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BnusiHue 6eryllei JOpPOXKU Ha CKOPOCTb
OTCEYKMU Npu peBepce

1 -|-—\— L ———————————————————————
[ Standard Case ] [ Moving Belt ]
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BanaHue MexaHu3aluum KpbiJia Ha peBepcC

30HbI NOBbIWEHHOro
NaBNeHunA

[Mocaao4vyHaA mexaHu3auma BINAET Ha
XapaKTep pacnpoCcTpaHeHus
PEBEPCUBHbIX CTPYM

PacueTbl C y4eTOM MeXaHM3aLMNM MO3BONALOT
onpeaennTb 30Hbl MOBbILWEHHbIX
Harpy3oK
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MonenuposaHue AAT

Crenku A/IT v rpaaveHThl TOPOXKAAOT TYPOYIEHTHOCTD
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NMonpaBKa Ha HaJIMume NPoTOoKa MeXAy KUneBou
AepP>XaBKOU U UMUTATOPOM XBOCTOBOM

A,Cya ~ 0.0006

A,Cxa ~ -0.007

A,mza ~ 0.03
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Flow structure inside the cavern
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Euro Test Case Cruiser Configuration
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Method
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Finite Volume Method:;
Hexahedral cells;

Godunov-type scheme for the approximation
of convective fluxes;

Central-difference approximation for the
diffusion fluxes;

Semi-implicit approximation for source
terms in equations for turbulence
parameters;

Godunov or Modified Roe solution for
Riemann problem

Kolgan, MUSCL or Roe TVD reconstruction
Vector ‘minmod’ for velosity
WENO5, WENO7, WENQOS9 reconstruction

Computational cell and map of indexes
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CFD cycle

Finite Volume Method
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CFD cycle

Commercial In-House (EWT TsAGI) Free

L]
J

Tecplot Viewer, FieldEdit
ANSYS CFX Proc ZEUS ProcEngine OpenFOAM Proc

J
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CFD cycle

Commercial In-House (EWT TsAGI) Free

L]
J

J

4 4

Tecplot FieldEdit
ANSYS CFX Proc ZEUS ProcEngine OpenFOAM Proc
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A.TpoLwunH

Propfan

|

V3Solver
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C.Martaw

A.JlbICEHKOB

Sound

s3pp

A.lLlupsesa

A.Mopo3oB

cryogenics
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From Euler to Navier-Stokes Equations

oU oF -
—F—=W
ot  Ox

)

Euler Equations

P Q 0 O=p (usx +vs + H—’SZ)
pou Qu+ ps, 0 :
U=| pv |, F = Ov+ps, W=|0 p=pRT
ow Qw+ ps, 0 - u' +v7 +w’ N RT
| PE | Q- (E+pl/p)] 0] 2 y-1
Navier-Stokes Equations ﬁ
(Pl ] Q 1 [0
P Qu+ ps, 0
U=|pv|.F= Qv+ps, Hz,, ) W =0
pw Qw+ ps, 0
| pE | Q- (E+plp)H{z u+r, viT,W+q,] 0]
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From Navier-Stokes Equations to RANS

— —

ocU ¢oF -
w

I

o ox

Navier-Stokes Equations

p 0
Lu QH +pjx +rxn
U=|pv|. F= Qv+ps, +1,
oW Ow+ps +7,,
| pE | Q- (E+p/p)+(r u+t v+7,w)+q,
RANS, g-w ﬁ
Pl ] Q0 |
pu Qu+ps_+HI
oV Qv+ ps, +1,,
[_;r: )D“", . j:_: = Q"}t"‘i‘pjz +Izn
pE Q-(E+pl/p)+Lp+p+Iw)+6, +
P4q Qq+T;
p® I Qo+T’
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O=p (usx +vs, + 11—’32)
p=pRT

u v +w’ N RT

FE =
2 y—1

p_ v Hw RT + g
2 y—1

I.r'n :Tin +.‘ORJ'M

0 =q,+p0c,



RANS, g-w

Chemistry

25.10.14

From RANS to Chemistry

sl

o

0
Qu+ps +1,
Ov+ps, +1,

Ow+ps, +1_
QE+plp)+U u+I v+I w)+6,+T
Qq+I7
Qo+T’

