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Background

* (Gas turbine g
> et [ &
=

o
= 2|¢t StLES| CH2F. > OpenFOAM

?(- -

~Corner vortex

Passage vortex

Horseshoe vortex

Turbomachinerv analvsis and interface A Large Eddy Simulation of Axial Turbine using ANSYS CFX

O pmmm, ) VRHEEESMIIA@SZ s HEE 27 9l
WDy - Y=Y EH,
-

- MRF(Multiple rotation reference frame) = H,
- Interface 7 E2[E| ER.

« 7|Z openFOAM H{ T 2| cyclicAMIS 24 BHA|

—

> LISt Interface 7+ & 2| E| 2 R: ggi, overlapGgi (frozen
rotor), mixingPlane (stage)

One passage geometry

Aturbine stage: stator(nozzle) /L L L e > foam-extend (community-driven version) 8| A| K=

vane + rotor(turbine) blade
(CFX tutorial)
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steadyuUniversalMRFFoam(SUMEF) Solver

foam-extend

Open Source CFD Toolbox
Status: Beta  Brought to you by:

« PIMPLE solver 7| &l

- [T =0 Qe of HX| & EAIS Z7| 23l Enthalpy Cif 4l Rothalpy —
(uiEqn.Hn)E 7:”A|_|- . # steadyni R

« AX| & 2| =0 @l ALO| Interface| Rothalpy jump & &

> overlapGgi BE= mixingPlane 75

(a) Commercial code

b
Figure 2. Illustration of a simple mixingPlane interface configuration. ‘w,/
(M Beaudoin et al, 2014, “Evaluation of an improved mixing plane (b) foam-extend
interface for OpenFOAM,” IOP Conf. Ser.: Earth Environ. Sci. 22 022004) Fig. 6 Temperature field comparison
mixingPlane (1. De Dominicis et al, “Enhanced Turbomachinery Capabilities

for Foam-Extend: Development and Validation,” OpenFOAM® :
selected Papers of the 11t OpenFOAM Workshop, pp. 145-

155, 2019. . . .
A calculation of 1.5 axial turbine

with foam-extend

An Execution of steadyUniversaMRFFoam
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Default condition

* Viscous heating term 4 =f. fvSolution
* KISTI(Korea Institute of Science and Technology Information) solver smoothSolver:
supercomputer
- B EOf A Z|CH 68 0] AtE. (foam-extend-4.10( A HE L E A PIMPLE
=71 {
e M| 7LX| ElH| S{AlO 2 FIAE nOuterCorrectors 1
1 7EA B2 S O_E_l _j' . nCorrectors 2;
- CFX tutorial 0| A K| S 5t= B bl nNonOrthogonalCorrectors 1;
. SO0 Tk EH| e : .
2P FEAH ) KISTI 5t national supercomputer, Eg:,irrezsrlilee \1/25’5
- NASA/GE E3 Low Pressure Turbine Cray CS500 } g ;
« foam-extend2| &= MRF solver AFE A| {2 O| F(=A|) 2. https://www.ksc.re.kr/eng/resour
> W EX O Z mixingPlane 3 ¥ 2 & 0| ces/nurion relaxationFactors
|
| ‘ /Il p 0.4;
/l  rho 0.01;
o "(Ulilk|omega|p|rho)" 0.5;
KARI uncooled i

turbine
Il g8 | "‘ fvSolution default setting

NASA/GE E3 LPT
¥ ’ X

Three different turbine geometries in various perspectives 6
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Rothalpy WK

. RHEQHIIEEIIAE KL o] £ A0 B £3 R ey W
(,i.’ — ,,‘,.’ F_)) Flow direction Rotor blade row U
. Bo @y
T= m(rngz —11Co1) W o)
07N, c= mH2 B £5, = Ml B S
A — — Wy2 I-«-—U—Cyz——;.
« Y= (Power) R

P =10 = 1m(Uyot2Co2 = Urot1Co1)

Fic. 2.4. Control volume for a generalised turbomachine.
O 7| A, blade speed, U,,; = Qr o
o (S.L. Dixon, 1998, Fluid Mechanics,Thermodynamics of Turbomachinery,4t" ed., ot G
* Specific work Butterworth-Heinemann)

AW =—=U,ot 2C92 — Uyot 1C91 — hOZ — hOl Fic. 5.2. Velocity diagrams for a compressor stage.

X &SI 29 O 2 Rothalpy (W M2 ML

1
ho == h + _CZ
hor — Urot1Co1 = hoz — Ut 2Cey = Const. 2

1 1
i=h +§CZ —U,otCg=h +§(C,§ + C§ — 2U,0:Co)

1= ho|= UpotCo

1
=h+ E(Cag + (CG - roi:)2 - 2ot)

Rothalpy jump 2
=h+ 5 (CZ+WwWg —Uky)=h+5 (WZ Ut

« 3|MO| SICHH “Rothalpy = Total Enthalpy” g
=h+ E (Uﬁel - Uzot)



2. mixingPlane Issue

MixingPlane error

« ZAHAX|

SHQ 2tO[E 2|0 M Fol &l Haof a2 A7 HEtA &Y
St 2.

Rothalpy jump O|&f& > 2 =9

A
—e
= L/

Time = 1

smoothSolver:

Solving for Ux, Initial residual
smoothSolver:

Solving for Uy, Initial residual
smoothSolver: Solving for Uz, Initial residual

BiCGStab: Solving for p, Initial residual = 1,

Final residual = 0.000349875, No Iterations 112
time step continuity errors : sum local = 0.816323, global = 0.120505, cumulative
BiCGStab:

= 0.120505
Solving for p, Initial residual = 0.434237, Final residual = 0.000235576, No Iterations 81
time step continuity errors : sum local = 1.27011, global = -0.525613, cumulative

= 1, Final residual = 0.0366622, No Iterations 2
= 1, Final residual = 0.0738305, No Iterations 2
1, Final residual = 0.0224172, No Iterations 2

= -0.405108
From function void gradientEnthalpyFvPatchScalarField: :updateCoeffs(const vectorField& Up)
in file derivedFvPatchFields/gradientEnthalpy/gradientEnthalpyFvPatchScalarField.C at line 141
Velocity fields U or URot or UTheta not found. Performing enthalpy value update for field i and patch ©
objects
46

(
(interpolate(alphaEff)*magSf)

- (devRhoReff&&grad(Urel))
K

MRFZones
RASProperties
)
T
TPrevIiter
U
Urel
Urot
\'
alpha
alphakff

Warning message in log at first run of compressible MRF solver
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3.8e+02
l 370
360

+- 350

340

330 —
- 320
%310
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g |

‘ 286405 \

o~
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Rothalpy at interface (no jump)

3.8e+02
l 370
360
+- 350
340
330 —_
| - 320
\ & 310
300
290
2.8e+02

(Discontinuous) Temperature at interface
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2. mixingPlane Issue R

MixingPlane error correction

. 7é||-_TI_’ <Stator outlet> <Rotor inlet>

https://www.cfd-online.com/Forums/openfoam/210386- I 400405 | 400405

. . . 380000 380000
unphysical-temperature-mixing-plane.html#post779039 e | e
350000 350000
@ July 29,2020, 03:55 2 3 340000 — 340000 —
- 330000 - 330000
WhiteW Thanks to Nlcola we also identified a solution for the case when UTheta ns deﬁned as volScaIarFIeld in: g%% 3%8888
Member src/ Is/basic/derivedFvPatchFields/mixingPl: P g IpyJumpFvPatchFields.C 300000 300000
:om‘ Da;: Dec 2015 Furthermore, running the tutorials of the steadyCompressibleMRFFoam, for Fe4.1, | also encountered the following warning: 2.8e+05 2.8e+05
'osts:
:eﬁ pes From function void gradlen!Enrha/pvaPa!chScalarFleld updateCoeffs(c onst vectorField& Up)
in file derivedFvPatchFields/fixedEr Field.C at line 135
Velocity fields U or URot or UTheta not found. Performing en!harpy value update for field i and patch 0
From function void grad:entEnrha/pvaPatchScalarFleld :updateCoeffs(c onst vectorField& Up)
in file derivedFvPatchField: dientEnthalpyFvF Field.C at line 141
Velocity fields U or URot or UTheta not found. Perfom'nng enthalpy value update for field i and patch 1
This solution also calculates URot as a copy of Urot to remove the previous warning.
1) The first thing needed is to add 3 fields in createFields.H: ¥s 2 ¥ 2
- tangential velocity vector UThetaV y y
- tangential velocity scalar UTheta |
- rotational velocity vector URot H . |
This can be done for example with: ROt ha I py (j u m p) at I nte rfa Ce
Code:
volVectorField UThetaV 3.8e+02 3.8e+02
( 370 370
"UThetav", 360 360
u - 350 \ = 350
): - 340 - 340
330 330

- 320

- 320
310
300
290
2.8e+02

o 2tAHAEl MRFZone filesOf| UTheta function code =7} I %
« createFields.H ! iEqn.HOf| URot & UTheta = =7t
> Rothalpy jump &f& > 2 A%

(Continuous) Temperature at interface

10
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Multi-stage error

« TR EF ARO[ 22 S B & CHA| 2.

