be computed as: - —
3 ¥ ° HE R
o r 2 (HENhiRE) 0.05
k=3 UI) UGHRHGRE m/s) i
' k 0.00375
Where U is the mean flow velocity and [ is the turbulence intensity. » (B fEmm) 4000
(HENADRERT—)L m) 0.28
Cu 0.09
From the turbulence length scale. w 0.399297853
oyt vk
w=Cy' —
L. a7
C EE 3
Where s a turbulence model constant which usually has a (HENBRE) 0.15
a I . UGRHERE m/s) 151.8436449
value of (.09, is the turbulent energy and [ is the turbulent K 778.156622
length scale « d(E FEmm) 185
(HENDRERT—)L m) 0.01295
Cu 0.09
w 3932.811336

http://www.cfd-online.com/Wiki/Turbulence_free-stream_boundary_conditions

2011.11.19
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3. EREEMH (k) 5000rpmAF

WREFLEFECZ—

internalField uniform 0.00375; W{a“—“
boundaryField type kqRWallFunction;
{ value uniform 0.00375;
turbine fan Mesh ; \
{ - wall 3
type kqRWallFunction; d ) ¥
value uniform 49: type kqRWallFunction;
! ’ value uniform 0.00375;
} e .
v{vall_6 wall 2 A1 M TinletOutlet
type inletOutlet; { - 7, _EE—C;U ok
inletValue uniform 0.00375; type qu,WEIHF unction; BxE5Z%
value uniform 0.00375: value uniform 0.00375;
’ ¥
\}Vall 5 Wall_l
- { |
type inletOutlet; type quWallFunctlon;
inletValue uniform 0.00375; value uniform 0.00375;
value uniform 0.00375; }}
2011.11.19 13/55
F—2CAE FEoMf#E WEGLEEZE 25—

3. BREEMH (k) 20000rpmAF

internalField uniform 0.00375;

boundaryField
{

turbine_fan Mesh

{
type kqRWallFunction;
value uniform 778;

}
wall_6

{
type inletOutlet;
inletValue uniform 0.00375;
value uniform 0.00375;

}
wall 5

{
type inletOutlet;

inletValue uniform 0.00375;
value uniform 0.00375;

2011.11.19

wall 4
{
type kqRWallFunction;
value uniform 0.00375;

}
wall 3

{
type kqRWallFunction;
value uniform 0.00375;

}
wall 2

{
type kqRWallFunction;
value uniform 0.00375;
§

wall 1

{
type kqR WallFunction;

value uniform 0.00375;
}
§

Bl ¥ M TinletOutlet
J7y, BTRLAK
Ex52%
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3. BREEH (w) 5000rpmAF

internalField uniform 0.4;

boundaryField
{

turbine_fan Mesh

{
type omegaWallFunction;
value uniform 985;

}
wall_6

{
type inletOutlet;

wall 4
{
type omegaWallFunction;
value uniform 0.4;

}
wall 3

{
type omegaWallFunction;
value uniform 0.4;

}
wall 2

{

WREFLEFECZ—

Bil#& @ TinletOutlet
J7y, BETERLS

inletValue uniform 0.4; type ome'gaWallFunction; wEx52%
value uniform 0.4: value uniform 0.4;
’ ¥
\}Vall 5 Wall_l
- { |
type inletOutlet; type omejgaWallFunctlon;
inletValue uniform 0.4; value uniform 0.4;
value uniform 0.4; }}
2011.11.19 15/55
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3. BREEH (w) 20000rpmAF

internalField uniform 0.00375;

boundaryField
{

turbine_fan Mesh

{
type kqRWallFunction;
value uniform 3935;

}
wall_6

{
type inletOutlet;
inletValue uniform 0.00375;
value uniform 0.00375;

}
wall 5

{
type inletOutlet;

inletValue uniform 0.00375;
value uniform 0.00375;

2011.11.19

wall 4
{
type kqRWallFunction;
value uniform 0.00375;

}
wall 3

{
type kqRWallFunction;
value uniform 0.00375;

}
wall 2

{
type kqRWallFunction;
value uniform 0.00375;
§

wall 1

{
type kqR WallFunction;

value uniform 0.00375;
}
§

Bl ¥ M TinletOutlet
Jry, BTERLS
wiEF52%
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4. 2y aMIERK

castellatedMesh true;
snap true;
addLayers  true;
geometry
{
turbine_model_fixla m.stl 7Y
{
type triSurfaceMesh;
name turbine_fan;
}
MRF _area_m.stl MRF%E@
{
type triSurfaceMesh;
name MRF _area;
}
|5
castellatedMeshControls
{
maxLocalCells 2000000;

maxGlobalCells 2000000;
minRefinementCells 0;
nCellsBetweenLevels 1;