U

Q
Qu+ps +1,
Ov+ ps, +IJ_?2
Ow+ps +1_
Q-E+plp)+U u+1,v+I w)+6 +T;
Qq+T;
Qo+T’
[kaH.!’ + J{'(Yk)]
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Equations inheritance

Euler

Navier-Stokes

e o\ [l Smagorinsky

We can draw inheritance diagram for gasdynamics equations

25.10.14 Mocksa 23
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Scheme
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Finite Volume Method
Topology, Scheme

— — 'I_- — — — — — — —
e+l n "
Uiin=Uix— ' [(F w12 — Fean )+ (F an—F ;'+1..*2)+ (F 12 — Frn )]+ TW, k-
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Finite Volume Method
Topology, Scheme

{}:Tk = ﬁinjk - ;—H : [(ﬁ 12 16‘:—1..-'2 )"‘ (ﬁ 412 T F ;+1..-'2)+ (ﬁ /2 F feH /2 )] + THH_}:__ e
.

{-..,lr-.

\’_/—/ e —

Scheme is written locally for

Topology is the same for _ _
separate cell and its neighbors

different schemes
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Finite Volume Method
Topology, Scheme

Cell for topology
zCell

Pointers to the adjacent cells
Pointers to the adjacent sides

Pointers to the coordinates

Side for topology
zSide

Pointers to the adjacent cells

Pointers to the coordinates

25.10.14

MockBa

Cell for xx Scheme

xxCell
Geometric parameters
Gasdynamic parameters

Gradients

Side for xx Scheme

xxSide
Geometric parameters

Gasdynamic parameters

zCell

!

euCell

I

nsCell

zSide

!

euSide

I

nsSide

27




z:zCell (g zeuCelle PVec =

Cells inheritance diagram

imp_euCell_base< euCell< PVec », PVec »

Imp Euler Imp NS

z::imp_euCell< PVec »

z:nsCelle PVez =

imp_suCell_base< nsCellc PVeg » PVec » jalb—— zuimp_nsCells PVec »

z:nuiCelle PVec > ja—— imp_euCell_basec nuiCellc PVec », PVac » ja—

Topology Euler

25.10.14

NS

z::imp_nutCell< PVec »

zogomCells PVes > f— imp_auCall_base< gomCells PVee =, PVec > fall—

zimp_gomCalls PVes =

z:55iCelle PVec > pb—— imp_suCell basec ssiCell< PVec », PVac » ja—o

z::imp_sstCell< PVec »

RANS

MockBa

Imp RANS
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Entities

zSolver

Topology
zCell Topology (pointers of adjacent cells and sides)
zSide Topology (pointers of adjacent cells)
zMesh (array of nodes)
zCellsArray (array of cells type zCell)
zSidesArray (array of sides type zSidel)
zPatch (array of pointers to the boundary cells)
zBlock (include zMesh, zCellsArray, zSideArray, zPatch)
zRank (include set of zBlock for parallel computations)
zTransferCells (cells for blocks joining)

25.10.14

Scheme
xxData (coordinates,P,U)
xxCell (volume, size, gasdynamics parameters, gradients...)
xxSide (area, fluxes,...)
xxXEquations

xxScheme (scheme functions) .

xxBoco (boundary condition functions) & xxBoco_yy

MockBa
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Using shared and distributed memory

Shared memory Distributed memory

J

jﬂl )3

25.10.14 MockBa

Exchange table

3 |z|2lelz|S|e e
=|Q|E|o |=|2|T|o
0(0|0|.../1]|0]1

0{0({1...;]1]|0(0{..
2|2]4]...|4]2|1].
1|0[1|...[0|0]|O]..
1|0|0|...[0|0|1]..