* Upot = U — Upg
* Rothalpy: i = hy— U,»:Co
« CRtU &= &2 BHO XISHA| T S 2hakd 4= 9l &,

- [M2tM, Uy,

- - AL e~
p ¢ MO|O{OF of a1, T2 Zf £ 2heto] 2y &
»”w S A2 AF o
{ = AN .
-

£ A H 1 s Fo Gt —Fomm
2 | ========= |
! Vo & A4 r 3 [IANY / F ield | foam-extend: Open Source CFD
o i { i / ; 4 AN / O peration | Version: 4.1
{ ( S 5 5 ( 5 | AN 4 A nd | Web: http://www.foam-extend.orqg
2% [ % 6 | AN/ M anipulation |

! y < . 3 7 N
Foam- Q \ ) i Foam- 8 FoamFile
\ ) L 9 {
extend Xi b; \ eXtend 10 version 2.0;
! 11 format ascii;
3 12 class volVectorField;
CFX CFX | 13 location "2000";
14 object URot;
15 }
' LE //1(*******1(*************************
! d 17
§é= 18 dimensions [01 -1 000 071;

C - f 21 internalField nonuniform List<vector>
omparison o . 21 704520
ph | Comparlson of = : 1.343462 -41.384598 0) oot
rothalpy temperature 24 (-1.2631974 -41.387237 0) ):
2l (i 1o55055 _a1 3va05 o) An example of velocity triangle:
27 (-1.0222642 -41.394203 0)

different direction between Cyand U,,
An example of U, 11
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IRYTILIFTATA
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Uri inal code [ CwUsersWhahacar#AppDataLocalWTempWBNZ 63709921602 1d310WmixingPlaneEnthalpylumpFvPate...  — O *
g BEE EIG) EBIMW UIFPM AL EEM EF0) B2RE LT SHIAY T BE 2 X
e =1 A= 1 A=Y C [t | 2 x| EEB|=1 EERRDzE®| @ >
H createFields.HE3 [ iEqn,H _J] = mixingPlaneEnthalpyJumpFvPatchFields, C Eﬂl
68 67 é] if ~
69 g8 [ {
T0 //{ corrections 69 'this->db() .objectRegistry: : found (URotHame)
71 wvolVectorField URot //corrected(1008) T0O Il '"this->db().objectRegistry: : found (UThetaName)
J208 | ( 71 L )
73 "UORot™, 72 = {
T4 U - Urel T3 /f Velocities not available, do not update
75 = ) T Infoln
76 Ef* wolVectorField URot 75 = (
77 ( " "
78 ICobject 77 o
T4 { 78 £ ) << v £ = << URotHame << " or "
80 "ORot™, 759 << UThetaName << " not found. "
81 runTime.timeName (), g0 << "Performing entl update” << endl;
g mesh, 81
IOocbject::NO_READ, Jump_ = O;
ICobject: :AUTC WRITE P 1
Ve else
i T - Urel = {
87 i yiEs const fvPatchVectorField& URotp =
8 loockupPatchField<volVectorField, vector>(URotName) !
89 // create U_thetaV
Sa wvolVectorField UThetaV const fvPatchScalarField& UThetap =
51 = { lockupPatchField<volScalarField, scalar>(UThetalame) ;
G " v,
u if (Zotating )
94 L ): =]
. i // We can either make jump_ on neighbour field and interpolate (in
UTheta deflned as 96 // Create UTheta // jumpOverlapGgi) or interpolate first, then add jump for
oo —p | volScalarField UTheta // internalField
Sca |a r =k = { const scalarField UThetalIn = UThetap.patchInternalField():;
nyT an,
mag (U) = Jump_ = - (
= ) mag (UThetaln)
El/* wvolScalarField UTheta +mag (URotp.patchInternalField())
( = )
ICobject r }
( else
"UTheta", =] i
runTime.timeName (), const scalarField UThetaln = UThetap.pat eighbourField()
mesh,
ICobject = Jump_ = (
ICobject mag (UThetaln)
Y. *mag (URotp.patchNeighbourField())
), o _ } & Scalar product with
UTh eta tra nsfo rmed ! mrfZones.UTheta (UThetaV); = } .
o | ) [OTners = mag (UTaezan)s |+ magnitude value of
to magn itude 1 I JumpMixingPlansFvPatchField<scalar>: :updateCosffs ()
o . UTheta and URot
length : 2,273 lines: 135 Ln:117 Col:1 Pos: 1,886 Unix (LF) length : 3,735 lines: 120 Ln:92 Col:22 Sel:9|1 Unix (LF) Ulr== s T

createFields.H mixingPlaneEnthalpyJumpFvPatchFields.C 12
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Corrected code

//**************StaticDatamemberas*************//

namespace Foam

{
makeTemplatePatchTypeField

fvPatchScalarField,
mixingPlaneEnthalpyJumpFvPatchScalarField
)i
}

5e
51//***************’V'ember-’:unc-tions *************//
52
53 template<>
54 void Foam::mixingPlaneEnthalpyJumpFvPatchField<Foam::scalar>::updateCoeffs()

{
if (updated())
{

return;

¥

// Get access to relative and rotational velocity
const word URotName( Nk

/*const word UThetaName("UTheta");*/

const word UThetaName( F

Vector value,
UThetaV

Jump_ = ©;
if

Ithis->db().objectRegistry: : found (URotName)
|| !'this->db().objectRegistry::found(UThetaName)
)

// Velocities not available, do not update
Infoln

(

<< << URotName <<
<< UThetaName <<
<< << endl;

117
118
119
120
121
122

123 }

124
125

else

{

X

I URYFILI=ATA
Korea Aerospace ResearcH INSTITUTE

Jump_ = 2;

const fvPatchVectorField& URotp =
lookupPatchField<volVectorField, vector>(URotName);

const fvPatchScalarField& UThetap =
lookupPatchField<volScalarField, scalar>(UThetaName);*/
const fvPatchVectorField& UThetap =
lookupPatchField<volVectorField, vector>(UThetaName);

if (rotating_)
{
// We can either make jump_ on neighbour field and interpolate (in
// jumpOverlapGgi) or interpolate first, then add jump_ for
// internalfField
/*const scalarField UThetaIn = UThetap.patchInternalField();*/

Jump_ = - (
// mag(UThetalIn)
//*mag(URotp.patchInternalField())
UThetap.patchInternalField()
&URotp.patchInternalField()

2

}

else

/*const scalarField UThetaIn = UThetap.\patchNeighbourField();*/

Jump_ = (

// mag(UThetalIn)
//*mag(URotp.patchNeighbourField(\) )
UThetap.patchNeighbourField()
&URotp.patchNeighbourField()

¥

Inner product with

jumpMixingPlaneFvPatchField<scalars: :updateCoeffs();

vector value of

mixingPlaneEnthalpyJumpFvPatchFields.C
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Corrected result of E3 LPT 2 stages

* Rothalpy jump 27 3 Ehup BFALO|Q| =G =% X off 2.

4e+05 After 1.4e+05
130000 130000
125000 125000
1120000 1120000
_ 115000 _ 115000
— 110000 — 110000
X X — 105000 — ~ 105000 — :
2 2 — 100000 - 100000 s
__ 95000 [
~ ~ - 90000 - 90000 A A - |
85000 85000 ,ggg ggg
80000 80000 [ [
7.0e+04 7.0e+04 3.46+02 3.46+02
Rotalpy Temperature

14



2. mixingPlane Issue

Corrected result of E3 LPT 5 stages

* Rothalpy jump @& & Tt B ALO|2] S AE X o 2.

Absolute
velocity

Pressure Rothalpy Temperature

— 360

390
380
370

£ 80000 - 399

— 340
60000 [ 340

— 40000 — 320

K/|\R| IRYTILIFTATA
Korea Aerospace ResearcH INSTITUTE

4.1e+02

| 300
20000 399
0 280
0.0e+0C _1.8e+0 2.6e+02

i5
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3. Wall Temperature Issue

KARI turbine

Ok

0

AU M 2 ASH (un)cooled turbine

- 56 Nozzle vanes
- 104 Turbine blades

 ANSYS TurboGrid = OpenFOAM grid 2 B2l

_

- (Fine grid)

- Wall distance = 2e-6 m
- Number of element of stator: 643,376
- Number of element of rotor: 1,102,895

Boundary conditions of design point

CFX OpenFoam
Inlet Total Pressure 30.685 [bar] totalPressure 3068500 //Pa
Total Temperature 1400 [C] totalTemperature 1673 //K
Outlet Average Static Pressure 11.5 [bar] uniform 1150000 // Pa

Rotating / MRF

-17000 [rev min”-1]

-1780.236 // rad/s

Fluid

Calibrated Ideal Gas

sutherlandTransport
janafThermo

Turbulence

SST

kOmegaSST

K/|\R| IRYTILIFTATA
Korea Aerospace ResearcH INSTITUTE

KARI Uncooled turbine
TurboGrid mesh

Side view of 15t turbine stage

17



3. Wall Temperature Issue

Calculation results at span 0.5 of KARI turbine

K/|\R| IRYTILIFTATA
Korea Aerospace ResearcH INSTITUTE

Pressure

Velocity

Relative velocity

CFX result

uuuuuu
00000000000

Urel Magnitude

— -
O0O00000000 ———
O—=Nwbhoo~w®O — N

Foam-extend
result

&< ¥

Ma Temperature

Temperature
Isosurfe 1

surface
1700.000

1566.667

1433.333

1300.000

MaUu

o[>0 }O
20|>TH

2y, O
JE
rto
|.|'|
oz

Viscous heating

termOj| &2+ 810|
AL

H 25 M5,

gradientEnthalpy =&
= zeroGradientO|
o2k Q0| 8 2
At

o oO.