2011.11.19

features

(
{

file "turbine_model fixla m.eMesh";

level 0;

}
{

file "MRF_area_m.eMesh";

level 0;

}
)

BEGLEFE 25—

~

surfaceFeatureExtractFi

refinementSurfaces

{

turbine_fan

level (3
}

MRF area
{

6);

MRF®D Ay 15818 %155

level (3 6);

faceZon

e MRF _area;

cellZone MRF area;

zonelnsi

de true;

LAY 2D IFE [Elevel (3,5)

17/55
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4. 2y aMYERL

resolveFeatureAngle 30;
refinementRegions

// refinementBox

/14

// mode inside;

/I levels ((1E15 4));

expansionRatio 1.0;
finalLayerThickness 0.3;
minThickness 0.1;

nGrow 0;

featureAngle 30;
nRelaxIter 3;
nSmoothSurfaceNormals 1;
nSmoothNormals 3;
nSmoothThickness 10;

1} maxFaceThicknessRatio 0.5;
thickness to medial
locationInMesh (1.01 1.01 1.01); | A<, a1 L DI = maxThicknessToMedialRatio 0.3;
} minMedianAxisAngle 90;
snapControls nBufferCellsNoExtrude 0;
{ nLayerlter 50;
nSmoothPatch 3; nRelaxedlIter 20;
tolerance 1.0; }
nSolvelter 300;
nRelaxlter 5; meshQualityControls
nFeatureSnaplter 10; {
} maxNonOrtho 65;
addLayersControls maxBoundarySkewness 20;
{ maxInternalSkewness 4;
relativeSizes true; maxConcave 80;
layers minVol le-13;
{ minTetQuality 1e-30;
turbine_fan Mesh minArea -1;
{ minTwist 0.05;

nSurfaceLayers 2;

}
2011.11.19

minDeterminant 0.001;
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4. 2y aMIERL

minFaceWeight 0.05;
minVolRatio 0.01;
minTriangleTwist -1;

nSmoothScale 4;
errorReduction 0.75;

{
maxNonOrtho 75;
}
}

debug 0;
mergeTolerance 1E-6;

2011.11.19 19/55
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4 . )( \\J :/ a 0) 1’E E‘Z (*}% % ) Checking patch topology for multiply connected surfaces ...

Mesh Patch Faces Points Surface topology
esh sta.ts 222895 wall_1 1600 1681 ok (non-closed singly connected)
points: wall_2 1600 1681 ok (non-closed singly connected)

faces: 563993 .
. | faces: 534800 wall 3 1600 1681 ok (non-closed singly connected)
mtﬁrfla aces1,73053 wall 4 1600 1681 ok (non-closed singly connected)
Ee S.d hes: 8 wall 5 1600 1681 ok (non-closed singly connected)
oundary patches: wall_6 1600 1681 ok (non-closed singly connected)

point zones: 0
face zones: 1
cell zones: 1

turbine_fan Mesh 19593 23950 ok (closed singly connected)
MRF area Mesh 0 0 ok (empty)

Checking geometry...
Overall domain bounding box (-2 -2 -2) (22 2)
Mesh (non-empty, non-wedge) directions (1 1 1)
Mesh (non-empty) directions (1 1 1)
. Boundary openness (2.86669¢-16 1.54803e-16 5.29612¢-16) OK.
pyramids: 0 Max cell openness = 7.20125e-16 OK.
tet wedges: 120 Max aspect ratio = 21.6883 OK.
tetrahedra: 0 Minumum face area = 2.04145¢-08. Maximum face area = 0.0100632. Face
polyhedra: 34676 area magnitudes OK.
Min volume = 3.18458e-11. Max volume = 0.00100577. Total volume =

Overall number of cells of each type:
hexahedra: 136007
prisms: 2250
wedges: 0

Ch]ngmdg tOpglggy-; oK 63.9998. Cell volumes OK.
oundary definition OK. Mesh non-orthogonality Max: 65.8525 average: 13.2238
Ce}l to face addressing OK. Non-orthogonality check OK.
Point usage OK. . Face pyramids OK.
Upper triangular ordering OK. Max skewness = 3.13773 OK.
Face vertices OK.

Number of regions: 1 (OK). Coupled point location match (average 0) OK.

Mesh OK.

2011.11.19 20/55




F—T2CAE FOEIHHEHR WBEGTLEFE 75—
4 . )( \\J :/ a 0) 1’E J-_ljz ( *ﬂ ) Checking patch topology for. multiply connected surfaces ...