30



Using shared and distributed memory

25.10.14

20
18
16 1Gb Ethemet
14
12 InfiniBand
10 DANT

8 InfiniBand

B QANT

4 InfiniBand

2 Mukpowa,

Capos
0
0 2 4 B log, N
MockBa
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Computational blocks and cells

xxCell (Scheme) Scheme function

volid corrector (const Cell* cell)

{
}

zSolver function

void step /()

{
join blocks () ;
for each cell (before step);
for each cell (grades);
for each bound cell (boco grades);
for each cell (predictor);
join blocks () ;
for each cell (gradients);
for each bound cell (boco gradients);
join blocks () ;
for each home side (side gradients);
for each bound cell (boco side gradients);
for each home side (fluxes);
for each bound cell (boco fluxes);
for each cell (corrector);
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Boundary Conditions inheritance
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Unsteady Boundary Conditions

def p (x,y,z,time,iter)
if y>0.1 or y<0.065:
return 1.0
yl ((95.0 - 86.4)*33.972/46.5 + 65.241)/1000.0;
y2 = ((111.0 - 86.4)*33.972/46.5 + 65.241)/1000.0;
if y<yl:
d = 1.47666 - 6.37986*y - 2.15226*y*y;
if y >= vyl and y < y2:
d = 2.03816 - 25.2697*y + 152.194*y*y;
if y >= y2:
d = 1.02288 - .404225*y;
return d



Short Vectors

Coordinates Euler equations RANS (g-w turbulence model)
X [T T
_/E’: J,-' i i
e oz a2 F= ! _
=y .y 21 _“’ — — P — 1‘1’ P
ox 5_} oz £
8z, oF, B p p pu
J — _,J? _,_F? _,J? — - “ )
a-}!' e_:l"' a}}' _._l_r p i q . pl — 0 p—
0c. 9¢. 94 U=l p1 el U=|pw
oz & ez || ox pw o pE 0
T 0" OF 0
EE‘:’ Ef‘j af‘k _pE_ Qu +p_sx ,Dq —
7 dy dy Oy _ p® w=l 0
N F= Qv+psv1_ ) - 0
0z &z Qw+ ps, Qu+ps_+1 S(q)
| 05, &5, 8¢, Q- (E+plp)] Qvips,+1,| |S(@)
F= OQw+ps, +1_
1.Vectors are short Q-(E+p/p)+Uu+I,y+I w)+6,+TF
2.We know length of vectors Qq+TI;
Qo+T’

3.We know names of components .
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Short Vectors. zData

z;:zData< T, 3> jgg——o z.:zVece T > Coordinates
z:euP= T=
y - Parameters for Euler and
z:zData< T, 5= ] .
- Navier-Stokes equations
zoeulle T =
e Parameters for Spalart-Almaras turbulent
z:zData< T, 6=
- model
zonutle T =

z.gomPz T =

Parameters for g-w turbulent model

rgomUe T o=

nzData< T, 7=

z:551P< T =

Parameters for SST turbulent model

zisstll= T =

z::zData< T, 9> jg—— z:zJacoby< T > JaCOby matrix

- 2Data< T, DIM DM > l——] 2 2Marine T, DM | > Matrices for implicit method
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#1

#e

#1

#e

25.10.14

zData.

template<typename T, size t SIZE>
class zData
{
protected:
T arr[SIZE]; // base array

double sum = ©.0
for (size t i

= 0: i < SIZE: ++1)
sum += arr[i] * ar

arr[i];

return static cast<T=>(sqrt (sum));

T& operator [] (size t 1)

{
fdef Z INDEX CHECK
if (i >= size ())

throw zIndexErr ( FILE , LINE );

ndif
return arr[i];
const T& operator [] (size t i) const

{
fdef Z INDEX CHECK
if (i >= size ())

throw zIndexErr ( FILE , LINE );

ndif
return arr[i];

}

Realisation

// binary arithmetic operations between two arrays
zData<T, SIZE> operator + (const zData<T, SIZE>& A)