Rotating domain &+
OfL| 2} stationary
domain| A & &
=k 45,

18
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Wall temperature rising, analysis

A o =L &lit O ALS e
. S £ X 0|52 & ST = $HH, OpenFOAM v.7 H{ O M EH &8 FEQL FAISH 2 =& AHE,
. —
* foam-extend HT | EHZS2 2T 8 8 2= 0= 41, > O|HX| 24 HE EQ.
ey = h + = U2 : SR —Gr s —
stag — >
Velocity g | e
boundary 2 2 & 4
layer develops - K IE ! f I | = EN
toward outlet | OF7 ki | Extend4.l  |° || = Extenddl @
CEX rhoSimpleFoam rhoSimpleFoam steadyUniversalMRFFoam
T shroud3 T shroud3 T shroud3
== =1578.5 K = 15225 K = 1666.3 K
Temperature [ i .

Temperature _— _— -
boundary layer [ | u oo
develops along x | .x o * &

with velocity Yow o oo
boundary layer - ‘ I, [ . I, i, .
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Energy Equation (1), Intergral equation

dE d

o ‘n)dA =
Frialrr (jcvepdv> + -[cs ep(U -n)d + Source

dQ
dt dt
d : : : :

_<j epdV> +j ep(U-n)dA =(Q — (WS + W, + Wv) + Source
dt \Jey cs

=0 — (WS + fcsp(U ‘n)dA — fcsr' UdA) + Source

where,

1
— — N 2
€ = Cinternal T Ckinetic T Epotential T €other = U + E Uc+gz

dw : : : :
E =W = Wshaft + Wpressure + inscous stresses

(White, Frank M., 2011, “Fluid Mechanics,” 7t ed., McGraw-Hill, NY) 20
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Energy Equation (2), Differential equation

* Integral equation where,
d Q——i( )+i( )+i( )| dxdydz
dt (jcvepdv> ¥ —[cs ep(U - m)dA T ox M T gy V) T g, Y
: . . = —(V-q)dxdydz = —(V - (—kVT))dxdydz
=Q—(Ws+j 'p(U~n)dA+Wv>+Source ( )
csS _
 Differential equation 9
L.H.S. == _(UTxx T VUTyy + Wsz)
9 9 9 9 510%
= 3¢ (pe) + EP (pue) + P (pve) + 3, (pwe) | dxdydz + o (utyy + 0Ty +wTy,)
d
=3¢ (pe) + V- (pUe)] dxdydz + E(urzx + v,y + WTzz)] dxdydz
=-V- (U . rij)dxdydz
R.H.S.
= [\7 -(kVT) -V -(Up)+ V- (U - T; j) + source] dxdydz — | i
a q,:—k%—-—-o i — ("‘+r';:’\' (q,) dx
E(pe)+\7-(pUe)=\7-(k\7T)—17-(Up)+\7-(u-rl-,-)+s | m.

(White, Frank M., 2011, “Fluid Mechanics,” 7t ed., McGraw-Hill, NY) 21



3. Wall Temperature Issue KA\RI orm .2 mer ey

Energy Equation (3), Differential equations

 Expansion of equation e=uU+K+gz
5,
a—(pe)+\7-(pUe)=|7-(k|7T)—V-(Up)+|7-(U-1:ij)+s 1
t K =-U?
2
0 R R p .
%(p(u+K))+l7- pU u+K+; = |7~(k|7T)+|7-(U~rl-j)+s h=ﬁ+;
* Internal energy form
0 0 Cp ho =h+K
&(pﬁ) +&(pK) +V-(pU)+ V- -(pUK)+V-(Up)=V- (paC—Vﬁ) + V. (U-rij) +s
v
k
* Enthalpy form “:E
d d
a(p <h —B)) +a(pK) + V- (pU(h —E)) + V- (pUK) + %Up)y=V":(paVh) + V- (U-Tij) +s an
p P Cp ===
* Total Enthalpy form
9, 0 "
57 (Pho) = 5= () + V- (pUho) =V - (paV(ho = K)) + V- (U - i) + 5 c, :%
e Then, Rothalpy form??
é ) ) i =ho—UprtUg
QHH V- (pUQ + UypoUg)) =V - (paV((l + Uyt Ug) — K)) +V7-(U-15) +s ro
- h+§(U,?el - Urzot)

22
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OpenFOAM eneray equation, rhoPimpleFoam (v1906)
— = - e o = = e R ersttcompressibletrhoPimpleFoamWEEgn.H - Notep) v
o HEE 27 27Iv) AZEmN) Aoy dFMm E=Fo) a3z HE® Fe{ael ¥ 2l ¢ o sI-.Q.
. 0) #32 ¥ ot s e ViSCOUSDissipation -2 Of]
cOHEEGRI4BRdC hs t | EE|51 EIEGAES EEE : P
B sonicFoam.C E3| B EEan H £3| B rhoPimpleFoam.C £3 = EEan.H Eﬂ T — -
1 E( @ openfoam / tutorials / compressible / rhoPimpleFoam / RAS / Tlunction / constant Findfile || Blame | History | Permalink
2 volScalarField& he = thermo.he(); QF / wopters
3 (oo JER
4 fvScalarMatrix EEqn S
5 O |
6 fvm: :ddt (rho, he) + fvm::div(phi, he) !
7 + fvc::ddt(rho, K) + fvc::div(phi, K) F———
8 = + (
9 | he.name () == "&"
0 ? fvc::div
11 =] ( ;
12 fvc::absolute (phi/fvc::interpolate(rho), U),!
= P | Bl ot
14 "div (phiv,p)" : 5y
15 L 3 ) !
16 ! 1 —dpdt : H H
S | ) ? * Energy equation of rhoPimpleFoam (v1906) |
18 - fvm::laplacian(turbulence->alphakff(), he) —
19 == [ )
20 “fvOptions (rho, he) ....I..n.t.e..r.n.a..|..‘.e.n.g.r.gy...fQ.rm_______________‘!_______________,I .
21 - ;T b pU \ P : !
22 | —(pu)+\7 (pUu)+—(pK)+\7 (pUK)+ V- | —p | =V-|pa=TVi + +s |
23 EEgn.relax () j e b Lo\ F___L . v L —— |
24
25 fvOptions. corl_sua_in_(ELqm_;_ _________ —e— En{haipy—fﬁrm- _____________________________________ |
26 epremeememmeme s ememeeee e e —————— ey s g ———————— — —
27 EEgn.solve() ; h h i ! : api h :
28 — V.-(pU — (pK V-(pUK)——=V"-(paV ! S
29 fvOptions.correct (he) ; (’D ) + (p ) + ('D ) + ('0 )i ,at: (} ) + +
e N L . ULy o
31 thermo.correct() ;
32 S .
S I( com) T Of| A| = fvOptionsE S5l viscousDissipations T/t = /U S. |
C++ source file length: 603 _lnes:33 | https://wwwiopenfoam.com/documentation/guides/latest/doc/guide-fvoptions- |
'Lsources-viscous-dissipation.html :

23


https://www.openfoam.com/documentation/guides/latest/doc/guide-fvoptions-sources-viscous-dissipation.html

3. Wall Temperature Issue K/I\RI orm .2 mer ey

o¥E BEEO #7© Efw HEZM oMy H2E0 EFO BEE 4T 339 B og 2 X
TR Pelamlax B -1 EEBhos @E >
|-_-]EE|:|n,HE!IEthn,H_J]EiEqn,H_JI

1 [ ~

[k

2 wvolScalarField& he = thermo.he () ;
9 fvScalarMatrix EEgn

5 —] {

6 fvm: :div({phi, he)

_ L +7

he.name () = "&"
S ? fveo::div(phi, wolScalarField("Ekp", O.5%magSgr(U) + pSfrho))
1 fve::div(phi, wolScalarField("¥", O.S*magSgr(U)))

11 = )
12 - fvm::laplacian(turbulence->alphaEff (), he) |
14 | fvOptions (rho, he)l

S Y T * Energy equation of rhoSimpleFoam (OpenFOAM v.7)

I
m

EEq’"IE““‘”I * Internal energy form | Y

fvOptions.confstrain (EEqgn) ;

| i C N
! +V-(pUn) + +§\7'(,0UK)+|7-(,0U%)§=V-(pa—pVﬁ>+ +s)

EEqn.solvet]1

T e T e R .

b3

[ ST O T O T T L T T o T U T S S B

fvoptions.coqrece(@e)i —— Enth alpy—fﬁrm———— 2 s -
& thermo.correct () 7 é é i i | |
& | +§|7-(pUh)§ +§|7-(pUK)§ =V -(paVh) + -|Jls:

24



3. Wall Temperature Issue

KA\R| URYFILI=ATA
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OpenFOAM energy equation, steadyUniversalMRFFoam

28 fvm: dlv:pﬁl, 1}

238 - fvm:

{ Viscous heating:

34 iEgqn.relax() -
iEgn.solwve ()

// From rothalpy, calculate enthalpy
h =1i + * (magSgr (Urot) - magSgr (Urel)):
4 h.correctBoundaryConditions () ;

42 // Update thermo for new h
43 thermo.correct () !