Patch Faces Points Surface topology

Mesh. stats wall 1 1600 1681 ok (non-closed singly connected)
points: 114490 wall 2 1600 1681 ok (non-closed singly connected)
faces: 306518 wall 3 1600 1681 ok (non-closed singly connected)
internal faces: 291677 wall 4 1600 1681 ok (non-closed singly connected)
cells: 96620 wall 5 1600 1681 ok (non-closed singly connected)
bOFmdafY patches: 8 wall_6 1600 1681 ok (non-closed singly connected)
point zones: 0 turbine_fan Mesh 5241 6279 ok (closed singly connected)
face zones: 1 MRF area Mesh 0 0 ok (empty)
cell zones: 1

Checking geometry...

Overall number of cells of each type: Overall domain bounding box (-2 -2 -2) (2 2 2)
he?(ahedra: 86852 Mesh (non-empty, non-wedge) directions (1 1 1)
prisms: 495 Mesh (non-empty) directions (1 1 1)
wedges: 0 Boundary openness (8.88687¢-17 2.0669¢-17 9.58054¢-17) OK.
pyramids: 0 Max cell openness = 5.56899¢-16 OK.
tet wedges: 19 Max aspect ratio = 17.8828 OK.
tetrahedra: 0 Minumum face area = 2.49171¢-07. Maximum face area = 0.0100661. Face

polyhedra: 9254 area magnitudes OK.

Checki ) Min volume = 5.08154e-10. Max volume = 0.00100727. Total volume =
ceking topology... 63.9998. Cell volumes OK.

Boundary deﬁmtlon. OK. Mesh non-orthogonality Max: 65.3845 average: 10.3595
Cell to face addressing OK. Non-orthogonality check OK
Point usage OK. ; '
. . Face pyramids OK.
Upper triangular ordering OK. Max skewness = 3.52413 OK.

Face vertices OK.

Number of regions: 1 (OK). Coupled point location match (average 0) OK.

Mesh OK.
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5. 5t&HR
p,U.k,omegaM YLK 5 (50001 &R )

‘ ©0.001 ‘ ‘ ‘
. Nl'\, h“l H‘H if| H‘H I‘ R
ilﬂ' (111 muuummummmw P 0 'LU wmnuumm mw 0.0001 M‘lwhm» nfr i} W‘ 1l mhu\ R A ey el

‘lf\ﬁmwi TG R ’LUMJMU‘M U\!u_ SRR IUI

0.0001

o 1000 2000 3000 4000 5000 5000 7000 000 1e-05 1e-07
o 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000

@ CASE 1 @ CASE 2 @ CASE 3

upwind&limitedLinearZ L #8395 EomegaD INFIKEEA KELERL D,
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5. FtEHER
p,U.k,omegaM YLK 5 (20000[E1ExR)

\!\M WWUIHM munlwlmnl\luw \iwluL i A
o .n“nmeme.mwvmnumu Mkl wlwummwuun

aaaaa
1111111111

777777777777777
oooooooooooooooooooooooooooo

@ CASE 1A @ CASE 2A @ CASE 3A

upwind&limitedLinearZ th#8 9% EomegaD INFIREEA KEEL D,

2011.11.19 23/55
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5. 5t&HR
Ay 2 E DY, U k,omegaDINERIZ K (X9 222 (5000[H &R )

Residuals Resziduals

.01
o001 Hif

0.0001 || §

1e-05

1007 . . . . . . . L L L L L L L
o 1000 2000 3000 4000 5000 6000 7000 8000 o 1000 2000 F000 4000 Fooo 2= Too0 OO0

Ay a MR HEREDIRHAKREGH>TIVS
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5. FtEHER
A9 2B E D, U komega® UK IZ R X9 F22 (20000[01E5)

L% o

o001 0.001
f

o.o001 |} o.0001 |

1e-05 [ de-u8 | RUNE

le-06 [ 1e-06 |

1e-07 1e-57 - - - - - - -
1000 2000 3000 4000 5000 000 7om a000

Ay a MR HEREDIRIAKREGH>TIVS

L L L L L L L
1000 2000 3000 4000 SO00 BO00 FO00 BO0O
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5. 5t&HR
TE DY (5000[E125)
No #—R%E |77 EEE(rpm) divSheme Ayoa | wall 5DRE | LLEE®%)
1 CASE1 | upwind 0.660 100
@ CASE2 | 5000 limited linear 0.5 | 1R#E 0.710 108
(:) CASE3 | limited linear 1.0 0.685 104
@) CASE 1B upwind bl 0.666 101
0.9 : = .7.8 —d |
0.8 0.76 /-\\ —@ |
07 HHHA=E 0.74 Q@ |
Z 06 /WI\A o7 w \ —_—
"5 05 ‘/,ﬁ E o M M
I | I
fig 04 — §i2068
0.3 I P— 0.66 7\\
0.2 3_ 6] &4 1
0.1 —a 0.6
0 j 0.6 ’
0 500 1000 1500 2000 0 500 1000 1500 2000
RALATT RALATHT
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BEGLEFE 25—