T X[SIZE];
for (size t i = 0; i < SIZE; ++i)
X[1i] = arr[i] + A.arr[i];

return zData<T, SIZE> (X);

zData<T, SIZE> operator - (const zData<T, SIZE=& A)
T X[SIZE];
for (size t 1 = 0; 1 < SIZE; ++1i)
X[i] = arr[i] - A.arr[i];

return zData<T, SIZE> (X):

zData<T, SIZE> operator * (const zData<T, SIZE>& A)
T X[SIZE];
for (size t 1 = 0; 1 < 5IZE; ++i)
X[i] = arr[i] * A.arr[i]:

return zData<T, SIZE> (X);

zData<T, SIZE= operator / (const zData<T, SIZE=& A)
{
T X[SIZE];
for (size t 1 = 0; 1 < SIZE; ++1i)
X[i] = arr[i] / A.arr[i];

return zData<T, SIZE> (X):
}

MockBa
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zVec. Realization

//' Dot product

//' \param V1,V2 - vectors-arguments of product
X //1" \return result of dot product type T
;‘f_ . template<typename T, typename 5>
B T dot (const zData<T, 3> &V1, const zData<S, 3=& V2)
{
z return V1[@] * VZ2[0] + V1[1] * V2[1] + V1[2] * V2[2];
}
| //' Vector product T
//! 3D point or 3D vector //' \param V1,V2 - vectors-arguments of product
template<typename T> /7' \return result of vector product type zVec
class zVec template<typename T, typename S>
: public zData<T, 3= zVec<T> cross (const zData<T, 3>& V1, const zData<S, 3>& V2)
{ {
using zData<T, 3>::arr; return zVec<T> (V1[1] * V2[2] - V1[2] * V2[1],
) V1[2] * V2[0] - V1[0] * v2[2],
public: V1[e] * V2[1] - V1[1] * V2[0]);
-------- }
T o e R
#g.xR?§urn elenEnts //' Normalization of the vector
{ //' \param V - vector - to normalize
return arr[0]: //" \return result of normalization type zVec
1 3 ' ! template<typename T>
zVec<T> norm (const zData<T, 3>& V)
{
EO”H Bragil); senst T mod v inv = 1.0 / mod(V);
eturn 0]; it (!std::isfinite (mod v inv))
y REPLH throw zDivideNull ( FILE , LINE );

}; // class zVec

zVec<T> N = V * mod v inv;

return N:

}
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zJacoby. Realization

[ 0&,  0&  OF,
é&x oy &z
o0& o0& O¢f.
J — _.l'? _.ﬂ? _.U?
i oy oy 1
BE BE DE template<typename T=
Sk Sk ) zJacoby<T> operator * (const zJacoby<T>& M1, const zJacoby<T>& M2)
cz oz Oz
— — zJacoby<T> J;
J.set column (@, M1*M2.column(®));
: . J.set column (1, M1*M2.column(l)}:
| A
iémpiggggﬁyﬁzﬁg;: et J.set_column (2, M1*M2.column(2));
class zJlacoby : public zData<T, 9> } return J;
{

sing zData<T, 9>::arr;
: g template<typename T, typename S>

public: zVec<S5> operator * (const zlacoby<T=& J, const zVec<5=& V)
{
zVec<S= V
[/ Return elements _ _ Vox() = Joxx()* Vux() + J.xy()* Voy() + J.xz()* V.z();
T& xx () { return arr[0]; } Voy() = _J.yx()* Vox() + _J.yy()* V.y() + J.yz()* V.z()
const T& xx () const { return arr[0]: } l'l.l'r.Z{} . _] IX{}* V. K{} 1 __] 2'}"[}*_1" y{} n J ZZ{}* V. 2{}'
________ return V; -
}
That [size T I, SI®8 £ J) 30000 mmemmememmmeemmeeccneceoemeeen e
{ template<typename T, typename S>
return arr[i + 3 * j]; zZVec<S> operator * (const zVec<S>& V, const zJlacoby<T>& J)
} {
zZVec<S= V;
const T& at (size t i, size t j) const V.x() = J.xx()* Vux() + J.yx{}* V.y() + J.zx()* V.z();
t . & Voy() = Juxy()* Vux() + J.yy()* Voy() + J.zy()* V.z();
return arr[i + 3 * j]; V.z() = J.xz()* V.x() + J.yz()* V.y() + J.zz()* V.z();
} return V;
-------- }
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//' Roe matrix on home sides