45 }

BEEep #E 2l RN 84y EED O EFO
o &= =] oI£i| | | i@ %ﬁ| t X |¢ ==
B EEanHE| EhEanHE B Ean i |
_ =T
24 fvScalarMatrix iEqgn
25 = {

:laplacian:tarbalewce >alphakEff (), i)

note sign (devRhoReff hq

after solution of rotl

psis = thermo.psi(),/thermo.Cp() *thermo.Cwv () ;

Rothalpy jump

Kinetic energy

* Rothalpy equation
7 (pUG + Upor

V- (pUi) + V - (pUUocUg) — V - (paVi) — V - (paV (Uror Ug —

fvScalarMatrix iEgn

fvm: :div(phi, i)
+ fvc::div(phi, volScalarField
+ fvm::SuSp(-fvc::div(phi), i)
- fvm::laplacian(turbulence->alphakff(), i)
- fvc::laplacian(turbulence->alphakff(), volScalarField(

URot)*mag(UThetaV)))

// Viscous heating: note sign (devRhoReff has a minus in it)
- (turbulence->devRhoReff() && fvc::grad(U))

Rothalpy

124500.00

116500.00
108500.00
100500.00
92500.00
84500.00

« Ll Rothalpy =4 X|2to 2 S| &2 =7t
- Rothalpy jump 0| TEL|0 25 HHAl.
- Rothalpy jump & M|H A0 8 2= &5,

>HESZ E8.

76500.00

44500.00

146405

120000

X
I<‘. ‘ 110000

90000
80000

|Eqn H with rothalpy jump.....

, (mag(URot)*mag(UThetaV)-

§- 100000 _

//corrected 230302

*magsqr(U))))

Corrected iEqn.H

1.4e+05

120000
110000

- 100000
90000 -
80000

|Eqn H without rothalpy jlimp




3. Wall Temperature Issue

KA\R| ._ra“ir%'-?- a-—rlEl

— [=1 ‘E

oaE BEE 2/E E7y RN 94y 2F0 =40 H3E 4 410 F 3
¢ &= s o & | 2¢c/ iy 2% EE ST EEEAE S
E|Eqn HES H iEqn. Hlﬂl

30 é] fwvScalarMatrix iEqn

3l = {

32 CEvmeadiviphd, 1)

33 i+ fvci:div(phi, volScalarField("K", 0.S5*magSqr(Urel))) —~eerrect=d—238362

34 - fvm::laplacian(turkbulence->alphakEff (), i)

36 /f Viscous heating: note sign (devRhoReff has a minus in it)

3T - _(turbulence->devRhoReff() ss fvc::grad(U))—————————— 1

38 - ): I

34 I

40 iEgn.relax() : I

4 |

42 iEgn.solwve () r :

43 |

44 f/ From rothalpy, calculate enthalpy after sclution of rothalpy a:[uati[:n

45 h =1+ 0.5%{magSqgr (Urot)) : |

L ‘ h =1 + 0.5%({mag5gr (Urot) - magSgr(Urel)): |

47 h =i + (URoteUTHetaV): — _~— N T/ 7="
<
C length : 1,398 lines : 55 UTF-8

Stator
domain otor |-
temperature domain Ilifm

temperature

* Enthalpy form energy equation
V-(pUh)+V-(pUK)—V-(paVh)

jo

* Rothalpy Al &2|: RothalpyH| A| 20 L X| &
=2.

, 1 1
o =1+ Urel ho — UrotUg = h + = Urel Uﬁot
2 1 2 2
“i=h- 5 5 Ufot

« EX| =010 ?| A2 Enthalpy 211t S &.

o 3™ = QI M Rolhalpyjump7|'75'.'%5.:|l_—_?'1
Enthalpy 41 22 FEI 2 A LHE|H, O| 2
Rothalpy._ Enthalpy2 HSIE| 1 0|5 2 T 7} At

E

26



3. Wall Temperature Issue
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Cor ect flxedEnthaIpvaPatchScaIarFleIdG I basicThermoO| A & 115H= 2f0[E2{2| &
R B8 L p— o PATIN  . fixedEnthalpy& = =X

dhs

| . AICOM 7|E 2Y AL
I c T() .boundaryField() [patchil) ; ® ne. - 7 —'— O E E X-I O 7 I = .
h if ’ —_— 1 2
! ( io=h+-U*—-U,,;U
dimensionedInternalField () .name () == db().r FileName ("h") 0 + 2 rot 0
)
t {
operator==(thermo.h(Tw, patchi)); [[I_ E_l'A-I AH E x_l ol -6|' El_—l AI I-l _9_
i listril nd/or modify it 1 ° Il .
ral Public License as published by th else if O —l = = -1 T10.
L r (at your - (
dimensionedInternalField() .name() == db() .mangleFileName ("§") .
: I=h-—-=
£l but q rot
) - BT} A
: ! o — = O
ord ; ; EOl"'I_}” A
- s . gradlentEnthalpvaPatchScalarFleld.CE S ZOotAH =78
W L if
(
Name)
aName)
)
(1xedEn£na1pvapacchbca1arFle1q Infoln ‘-)pelatu == const fvPatchVectorField& Urelp = //correct 2398%.
1 ( ( lookupPatchField<volVectorField, vector>(UName); //correct 230830
. const fvPatchVectorField& Up =
) << thermo.h (TW ’ patchl) lookupPatchField<volVectorField, vector>(UName);
<< * Qrev
<«< + magsqr (Up) const fvPatchVectorField& URotp =
’ e e :: Mol - mag ([_)Thetap) *mag (UR(_){_E_)) lookupPatchField<volVectorField, vector>(URotName);
namespace Foam << A
{ _ << endl; ) const fvPatchScalarField& UThetap =
defineTypeliameAndiebug (baslcTh 0 lookupPatchField<volScalarField, scalar>(UThetaName);
} operator==(thermc.n(Tw, patchi)); Jeraginen )
}
sk % K £ % % F % % % % Dy else operator==
{ (
Foam: :wordList Foam::basicThe hBoundaryTypes () =
( (UName) ; thermo.h(Tw, patchi) »
nst volScalarField::GeometricBoundaryField& tbf = T_.boundaryField(); + 0.5*magSqr(Up) //original
i R i - - mag(UThetap)*mag(URotp) //original
wordList hbt = tbf.types(); or>(URotName) ; *magSqr(URotp) //correct 230830
forAll (tbf, patchi)
{ scalar>(UThetaName) ;
if (isA<fixedValueFvPatchScalarField>(tbf[patchi]))
hbt[patchi] = fixedEnthalpyFvPatchScalarField: : typeName;
else if
( g
isA<zeraGy scalarField> (thf[patchil) operator==(thermo.hs(Tw, patchi));
Il isA<fixedGra calarField>(tbf[patchil) }
) }
else : ; .. 2
hbt [patchi] = gradientEnthalpyFvPatchscalarField: :typeName; { fixedvalueFvPatchScalarField: :updateCoeffs();
operator==(thermo.hs(Tw, patchi));
else if (isA<mixedFvPatchScalarField>(tbf([patchi])) )
{
hbt[patchi] = mixedEnthalpyFvPatchScalarField: :typeName; xedValueFvPat alarField: :updateCoeffs() ;
[patchi] = mixedEnthalpyFvPatchScalarField peName . . X £i v rFi D £s() m ok k k k ok e e ok E ek w w w
|c source file length 10,836  lines : 480 In:30 Col:42 Sel:31|1 Uni (LF) UTF-8 n C source file length : 5,201 lines : 186 Ln:115 Col:68 Sel:1|1 Unix (LF) UTF-8 IN "fixedEnthalpyFvPatchScalarField.C" 190L, 5511C

basicThermo.C fixedEnthalpyFvPatchScalarField.C fixedEnthalpyFvPatchScalarField.C modified



3. Wall Temperature Issue K/I\RI N

KARI turbine wall temperature comparison

« fixedEnthalpy =8 M/=, &8 0{|4 H|==5f 2 O|X|Tt (2,3H), cFx 21t H| W A| &

HJI>|
1%
2
lo
[0
Ras
N
0
o
Of
L}
i)
BN

[EEN

10
[
[
1. SUMF original

1 .7e+03

g Error [%)]

T av
o
=

0.01

1 2 3

2. SUMF modified

B S1blade ®S1hub mS1shroud

Nozzle wall temperature error
1.3e+03

10

e

B R1blade ®R1hub mR1shroud R1 outlet

3. SUMF modified & %
- fixedEth. modified £
o ':‘"

Rotor wall & outlet temperature error 28



3. Wall Temperature Issue KA\RI e

KARI & E3 LPT 15t stage mid-Span vane temperature

) KARI turbine mid-span
KARI turbine nozzle vane
1700
1680 o—o—t—ois
- 1675 f#** ++t : + 4 |4 N - 1600
@ 1670 o 1550
2 S
5 1665 + OF nozzle © 1500
o ——CFX nozzle a
3 1660 . OF2H £ 1450 + OF nozzle OF turbine
= 1655 = = 1400
——CFX nozzle  —— CFX turbine
1350
1650 . OFRH
-5 -3 -1 1 3 5 1300
Z [mm] -5 5 15 25 35 45
Z [mm]
. A —
* fixedEnthalpy T8 2, KARI H £3 LPT 15t st _
= (@) stage min-span
Hl .- Z vanel| 27} 42 & P
= O}
£(1673 K)E EAX| 211 crxet 420
= al x| as
= .