X T7> D9 ELEIE38m/s, 20000rpmTIE151m/s&%E 3,

U Magnitude
40

Eso

20

ko

2011.11.19

5. (T EHER
TREDUEK R (2000001 EE)
No #—R% |F7>[BEIERE#(rpm) divSheme Ayia | wall 5OFRE | LEFR®%)
® CASE_1A upwind 2.598 100
(:) CASE 2A 20000 limited linear 0.5 ZAE 2.736 105
(D CASE 3A limited linear 1.0 2.662 102
CASE 1C upwind * 2.623 101
3
25 ] n --T T T T ~
| [ S A M A M AN
- 2 | WMNWM,
E 1.5 11
g M I’ / upwindIZtb Rlimited  [— —9
! H ” linear(XIREND S, —@ |
0.5 | I —
] —
0 LN/
0 500 1000 1500 2000 0 500 1000 1500 2000
BALATwT BALATwT
2011.11.19 27/55
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5. it EHER
RESMIEIMRFEEHTHOMLOEZ TS, FER TIEAZLA5000rpmT

U Magnitude
150

125

Emo

75
k50
125
0

20000rpm
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5. BT E#E R (5000rpm)

CASE_1 upwind CASE 2 limited linear 0.5  CASE_3 limited linear 1.0

201 RN (25K 8) 29/35

F—FCAE E9EMHS BEHLEEE 25—
5. 5 E# R (20000rpm)

CASE 1A upwind CASE_2A limited linear 0.5 CASE 3A limited linear 1.0

U Magnitude U Magnifude)
80 50

I4U L
30

§20
|

£10

0

2011.11.19 FNOILE (R5K33B ) 30/55
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6. OpenFOAMT A Ry aviR—Rhi

OMRFEEB D LB A REHERETITAY 1 2ERLTEHE

EER RN IMAIZ > TLE 1128, 770 KYLEIDFEE M EIERL T
WAIRREIZHY, STEITHELINTE N, EERICEFBICKELELLGYEMNL
LMEIZAEoT=,

(e -ES) \
EIERFEIEEEFET S MRF area m.stliZH T, ;AR ARIEE &(E# (N

[E)[CIE> TSI ENRE,

BET—H

http://groups.google.com/group/openfoam/browse thread/thread/ff563b198c7818b2#

http://opencae.gifu-

nct.ac.jp/pukiwiki/index.php?plugin=attach&refer=%BE%F0%CA%F3%A1%A7%CA%D9%B6%AF%B2%F1%A4%CE%BC%C1
%B5%BF%B1%FE%C5%FA&openfile=MODEL _file.Izh
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F—TCAE E9EMHSR BB EEE > 5—
6. OpenFOAMT A Ry ariR—Rhi

Q@77 DEESESARNEREEZATHE
fvSchemes/divSchemes® Gauss upwind&Gauss limitedLinear T, patchZ @18

TAHARENEEEDEWNILGE>TLEST-.

(FEfSNhI-EE)

CNIEET7VDREDEER TN, FEEEDIRREARL TSI ENE
LELDRE, T7DEMZEBY 5 THEL BEDERARICSEHT=D
NEREZLTWAILIZRY EmAEAFEREICTRTELEL DD, SHEMNHLL,
BB YRR D ESLHDAHTLEO TS,

COHFINMATEERE (ELINER) DRESISHNTETND, BLEH
[CEIERARZEIZLIzL. EEROARYFRARY G AR RE. RE
DEWNE5%FEE (upwindD AHDIEEH)

BEF—4

http://groups.google.com/group/openfoam/browse thread/thread/e801040a43701ec5

http://opencae.gifu-
nct.ac.jp/pukiwiki/index.php?plugin=attach&pcmd=open&file=CASE_1.1zh&refer=%BE%F0%CA%F3%A1%A7%CA%D9%B6%A
F%B2%F1%A4%CE%BC%C1%B5%BF%B1%FE%C5%FA

http://opencae.gifu-
nct.ac.jp/pukiwiki/index.php?plugin=attach&pcmd=open&file=CASE_2A.Izh&refer=%BE%F0%CA%F3%A1%A7%CA%D9%B6%
AF%B2%F1%A4%CE%BC%C1%B5%BF%B1%FE%C5%FA
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