virtual void imp matrix (Side& side,
const PVechk Pl, const PVec& Pr, const PVech& Psi,
const PVech Gx, const PVeck Gy, const PVeck Gz,
ZMatrix<double, PVec::S5IZE=& Rcl,
ZMatrix<double, PVec::SIZE=& Rcr,
ZMatrix<double, PVec::SIZE>=& Rsl,
ZMatrix<double, PVec::SIZE>=& Rsr)

//roe

ZVec<double>& 5 = side.S;
ZMatrix<double, PVec::SIZE> A, mod A, I;
matrix roe eu (P1, Pr, S, A, mod A, I);

double mod S = mod (S);
Rcl = 0.5*mod S*(A + mod A);
Rcr = 0.5*mod S*(A - mod A);

f/diffusion (momentum terms)
ZMatrix=double, PVec::SIZE> dFdU;

matrix dFdU ns (Psi, Gx, Gy, Gz, S, dFdU);
ZMatrix<double, PVec::SIZE> E;
E.identity ();

zMatrix<double, PVec::5IZE> Zp
ZMatrix<double, PVec::SIZE> 7m
Recl = Rcl + Zp;

Recr Rcr + Zm;

0.5*dFdU*(E + I);
0.5*dFdU*(E - I);

//diffusion (other terms)

double d inv = 1.0 / (d side (side, ©) + d side (side, 1));
ZMatrix<double, PVec::SIZE> Aq;

matrix Ag ns (Psi, S, Aq);

ZMatrix<double, PVec::SIZE> X1;

matrix X ns (Pl, X1);

ZMatrix<double, PVec::SIZE> Xr;

matrix X ns (Pr, Xr);

Rcl = Rel - d inv*Ag*X1;

Rcr = Rer + d _inv*Ag*Xr;
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Method. Time Stepping

Explicit Steady Implicit Steady

e |ocal * |ocal

e multigrid  global

Explicit Unsteady Implicit Unsteady
 global » dual & local explicit
e fractional « dual & global implicit

)i

Zonal approach




Explicit Scheme

* Bracenko B.B. O MareMarnyeckom Moaxo/1€ ¥ MPUHIMUIIAX MOCTPOEHUS YACIECHHBIX
METOAOJOTHH A1l makeTa npukiaaubix mporpamm EWT-IAT'U. // Tpynst HAT'Y, Beinyck 2671,
c.20-85, 2007
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M=0.84
AOA=3.0

1.56

Mach 0 r, 2 5 ‘_
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Explicit scheme

0,37

] | — explicit global
1 | — explicit local

0,2

ONERA M6
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Beijing
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Iter
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Fractional Time Stepping

* Pervaiz, M.M., Baron, J.R. 1989. Spatiotemporal adaptation algorithm for two-dimensional
reacting flows. ATAA Journal, Vol.27, No.10.

* Bnacenko B.B. O mateMarnieckoM MoJX0/1€ ¥ MPUHIIUIAX TOCTPOEHHS YUCICHHBIX
METOJIOJIOTUH JJ1 makeTa npukiaaubeix nporpamm EWT-LIAT'U. // Tpyast HAT'U, Beittyck 2671,
c.20-85, 2007

» Bracenko B.B., Muxaiinos C.B., Mopo3oB H.A. Pa3paboTka u Bepudukaius 4ucaIeHHOTO
Meroaa s uccaenoBanus B pamkax EWT-LHATI'Y TATOBBIX M aKyCTUUYECKUX XAPAKTEPUCTUK COTLI
CJIOKHOU mpocTpancTBeHHOM KoHpurypauuu. // Tpynel LLAT'U, Beimyck 2671, 2007.