= 410 Vr—\
o B EI0| M 2 = shift &Y g 05

- {
[ ] = O -;l " e a7y T
(S extol A 7|olst oz £ \>Lﬂf} et kY
PN | o I
T o 2 390 k/fxﬁ ll
- E3LPTY 8%, 27t 8= . jzz o CRX OFFH T \j
shift ! & Zd 0| fixedEnthalpy = 375 oFFE |
jg Ol—_‘?.: §|%E|O'| CFX 7E:|J__'|'9|' 370
Cél Xl _ 45 55 65 75 85 95 105 115

Z[mm] 29



3. Wall Temperature Issue K/I\RI orm .2 mer ey

[Cf] E3 LPT 5 Stages Calculation reSUItS Midspan Pressure

13_E3LPT ¢ = ¢ -]a] x | 300000
2212;?;:11213111@5?!&!\1"—00’—‘?01 0F_+_Xc->| _6
=1
cRBEESFI S HEIPO xE@EENe OO+ S Addes )
w [Se@ a8 @0 = 250000 CFX
Tagpersure T -
416.00 et
@ 200000
38800 3
374 00 &
36000 ¥ 150000
346.00 a
332.00
318.00
0400 100000 Q
290.00
50000
40 90 140 190 240 290 340 390
=T Z [mm]
T30
PR W
: pem=a s (W[50 Midspan Temperature
.
‘ SUMF modified 410 OFFNE
& 390 ——CFX
_ =fixedEnthalpy

< | modified

w
w
o

w
=
o

Y

o
0
0
0
0
D
¥

i

-
ben
888 &
g
g3

N

O

o

Temperature distribution i 270

AEEmE & 20 40 90 140 190 240 290 340 390

" I Z [mm] -



3. Wall Temperature Issue

(cf.) E3 LPT 2 stages, calculation results [coarse gird)

412.00
404.00
396.00
388.00
380.00
372.00
364.00
356.00
348.00
340.00

4 2e+02

K] | = 4]0 -
i —
Ts,-rnperature 3 - 400 - t]
i - 390
420.00 3 3 380 —
412.00 | 370
w000 | o
335.00 = ' [ %0
’ ¢ ! 3.4e+02
380.00 y f ‘
372,00 i
364,00 ) Iower V|ew
356.00
348.00
340.00
Ruihalpy =
124500.00 ﬁ\ r
116500.00
108500.00
100500.00
92500.00
84500.00
76500.00 !
i
68500.00 '
80500.00 Rothalpy
52500.00 !
44500.00 i
14 kg*1]

1.4e+05
[ 130000
— 120000
-~ 110000
100000 @
— 90000
— 80000

[ 70000
6.0e+04

CFX SUMF modified, fixedEnthalpy modified

0.025 0.075

350000

K/|\R| ._ram—:-s- a-—r-ﬂ

Mid-span Pressure

300000 :

Pressure [Pa]

150000

100000

420

410

S
o
o

w
[¥e]
o

Temperature [K]
w w
~ (o]
o o

w
D
o

350

340

200000

250000 | %

oF+3

——CFX high

————

R

40 60

80 100

120

Z [mm]

Mid-span Temperature

140 160

180

!\ |
i 1
OFF=™  ——CFX high %
40 60 80 100 120 140 160
Z [mm]
- coarse At S| A A, Y2 K} =X

31
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(cf.) E3 LPT 2 stages, calculation results (fine grid) Mid-span Pressure

350000
OF fine —— CFXfine
300000 |4
—_ !
© 1 P
‘ . &, 250000 i
k - 1 . 3] ) ‘
! \ i 5 S
: N ! \ 4.2e+02 a )
0 = | 3 o s n - @ 200000 .\
_ : -~ 400 e &
}'emperalure 3 - 390 T |
42000 380 150000
412,00 t 370 f
404.00 L 360
396.00 [ 5 100000
388.00 3.4e+02
160,00 40 60 80 100 120 140 160 180
372.00 Z[mm]
364.00
356.00 Mid-span Temperature
glothalp 348.00
124500.840.00
1191066 67 420
113833.34 )
108500.00 410 N
103166.67
97833.34
92500.00 —, 400 b
87166.67 = L
81833.34 . \
76500.00 @ 390 i
pag E o
60500.00 ® 380 g '
55166.67 & \ |
49833.33 g 370 ] 2
44500.00 )
Hrel ¥ 360 :
: . \
350 OF fine CFX fine N
— 120000
. 110000 340
X l 100000 @ 40 60 80 100 120 140 160 180
L; g% Z [mm]
] 0.050 0.100 (m) Y z - 80000
I T _
0.025 0.075 l Z%):?OA

> Fine AAL S| A Al A2 & X, 32

CFX SUMF modified, fixedEnthalpy modified




4. The Other Issues

Parallel computation / Turbomachinery SIG

KLL\RI =



4. The Other Issues 1

K/|\R| URYTLFE=ATH
Korea Aerospace ResearcH INSTITUTE

foam-extend-5.0 on KISTI supercom Nurion

* https://sourceforge.net/p/foam-extend/foam-
extend-5.0/ci/master/tree/ReleaseNotes

* HPC and parallelism, performance improvements

* Major improvement in handling of processor
boundaries and other cached coupled interface patch
types. This resolves long-standing bugs in FOAM-
OpenFOAM development lines and results in
significant reduction in number of iterations of linear
solvers. Further, numerous stability and consistency
problems in parallel execution have been resolved

* Improvements for large memory usage in large-scale
HPC cases

* Incremental consistency work on block-coupled
solvers for incompressible flows

* Incremental improvement in performance for parallel
Oveset Mesh capability. Update in low-level
communication and consistency

* Clean-up of boundary condition updates in absence of
database field access

> 5.0 HEO|AM HE AL 7| 50| 2=
A
= O

- X 32
/apps/applications/foam/foam-extend-5.0

- 238 gE o

$ module purge

$ export FOAM_INST DIR=/apps/applications/foam; . $FOAM_INST DIR/foam-extend-
5.0/etc/bashrc

$ module load gcc/10.2.0

- X AFBE of (27 =E, & 4 MPI ZEMA)

#!/bin/sh
#PBS -V
#PBS -N test

#PBS -q debug

#PBS -A openfoam

#PBS -1 select=2:ncpus=68:mpiprocs=2:ompthreads=1
#PBS -1 walltime=04:00:00

cd $PBS_O_WORKDIR

module purge

export FOAM_INST DIR=/apps/applications/foam; . $FOAM_INST DIR/foam-extend-5.0/etc/bashrc
module load gcc/10.2.0

blockMesh
decomposePar

cat $PBS_NODEFILE > mf
mpirun -np 4 --hostfile mf simpleFoam -parallel

34


https://sourceforge.net/p/foam-extend/foam-extend-5.0/ci/master/tree/ReleaseNotes

4. The Other Issues 1

Parallel computation test: extend-4.1

ngE BIE T AW UEYN 200 20 SRO) KHEE 4T Ss1e ¥ BE 2
cHHEEGE|dbR|pe sy x| EE

[ B350l i Sp2h 019578644 0 [ E3_34w2c tdm_5p26, 013680289 1 |H rpil32atam, sh t:!l B rpi0g26tsmFE4, sh a|

|2 C:wUserswhahacar¥Documentsirtg S 778 2202 3%material230915%ie50 core %= test 0927 #testWE3_34x2¢_t4m_Sp26.013580259 - ..

SMERERE® | @EDNBBE

[m}

IRYTILIFTATA
Korea Aerospace ReseARCH

InsTITUTE

X

(& CwUserswhahacarDocumentswrigs & 7 2| 2023%material230015%250 core %= test 0027HestWmMpi0926tSMFEL] sh - Notepad+-+

map #E #(3 E7N BEEEMN ML 2FED EFQ HEE 4 S4Ide # 9 2 X
cHHEEGE sk o Ay ax|BE(ST EEERe®| B EDMBE
=] E3_34x2c_tdm_8p28.nl35?9544&!' =] E3_34><2|:_t4m_8p25.013580259&!' B mpil826t5m, sh £3 = mpi0326tmFE41, <h B3 |

1 $#/bin/sh ~

2 #PBS -V

3 #PBS -N E3_34xldc tdm Sp2é

4 $PBS -g normal

5i #FB5 -A openfoam

[ #PBS —lI select=2:ncpus=34:mpiprocs=34:ompthreads=1 I

7 #FB5 -1 walltime=00:04:55

g

g cd $PBS 0 WOREDIR

10

11 module purge

12 module load cravpe-mic-knl intel/15.0.3 impi/ls.0.3

13 #¢module load craype-x8é-skylake intel/18.0.3 impif18.0.3

14 export FORM INST DIR=/apps/applications/foam; .f:‘E.l.‘f[_IH:}T_DIR.-' foam-extend-4.1l/etc/bashrc
15

16 g#export FORM INST DIR=/apps/applications/foam; $FOLM TNST_DIR/foam-extend-5.0/etc/bashrc
17 #¢module load gee/fl0.2.0

15

19 ###4# Do not edit #####

20 TOTAL CPUS=$(wc -1 $PBS NODEFILE | awk '{print §1}')

2 (i S E B SR SR R E e

2 mpirun -np £5 steadyUniversalMRFFoam230410 02 -parallel | tee log230926_solwvel.logfile
24 #mpirun -np 6% steadyCompressibleMRFFoam -parallel | tee log230926_solwvel.logfile

25 date

26

extend-4.1 Job script

Log

R/ * bt
2 | s======= | |
3 [N / F ield | foam-extend: Open Source CFD |
4 [IERRY /0 peration | Version: 4.1 |
S | WS A nd | Web: http: //www. foam-extend. o