Global Time Stepping

Global Time Stepping:
1:<1:max

As a result:

« Computations are long

 CFL << 1 — great dissipation
errors




1-J p—

Fractional Time Stepping

Advantages:

 Correct simulation of unsteady
processes

« A few steps in big cells —
computations are more quicker

* 0.5 < CFL < 1 - little dissipation
errors




Fractional Time Stepping

Small cell

)

Great cell

Linear
interpolation

T - Minimal step time
Teell - Step time in cell
T. . .
n,, >—< - Number of fractional steps in cell

min

n ax = mlax(ncell)

m

n, :méin(M - Interpolation step
iter 1 2
(n+n,,)%2-n,)==0 - Cellis in the predictor
n%2-n,,)==0 - Cell is in the corrector
n%ninter = O
dn = L =" - Condition of the interpolation
ninter
P+P-d
p=1t4 - Interpolated value
dn+1



Fractional Time Stepping. Decay

0.5

—_

0.8

= 0.6

™ 0.4

= 0.2

acoustic collision fly away mach3
1.01 1.0 1.0 3.875

u 0.0 1.7748239 | -1.7748239 0.92
p 1.01 1.0 1.0 10.333
T 0.0034835 | 0.0034835 | 0.0034835 | 0.0093325
0 1.0 1.0 1.0 1.0
u 0.0 -1.7748239 | 1.7748239 3.55
D 1.0 1.0 1.0 1.0
T 0.0034835 | 0.0034835 | 0.0034835 | 0.0034835
t 0.2 0.1 0.1 0.09

global

|

10095

=t
gL}

=1.0073

1.0035;
o b

)

fractional




Fractional Time Stepping. Back-step.

M=0.85

Mach: 0.050.15 0.25 0.35 0.45 0.55 0.65 0.750.85 0.95 1.05

Riemann

Riemann

Flow No.2|

[Flow No.1

uuewiary

4

Riemann




Fractional Time Stepping. Back-step.
M=0.85

Mach: 005 0.15 025 0.35 D.ds 055 0650750850085 1.05 Mach: 0.05 0.15 0.25 0.35 D.A5 0.5.’.) 0.65 0,75 0.85 0.95 1.05 Mach: 0.05 015 025 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05

t=6.724 t=6.744

global, t=6.744

t=6.779

local. t=6.779

global, t=6.724

fractional. t=6.724 fractional, t=6.744 fractional, t=6.779

Global time stepping
0.3 — ———— Fractional time stepping
0.3

Global time stepping
Fractional time stepping

0.2

Cpy

0.2 — 0.1

Cpy
|

0.1 =i

Cpy

LN L LA L LA L L L |
a 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
t-t,




Multigrid

* Blazek J,Computational Fluid Dynamics: principles and applications
« Toro E.F. Riemann Solvers and Numerical Methods for Fluid Dynamic

* Jameson A. Acceleration of Transonic Potential Flow Calculations on
Arbitrary Meshes by the MultiGrid Method // AIAA-79-1458-CP (1979)



Multigrid
1. Fmemesh 5, Coasemesh

Wnﬂ 24 o e
2h . . > W :I Wn+
interpolation 4h 20" 20
R 74
n+l A 2h anl=et R
th +QF .. > IZh [th +(QF)2;,]
restriction

h
S 5 > 0) ]Zh o
OWan = Wa!H — W, . Ih ST
- o 2h prolongation 2nTY 2R
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Multigrid