(3 | W M anipulation | For copyright notice see file Copyright

T i
g Build = 4.1

S Exec : steadyUniversalMRFFoam230410 02 -parallel
10 Date : Sep 26 2023
11 Time i 18:36:06
12 Host 1 "noded541”
13 PID : 20310

14 CtrlDict : “/scratch/r81la02/e3_0829_stgl_2_&3c_fe50/system/controlDict™

15 Case i fscratch/r8llal2/e3_0825_stgl_2_€8c_fe50
18 nProcs : &8

17 Slaves :

18 &7

18 {

20  "node4541.20311"
21  "node4541.20312"
22  "node4541.20313"
"noded541.20314"
"nodeds541.20315"
"noded541.20317"
"nodeds41.20318"
"noded541.20315"
"noded541.20321"
"noded541.20323"
"noded541.20324"
"noded541.20325"
2  "noded541.2032&"
33 "noded4541.20327"
34 "node4541.203238"
35 "node4541.20330"
36 "node4541.20331"
37  "node4541.20332"
38 "node4541.20333"
3%  "node4541.20334"
40  "node4541.20335"
41  "node4541.20336"
42 "node4541.20337"
43  "node4541.20338"
44  "node4541.20339"
45  "node4541.20340"
486 "node4541.20341"
47  "node4541.20342"
48 "node4541.20343"
45  "node4541.20344"
50  "node4541.20345"
51 "node4541.20346™
52  "node4541.20347"
53 "node4541.20348"
54 "node4541.20349"
55 "node4541.20350"
56 "node4541.20351"
57 "node4541.20352"
58  "node4541.20353"
5% "node4541.20354"

W

g

[ B3 M PO B[O

o

w
=gy

Node &= 7H 2 LIF M AASIEE
Queues ZAUX| Tt A K| Al A M
Node SfLt3F A El

> extend-4.10{| M =& HE AL
==

Normal text file length : 7,549 lines : 190 Ln:12 Ceol:19 Sel:8]1 Unix (LF)

UTF-8

INS

35
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Parallel computation test: extend-5.0 (1)

(& CwUserswhahacarDocumentswigs & 7 2| 2023%material 23001 5%250 core = test 0027#estWmpi0926tSm.sh - Notepad++
map BEE E/AE 2N BEZEMN BHAL 220 =70 0E= E51¢
: s & | |#h g | @ | BE| =
= E3_34x2c:_tdm_8p28.0135?9544_J] B E3_3d:2c tdm_Sp26,0 13580259 £ [ mpi0926t5m, sh B3 IE rpi0S26tarnFE4], sh _Jl

Z e

o;]

?
E®| e (]

1 [t /bin/sh

2 $PBS -V

3 #PBS -N E3_34xldc tdm Sp2é

4 $PBS -g normal

5 $PES -L £

& #PBS d:mpiprocs=34:ompthreads=1
7 #FB3

2

11 module purge
12 [E#m:dule load craype-mic-knl intel/15.0.3 impi/l18.0.3

$module leoad craype-x86-skylake intel/13.0.3 impi/12.0.3
$FOAM INST_ DIR/foam-extend-4.l/etc/bashrc

g#export FORM INST DIR=/apps/applications/foam;

o

-

export FORM INST DIR=/apps/applications/foam;

-

17 module load gec/l0.2.

/foam-extend-5.0/etc/bashrc

1

15 #### Do not edit #4844
20 TOTAL CPUS=$(wc -1 $PBS NODEFILE | awk '{print $1}')
21 st iifsdidisdsiiiad

23 #¢mpirun -np 6% steadyUniversalMRFFoam230410_ 02 -parallel | tee log230%01_solve.logfile
24 mpirun -np €5 steadyCompressibleMRFFoam -parallel | tee log230926_scolwel.logfile
25 date

extend-5.0 Job script

Log

TEE
3

f=i=l13]

o =

7 270 RN Y0 EBD EH0 B2RE 4T 339
2B & Dk (g a2z BE|=

=

= =

@I_“'|E

[ E3_34%2c tdm_5p26. 013579644 1 IE E3_34><25_tr1m_5|:25.013580259_Jl B mpil3e6sm. sh _Jl H mpilz6tEmFES . sh _JI
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C2]

LR/ *

w

1
|
1
|
Wk

P

ield

|
| foam-extend: Open Source CFD
peration |
|
|

WVersion: 5.0
Web: http: /Wi . foam-extend. ox

For copyright notice see file Copyright

nd
anipulation

-
= oo e

LAY
|

|
|
|
|
Ky

Build
Exec
10 Date
11 Time

1 Host
PID

w o

Case
nfrocs :
Slaves :

67

{

0 "node5712.
21 "node5712.
"node5712.
"node5712.
"nodes712.
"node5712.
"nodes712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"node5712.
"noded287.
"node&287.

5.0-287705b4a539

: steadyCompressikbleMRFFoam -parallel
: Sep 26 2023

17:44:35
"node5714"

: 55804
CtrlDlict :
: /scratch/r8llad2/e3_0825_stgl_2_€8c_fes0

"/scratch/rillal2/e3 0829 _stgl_2_63c_fe50/system/controlDict™

&5

55603™
S5E06™
55605™
55&07™
55608™
55g10™
55609™
55E11"
55€12™
55E14™
55613™
55E15™
S55616™
55g18™
S55617"
55g19™
55620™
55622"
55621™"
55g23"
55824
55626™
55825™
55627"
55€28™
55630™
55£29"
55632"
S5E31™
55634
55€33"
55636™
S5Ea8"
19220%
15221"

-19223"
.19222"
.19224"
.19225"
-19226"

length : 62,407

lines : 883

Ln:12 Col:19

Sel: 8|1 Unix (LF)

UTF-8 INS
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[ Cowuserswhahacar#Documentsirtgw 877 2| 202 3%material 2300159650 core 2= test 0927#4x68c#0g230026_solve Iogfile - Notepa - O X
Parallel computation test: extend-5.0 (2] S BHEANB (DB nC A cs T EEDEG | ’
u - e b = =
o = s @ 4 Dk ot gl @& |BE|=1 Aa®| @ ]
B mpilg26teh.sh £ H 109230926 _solve. logfile B3 l
1 /* LAY A
- 2 | = | I
(& C#UserswhahacarDocumentswrigs & 7 2| 2023%material 23001 5%250 core %= test 0027T#4AXGECWMpID26t2h sh - Notepad++ — O * ERRTIANY / Field | foam-sxtend: Open Scurce CFD I
4 [IERNY / 0 peration | Version: 5.0 |
Ek%(’:) ﬁE(EJ ;}}‘NS] E;‘HVJ ﬂig(w) Eq}m_j J‘éﬂgm E‘_FI(OJ 2= “é‘@ Ec{1g = &D 7 X s | WS A nd | Web: http://www.foam-extend. ox |
- . - —_ 6 | ANV M anipulation | For copyright notice see file Copyright |
. 1 | =
a B @._@[S” | |ﬁﬂbﬁ| % ‘3||_'~_t~_ = 1 BI_I"|IE| ] T\ v
2  Build : 5.0-287705b4a589
[ mpi0326t2h, sh E3 IE log230926_solve, logfile _J] 9 Exsc : steadyCompressibleMRFFoam -parallel
= - 10 Date : Sep 26 2023
1 #/bin/sh “ 11 Time @ 23:51:42
2 2PBS -V 12 Host : "nodedT705"
3 $FBS -N E3 #8xdc t2h Sp2é SErin oz 17959
. CtrlDict : scrat Io al e 0%2¢_stq. T2c_fedl/system/contro ict
srEs Tmal CtrlD: "/ ch/r81lla02/e3 0926_stgl_2_272c_£=50/ / 1Dict"
. > —q norma Case @ /scratch/r3lla02/e3_092é_stgl_2 272c_fe50
5 #FB5 -A openfoam 16 nProcs : 272 "noded731.17 ~
& $PBS -1| select g:mpiprocs=68:ompthreads=1 17 Slaves ;'““ﬂe‘”“-”
= y 18 271
7 #FB3
N 19 { Pstream initialized with:
. 20 "node4705.175960" nProcsSimpleSum @ 0
o - el e commsType : nonBlocking
- cd = node4705.179¢1 polling iterations : O
10 22 "node 4 fEEtaai sigFpe : Enabling floating point exception trapping (FOAM SIGFPE) .
. module purge 23 "raded S VT0EL™ allowSystemOperations : Disallowing user-supplied system call operations
12 $module load craype-mic-knl intel/18.0.3 impi/18.0.3 i1 "nodedfjSal8025N O
13 g¢module load cravpe-x86-skylake intel/18.0.3 impifl18.0.3 52 "node47os.18023" . ,
N . R _ N _ "noded4705.12802&6™ Create mesh for time = (
4 gexport FORM INST DIR=/apps/applications/foam; . $FORM INST_ DIR/foam-sxtend-4.l/etc/bashrc ~noded70s. 18028"
- TEEeE Initializing the GGI interpolator between master/shadow patches: 0-R1-PERIODIC-1-5IDE-2
19 "node4705.13029" Initializing the GGI interpolator between master/shadow patches: 51-PERIODIC-1-SIDE-2
16 export FORM INST DIR=/apps/applications/foam: . Jfoam-extend-5.0/etc/bashro "noded705.1502 Initializing the GGI interpolacor between master/shadow patches: 1 L $1-PERIODIC-2-SIDE-2
o — ol ~ "noded728.1 Initializing the mixingPlane interpolator between master/shadow patches: R1-T0-51-5IDE-1/R1-TO-51-5IDE-2
17 module load gec/l0.2.0 o
. "noded728.1 PIMPLE: Operating solver in PISO mode
- "noded728.1
9 $#484 Do not =dit #4444 90 ™node4728.1 feading thermophysical properties
20 IC-IM_CPUS:S (wc -1 $PBS NODEFILE | awk '{print 31}') 81  "no Selecting thermodynamics package hPsiT pureMixtu; andTransport<specieThermo<janafThermo<perfectGass>>5>
. _ a2 o A HEET U TR
21 (i S E B SR SR R E e Reading fis1d T
a9 "
= no = - Reading/calculating face flux field phi
23 gmpirun -np €& steadyUniversalMRFFoam230410 02 -parallel | tee log230901 sclve.logfile noded728.1783%
. . - ) - ~ - . "noded 728, 17046" Creating turbulence model
24 mpirun -np 272 steadyCompressibleMBFFoam -parallel | tee log230926_solve.logfile rroded725. 17544
e nodedvas. 1y Selecting RAS turbulence model kEpsilon
25 date "node4728.17845" kEpsilonCoef
26 "node4728.17843" {
Cmu
"node4730.17411" o
"node4730.17412" c2
157 "noded730.17413" c3
. 1 "noded730.17414" Sramak
E
extend-5.0 Job script ncdes pme
"node4 80L T A1T" }
Creating MRF for cell zone Rl. rpm = -3208.7002
"noded
"node4730.17479" Starting time loop
% A = “— Cresting Hasimber ox £ie1d ¥
° 4 N d 68 —_— 272 E O ‘node .174s80 Creating minMaxField £
odes cores = cores [ = "node4730.17477" Creating minMaxField
neded730.17481" Creating minMaxField
E O |_ 7 |_ 1 E Ao EEEE - iEE Creating minMaxFicld
== "node4731.17705" Tize = 1
E I— u "nodedI3l 17708
" hea731.17708" smoothSolver: for Ux, Initial residual = 1, Final residual = 0.08509255, No Iterations 2
Lo nops B smoothSolver: Uy, Initial residual = 1, Final residual 033209208, No Iterations 2 7
g 228 "nofiedl ANF@Tel smoothSolver: Solving for Uz, Initial residual = 1, Final residual , No Iterations 2 w
::; ncdie-%zg}.}'i'm?“ Normal text file length - 4,342,213 lines : 54,462 n:155 Col:10 Sel:8|1 Unix (LF) INS
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Node parallel computation test (1)