V - cycle

Prolongation

Restriction

Grid level

O Intermediate solution

Converged solution

W - cycle

Prolongation Q —5

Prolongation

Restriction

Restriction

O Intermediate solution

Converged solution

1. How to set number of levels?

2. How to set cycle?

Grid level



Multigrid

Solver solver;

size t multigrid levels number; // read number of levels from project
// init solvers

std: :vector<Solver*> solv;

solv.push_back(&solver);

for (size_t level=1l; level<multigrid_levels number; level++)
init_coarse_solver(solv[level]);

level indexes cells number
(%] 80 x 48 x 16 61440
1 40 x 24 x 8 7680
2 20 X 12 x 4 960
3 10 x 6 x 2 120
4 5 x 3x 1 15



Multigrid

// init strategy
std: :vector<int> multigrid step;

if (multigrid_levels number>0) {
multigrid_step.push_back(RESTRICTION);
multigrid step.push_back(COARSE RESIDUAL);
if (multigrid levels number>1) {
multigrid step.push_back(RESTRICTION);
multigrid step.push_back(COARSE_RESIDUAL);
if (multigrid_levels number>2) {
multigrid_step.push_back(RESTRICTION);
multigrid_step.push_back(COARSE_RESIDUAL);
multigrid step.push_back(COARSE_SMOOTHING);
multigrid step.push _back(PROLONGATION);
}
multigrid_step.push_back (COARSE_SMOOTHING);
multigrid_step.push_back (PROLONGATION);
}
multigrid step.push_back(COARSE_SMOOTHING);
multigrid_step.push_back(PROLONGATION);

}

// init solvers
Solver solv[multigrid levels number];
for (int level=1; level<=multigrid levels_number; level++)
init coarse_solver(solv[level]);



Multigrid

// step residual
solv[@].multigrid_step_residual_2nd_order();

// multigrid steps begin
size t level = 0;
for (size_t step=0; step<multigrid step.size(); step++)
{
switch(multigrid step[step])
{
case (RESTRICTION):
transfer_to_coarse(*(solv[level]),solv[level+l]);
Level++;
break;
case (COARSE_RESIDUAL):
solv[level]->multigrid_step_coarse(true);
break;
case (PROLONGATION):
transfer_to_fine(*(solv[level-1]),solv[level]);
level--;
break;

}
}

// step smoothing
solv[@].multigrid_step_2nd_order();



Multigrid. NACA0O012 M=0.8, AOA=1.0

0.3 -1.5
P \
L
0.1 / 7 '\ \
/e =\
/ —L\
3 o I/ N
-0.1 I Cy 05
multigrid
0.2 — local explicit 1
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Implicit Scheme

 UBanoB M.A., Hurmarynun P.3. Hessnasa cxema C.K.I'omyHOBa NMOBBIIIEHHON TOYHOCTH JJIS
YUCJICHHOTO MHTETPpUpOBaHus ypaBHeHU Junepa. // JKKBM u M®. 1987, 1.27, Nell, cTp
1725-1735.

 Kaxan E.B. HesaBHas cxema B npoektax EWT u ZEUS. // Marepuansl XX IIKOJIbI-CEMUHapa

" A3poiMHaMUKa JIeTaTelbHbIX anmnaparoB”, 1. Bonogapckoro, 26-27 dhepans 2009 1, cTp.
62-63



Implicit Scheme

i,k

ﬁnﬂ B ﬁn 1 n+l1
i,j.k i,j.k r- I 1 _
p + { Z(EH/Z _F;'—I/Z):| _Wi,j,k =0

"t =" — RM Au. ,+RMAu, ‘@Wz ik
- - N
—RMnlAMZ 1‘|— 1+—RMn AM +RM1+1A“1+1_ — 1 1 W
Vi Vz 5 5
2 2
i =i+ Al

RAM (implicit) = ~3*RAM (explicit)



10/25/14

euScheme

T

imp_euScheme

Implicit Scheme

euScheme

_

imp_euScheme

euScheme

T

i

T

nsScheme

/

Imp_nsScheme

imp_euScheme

nsScheme

N

Imp_nsScheme

gomScheme

~

=

imp_gomScheme

Beijing
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Implicit Scheme

euScheme

iImp_euScheme

nsScheme

Imp_nsScheme

gomScheme

Imp_gomScheme

virtual euScheme::E()

{
}

return euE;

10/25/14

N

virtual gomScheme::E()

{

return euk + qomkE;

}

Beijing

Error: Abiguous call

iImp_euScheme::foo()

{

return E();

}

imp_gomScheme::foooo()

{

return foo();
}

Result — euE - error!!!
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Implicit Scheme

Inheritance for Explicit Scheme

template<class PVec,class UVec,class Cell,class Scheme,class Boco>
class nsSolver : public euSolver<PVec,UVec,Cell,Scheme,Boco>

{};

Inheritance for the Implicit Scheme

template<class Solver,class PVec,class UVec,class Cell,class Scheme,class Boco>
class imp_euSolver _base : public Solver

{};

template<class Solver,class PVec,class UVec,class Cell,class Scheme,class Boco>
class imp_nsSolver base : public imp_euSolver base<Solver,PVec,UVec,Cell,Scheme,Boco>

{};

template<class PVec,class UVec,class Cell,class Scheme,class Boco>

class imp_nsSolver : public imp_nsSolver_base<nsSolver<PVec,UVec,Cell,Scheme,Boco>
,PVec,UVec,Matrix, Cell,Scheme,Boco>

{};
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Implicit Scheme

//\\

euScheme euScheme
nsScheme nsScheme

\domScheme,

Imp_euScheme A
i PN

Imp_nsScheme /imp_euScheme\

T

Imp_nsScheme

T

| Imp_gomScheme

~_
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Dual Time Stepping

* Jameson A. A perspective on computational algorithms for

aerodynamic analysis and design // Progress in Aerospace Sciences.
2001. V. 37 N2

« NUMECA

« ZEN CIRA



Dual time stepping

ou N oFr (u)
ot Ox

O

Implicit Scheme of 2-nd order of accuracy in time:

2 uin_'_l _ ul" . l uzn — uin_l —+ E+l/2(un+l) — E—I/Z(u”+l) — O
2 T 2 T h

Equation:

5_1/1 + iﬂ _l u; _uinil 4 Fo,(u)—F,_,, @) —0
o& 2 T 2 T h

Explicit Scheme with local time stepping in time:

(L, (0 __ . n
u,’ =u;,
(k+1) 3 €5 n P n—1 %) 3
u,; —u, 3 wu; —u! 1 ! —u! F, u — F. u
: e L — L — + i1/ ) im1/2 )=O, k=1,....,M,
AE 2 T 2 T h
n+1 (M)
u = u,
"7 4



Zonal approach

S.Deck. Zonal-Detached-Eddy Simulation of the Flow Around a High-Lift Configuration. // AIAA
JOURNAL Vol. 43, No. 11, November 2005



Zonal approach

Efficiency
Amin/dmax | 10 103 108
Nmax 8 512 | 524288
Nave 1.5 10 1000
Buffer (CFL<<1)

ROI (CFL~1)




Zonal approach

Efficiency
Amin/dmax | 10 103 108
Nmax 8 512 | 524288
Nave 1.5 10 1000
Buffer (CFL<<1)
ROI (CFL~1)

ROI (CFL>>1)




Zonal approach




Vertical velocity (V)

Vertical velocity V, m/sec

EUROPIV-2 Task 3.1 - Airbus Bremen, Germany

DeSiReH - RANS calculation, TsAGI




Zonal approach




Zonal approach




Computational efficiency of zonal

Airfoil EUROPIV2

Efficiency

1 Cu>=1.0
_1[] _I T T T T | T T T T I T T T T I T T T T

Cu<10

-8 -7 -6 -3
log.o(step_time,n.tesdy)

-4

Efficiency

approach

Wing-Airframe TC217

|
V=]
|

W~
=
|

L
=
|

—e— zonal

i
%]
|

-8 -7 -6 -5 -4 -3
log,o(step_time,.tcady)
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