« E3LPT 1%} 333,393 7HQ| AKX}, 2 2
. LC/T0| & RTIOZ HA HAAl o s
2 ). 6 6
1. 1.
070 (@)
e | S core =7t €2 lf nodeE LIE
= Al4AFA|ZHEEER] e e
— )
o | EESt 68 core 2Lt pacoreE S W A |  *° o _
o = L -
AL A[ZHO| B U S < UE AN Io) <
£ o7 - £
e - o =] - - =
- OfX|TF E% 2 oM, o nodt?Eoﬂl_E: os e
core T& *é"é'ofj—_node == =2 e
A — L - 1.%-
=& AL A|ZEHO| =01 H. 06 P
7
a = o Rk
> HEAX| M3} {2 2. 04
9/
02 | o
0%
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
iteration iteration
- -0 - 1x 68 - =% - 2x34 4x 17 --0-- 1x 68 —eo— 1x 64

Computation time
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Node parallel computation test (2]
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e E3LPT 1Tt 333,393 72| AKX}, 2 2
o /AN = XTHOZ A4 AHAFA| 18 18
2zl 6 6
1. 1.
o« B core T/t €2 lf nodeE LtE
E AL A|ZH 2R e e
o ESte8coreECt pacoreE S A  *° Y
o = <
A A|ZHO| B RUS = =
S 1S
L - o = =
o | SHX|ZH &2 2O M, OF nodelf| 22 s os
= =1 = L—
core == *é"é'ofj—_node £ =54
A
S2 7|8 X|ZH0] 50i os 0s
9Hé'-'-_IE:|-7IC-II—-||§-I'O'IE:|% 0.4 0.4
..‘ r 0.2 0.2
_:: : = 0 0
—,- 0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
T iteration iteration
- -0 - 1x 68 2Xx 68 —&=— 4x 68 —eo— 1x 64 —e—2x 64

extend-S.O, steadyCompressibleMRFFoam

Computation time
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* Special Interest Group:
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* Turbomachinery SIG
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* Turbomachinery 2~7§:
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st Group
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Page Discussion Read  View source

¢ history = | Search OpenFOA!
View history I

Turbomachinery Special Interest Group

The Turbomachinery Special Interest Group advances the modelling capabilities of OpenFOAM for Turbomachinery applications

Contents [hide|
1 Scope

2 Work process

w

Meetings

Deliverables

I

Members

@«

List of meetings

7 List of prioritized developments

Scope
« Both incompressible and compressible turbomachines are of interest

« Open developments in the OpenFOAM framework are promoted, not limited to a particular version of OpenFOAM.

« A first goal is to sum up the present capabilities and differences between different versions (and in applications and libraries that do not yet belong to any version), and to
identify the need of further developments and alignments.

o A second step is to put in place a test harness with cases that specifically test turbomachinery functionality, aiming at minimizing problems at version upgrades

A third step is to identify the most important developments that need to be done, and to form groups that can realize them. Finally, a continuous task for this committee will
be to document the turbomachinery-related functionalities that are available.

Work proc

Not being limited to a single version of OpenFOAM, a project has been set up at SourceForge, at https://sourceforge.net/projects/turbowg/. It was first populated with updated
versions of the work done by the Turbomachinery Working Group that started in 2007 and was very active for a number of years. Those test-cases were originally set up for
foam-extend, but will now as far as possible also be set up for the most recent ES| OpenFOAM version. Some additional stand-alone applications and libraries are also gathered
with the aim to eventually integrate them into the main releases. A summary of the status of the test cases, tutorials, applications, libraries and test harness is made available
through a Wiki, at https://sourceforge.net/p/turbowg/wiki/Home/.

Meetings

To stimulate the group members to stay active, we have one hybrid (on-line/IRL) meeting at each of the annual OpenFOAM workshop and OpenFOAM conference, and two
intermediate on-line meetings between those occasions. At the workshops there will as well be an open Turbomachinery SIG meeting for anyone that is interested

A list of meetings is supplied at the bottom of the page.

Deliverables

The committee progress will be reported once a year in conjunction with the OpenFOAM conference, occasionally as a presentation, but at minimum as a report to the
OpenFOAM Governance Steering Committee. The developments will continuously get delivered through the SourceForge project. Once a development has reached a matured
and "polished" status, it will be suggested to be merged into the main release(s) and discontinued in the SourceForge project

Members

Here are the present members, led by Hakan Nilsson who acts as chairperson.

3 )

4

4 h

Hakan Nilsson

Martin Beaudoin

Fred

Saeed Salehi Jiri Polansky Eric Lillberg Remo De Donno Greg Burgreen Tessa Uroic
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18t OpenFOAM Workshop - Turbo SIG (2]

| @ Tubomachinery Special Intere: X & TurboWG / Wiki / List of updat X

 Turbomachinery Working Group At=Z &!: T Mied AD0@
https://sourceforge.net/projects/turbowg/ SOURCEFORGE

‘Open Source Software Business Software
FWiki
Brought to you by:
Summary Files Reviews Support Tickets Discussion Mailing Lists Git »
ﬂ List of updated TurboWG applications, libraries and test cases
Authors: & &
Wiki Home
Test cases foam-extend-5.0 OpenFOAM v2112 Notes
Browse Pages
ERCOFTAC Conical Diffuser Experimental ToDo
Browse Labels
ERCOFTAC Centrifugal Pump Experimental ToDo
Formatting Help Single Channel Pump Experimental ToDo
Timisoara Swirl Generator Experimental ToDo
Francis-99 ToDo ToDo
Dellenback Abrupt Expansion ToDo ToDo
H H H Tutorials foam-extend-5.0 OpenFOAMv2112 Notes
Turbomachinery working group archive
axialTurbine (SRF, MRF, DyM) Experimental ToDo
Applications foam-extend-5.0 OpenFOAM v2206 Notes
o addSwirlAndRotation Experimental Experimental
- HEHA 7|52 =2 OpenFOAM extend-5.00] 21 = i e 1o
o . 3. simpleTurba oar xperimenta oDo
CGNS Converters Experimental Experimental Updated to cgns-4.3.0
—
o MR SX| EHEOAl 7|5 Ol oK 2 es) A0 Alof{= T
o K = turboPassageCopy single passag and outp shoft passages.
A S =
N N ke 3 createMixingPlaneRibbons  ToDo ToDo Based on interface mesh distributions and shape.
1 H - O .
s foam- OpenFOAM
ipraries otes
e Ol 70 I—l _Il. | — E X} 7 — extend-50  v2206
al 2 U= Usere= = S
profile 1DFixedValue Experimental  Experimental
turboPerformance Experimental ToDo See propellerinfo in OFv2112
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4. Summary & Conclusion KAm ki st

- JIAHE HESH7|A S IHUE SjA S Qe LE AA D A E Z 8O OpenFOAME AR SH L2 HH
ALHOl 2 7HE.

« Q% Interface FEZE|7} AFE 7Tt &S MRF &£H 2= > foam-extend H{ T 2| steadyUniversalMRFFoam
* mixingPlane 2= =A% O|F= Q| O =l =2} Rothalpy jumpl| AZi2t SO 2 Q15| 2.

- foam-extend M 2| =4 SH | O 4 X| HH A0 M 2S0|HX| 20| ZO&E. > HRE 2% M=,

o HE AM O|FF 27l / Turbomachinery SIG 27|

 (Thermo-physical properties &

* mixingPlanell 22 Interface + & 2| E|O| M LI 2 0|83} Rothalpy jump Al At A| HASZX QI 2 AL A=,
. steadyUniversaIMRFFoam SHOA 8 22 &5 =X 78:
- 2S04 X| &Z FZ5}0] Rothalpy %7 E Qs 1, 250 L X|0f CH$t divergence 82 Z 850 Enthalpy HER 2| Of L X| &Y

A4S EASHG] Rothalpy ME T ER SHE Y 22 U=
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« MZE FO|=l RothalpyOll [HE i, iy, h, h,2 2HA|

| B melans -0 Gmeso | O 8 8, (B GG 5 Tme: i [2)t o oo o BC6GEG
B T R F A XK e L IR D
V 4
_. Staticenthalpy,h . =

1.45e+6
— lde+6
= 1.35e+6
13e+6 Q
1.25e+6
o 1.2e+6
- 1.15e+6
1.1e+6

1.0e+06 1.0e+06

Rothalpy, i, Total enthalpy, h,

0%

2 AT mixingPlane 7 2 X}, Viscous work term
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Appendix

Thermophysical properties (1)

o Ofele| &= AHE Al thermophysicalProperties2|

thermoTypeOll M 758t 8=

transport Sutherland;
mixture pureMixture;
equationOfState perfectGas;

7.1.2 Transport model

The transport modelling concerns evaluating dynamic viscosity p, thermal conductivity &
and thermal diffusivity o (for internal energy and enthalpy equations). The current transport
models are as follows:

const assumes a constant g and Prandt]l number Pr = cpp /& which is simply specified by a
two keywords, mu and Pr, respectively.

sutherland calculates p as a function of temperature T from a Sutherland coefficient A; and
Sutherland temperature T, specified by keywords As and Ts; p is caleulated according
to:

= —, (7.1)
[+ T.T B

W

* New coefficients
ANT

1+ T,/T

- As =1.4579e-06;

- Ts=110.4;

- Pr=0.72

(OpenFOAM User Guide ver.7)

U=
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» type mixture transport | thermo | equationOfState | specie energy
hePsiThermo | pureMixture [sutherland| hConst perfectGas specie | sensibleEnthalpy
hePsiThermo | pureMixture [sutherland janaf perfectGas specie | sensibleEnthalpy
heRhoThermo| pureMixture |sutherland| hConst perfectGas specie | sensibleEnthalpy
heRhoThermo | pureMixture |sutherland janaf perfectGas specie | sensibleEnthalpy

A [W/m-K] i [Pa-s]
1.3.E-0414 7.0.67850

< _ n

£ uelr | --=-AOF | 9 ;06505

§ P C‘E --=- u OF

= 010/ P =

_E'," 9.0.E-05 "'/j;// >, 5.0.558505

E oo0d - / ‘.§

©  7os0s 27 O 208508 g

= olel (2]

004 - [ —

2 // S

8 S.O‘E—%_?m‘ :/E/i/’u;’,l (é) 302505 —D ‘SRI;;{;jrfmid’s law

w© L a Ref 2

E  soegpt.” 8

= g0 S, 2028905

3] [ r'-/

e

T T o T 3% 10805 ' '
=0 = 10 170 U as0 M 7so 1898 10 1988 150 2808

Temperature (K)

Temperature (K)

Verification of new coefficients for thermal conductivity and dynamic viscosity of air

Gas viscosity data from
1. http://www.Imnoeng.com/Flow/GasViscosity.htm

2.  “Viscosity and Thermal Conductivity of Dry Air in the Gaseous Phase”, K.Kadoya, N. Matsunaga, and A. Nagashima, J.

Phys. Chem. Ref.

Data, Vol. 14, No. 4, 1985
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Appendix

Thermophysical properties (2)

KA\R| ._ra“a’%'-?- a-—rlssl

1.5
« 2Z9| &2l cp & AESH| 2Bl > JANAF option. Otz 2t Z 0] 278: y
thermo janaf
« JANAF function S c0o®® I |
cp = R([{(a4T + a3)T + aZ}T + a{]T + a,) 212 o°° ¢
— -2 S14 o S el
H = {([{( 5 T Z 4 ) T Z 3 }T + ] T+ ao) T+ as} mm@’@ cp_high_OF_new
= L® O~ cp_low_OF_new
S ([{(4T+3)T+2}T+a1]T+a01n(T)+a6) ) p

750 1000 1250 1500 1750 2000 2250 2500 2750 3000

* molWeight_air=28.9645 kg/kmol, R=287.058 J/kg-K 250 500
* Low: 100~2000, high: 2000~5000

. Tcommon(2000K)01|A'| & =M0| Bt |'EE Coefficients a0, a5 %! a6 =7
= 5 S40| BILIX| RS Al 2F 2

Temperature [K]

Verification of new coefficients for specific
heat capacity at constant pressure of air

New coefficient of JANAF function
highCpCoeffs lowCpCoeffs

janaf calculates ¢, as a function of temperature T' from a set of coefficients taken from JANAF DPS_(TIPUOH — Entry Keyword ao 3 022 5407 3 5 3881
tables of thermodynamics. The ordered list of coefficients is given in Table 7.1. The %{:\&-er temperature lll_ml_ti ; (rl;‘;)) E(')Wh . .
funetion is valid between a lower and upper limit in temperature T} and T}, respectively. ‘pper lemperature il B A 18 al 'I 3968838E_03 _6 7761 9E_O4
Two sets of coefficients are specified, the first set for temperatures above a common gf)lilrilljrl t:—?rrl};erature{_ﬁ ) T (K) i?oiﬁog ffs (20 al a2 a3 ad . :
temperature T (and below Th), the second for temperatures below 7. (and above Tj). 1gh temperature coefficients fg...dq DIgMLPLOSLLS fal al as ad as... - - -
) ! Lo L ml: ! ' 1) High temperature enthalpy offset as ab... a2 4°9262577E 07 2°26946E 06
The function relating ¢, to temperature is: Hiel, ( . ) ” offsel &) 3 7 8600091 E 1 1 1 441 41 E 09
igh temperature entropy offset  ag a a _ _ _
cp = R((((asT + ag)T + a2)T + ay)T + ag). (7.4) Low temperature coefficients ag...as lowCpCoeffs (a0 al a2 a3 a4... : :
In addition, there are constants of integration, as and ag, both at high and low tem- Low temperature enthalpy offset  as ab... a.4 —4.6074978E_1 5 2.91 951 E'1 3
' i ' Low temperature entropy offset ag ab)

perature, used to evaluating h and s respectively.

Table 7.1: JANAF thermodynamics coefficients.

(OpenFOAM User Guide ver.7)

-990.9637
3.4374391

ab  -92393753

ab 5.8718221
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Thermophysical properties (3]

F ield

0 peration | version: vi1906

A nd

M anipulation

FoamFile

{

version

format ascii;

class dictionary;

location "constant";

object thermophysicalProperties;

}

J] * K K ok ok x ok % %

thermoType

{
type
mixture
transport
thermo
equationOfState
specie
energy

}

mixture

{
specie

{
}

thermodynamics

{

molWeight

Tlow
Thigh
Tcommon
highCpCoeffs
lowCpCoeffs
}
transport
{
As
Ts
Pr

| OpenFOAM: The Open Source CFD Toolbox .
F ield | foam-extend: Open Source CFD

0 peration | Version: 4.1
A nd B http://www.foam-extend.org

/
www .OpenFOAM. com I
| M anipulation |
\*__
FoamFile
version
format ascii;
class dictionary;
location "constant";
object thermophysicalProperties;
****************************//
//*************************************//

Pr Pr[00@000806]0.72;

hePsiThermo;
pureMixture;
sutherland;

thermoType hPsiThermo<pureMixture<sutherlandTransport<specieThermo<janafThermo<perfectGas>>>>>;

janaf; mixture air 1 28.9645 /* specie ? molWeight */
perfectGas; 100 5000 2000 /* Tlow Thigh Tcommon */
specie; 3.0225407 1.3968838E-03 -4.9262577e-07 7.8600091e-11 -4.6074978e-15 -923.93753 5.8718221 /* highCpCoeffs a@ ~ a6 */
sensibleEnthalpy; 3.5388100 -6.7761900E-04 2.2694600E-06 -1.4414100E-09 2.9195100E-13 -990.9637 3.4374391 /* lowCpCoeffs a@ ~ a6 */
’ 1.4579e-06 110.4; /* As Ts */

[ FREREEE R KRRk KRR KRRk K KRRk KRR KRRk KRR/

28.9645; thermophysicalProperties for the foam-extend with new coefficients

2000;
( 3.0225407 1.3968838E-03 -4.9262577E-07 7.8600091E-11 -4.6074978E-15 -923.93753 5.8718221);
( 3.5388100 -6.7761900E-04 2.2694600E-06 -1.4414100E-09 2.9195100E-13 -996.9637 3.4374391);

1.4579e-06;
110.4;
0.72;

[ FEEEIRR RO RO R KRRk R R KKK SRRk kR R KKK Rk kR KK/ )

thermophysicalPro

perties for the general OpenFOAM version with new coefficients



