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Multi-block grids

* The domain is decomposed in two levels. The sub domains on
the first, coarse level are called blocks.

* In asecond step, these blocks are the discretized with a
structured or unstructured grid of cells.
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DNS - direct numerical simulation
All turbulent structures accurately resolved in space and time

Very fine 3-D grid and time steps, effort scales with Re.

LES - large-eddy simulation
All gradients of the mean flow and the most energetic (that is,
the largest) turbulent structures are resolved in space and time
3-D grid with moderate number of cells and fime steps;
costindependent of Re (except in boundary layers)

RANS - Reynolds-averaged Navier-Stokes simulation

» All gradients and structures of the mean flow are resolved

» Coarse, sometimes only 2-D grid; steady state or a few fime steps
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Includes turbulence production, fransport and dissipation, for this
reason much better than all algebraic 0-equation models.

Computationally very efficient because only one transport
equation.

The assumption of a constant mixing length for all flows outside
boundary layers is a strong limitation and often not justified.

For this reason not suitable for internal flows and flow separation,
but often satisfying results for external flows and attached
boundary layers.
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« Low computational overhead because only two additional
transport equations.

Gives good results for external flows (aerodynamics)

+ The k-emodel should applied only to flows without strong
pressure gradients, stream line curvature or separation.

Formulation of (numerical) boundary conditions for & is difficult.

» Eddy viscosity models assume that the Reynolds stress is
proportional to the mean shear rate. They cannot distinguish
effects of the individual components of the Reynolds stress tensor.
The model fails to predict anisotropic influences, such as
streamline curvature and directional volume forces (gravity).
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Low computational overhead because only two additional
tfransport equations.

Gives very good results for boundary layer flows and for flows
with pressure gradients and separation (surprising)

Simple wall boundary conditions for w.

Very sensitive on inflow and freestream boundary conditions, for
this reason is the k-& better for external aerodynamics.

Over estimation of tfurbulence production at stagnation points.

Blending with k-¢ leads to SST model (Florian Menter, 1993)
SST gives similar results as Wilcox (2004) ,improved” k-w model.
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Very robust.

Computationally very efficient because it requires just one
fransport equation.

Often very good results for simple attached flows and also for
flow-separation location.

Less suitable for the prediction of flow reattachment and free
shear layers.

No underlying physical theory at all, if you still care...

Basis of original detached eddy simulation (DES) method.
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© The k-& model performs well for exterior flows and thin, two- » Reynolds stress models (RSM) give (by design) superior results
dimensional shear layers. Predictions are poor for boundary for flows with strong streamline curvature or swirl, and for
layers and in particular in cases with strong pressure gradients. (anisotropic) turbulence induced secondary flow structures.
The k- w model yields more accurate results for boundary layers
than the k- model. Problems of RSM:

- RSM are computationally expensive
(at least 6, usually 7, fransport equations)

> The SST model (Menter, 1993) combines the k-w and k- model.
- Convergence can be slow or even unstable.

However, it does not always give more accurate results that the
separate models.
Wilcox (2004) proposed a new version of his k-w model, which s Explicit algebraic RSM (EARSM) reconstruct the Reynolds stress

gives very similar results as the SST model (can be good or bad) tensor or an anisotropic eddy viscosity tensor from a reduced
number of transport equations.

Li i it | timate t | . . .
> Linear eddy viscosity models overestimate furbulence » Recommendation: The in CFX implemented version of the

production at stagnation pom.’rs. . w-based EARSM of Wallin and Johansson (2000) is robust and
There are many ad-hoc modifications and workarounds, e.g., gives excellent resulfs at low computational cost.

for stream line curvature.
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Unresolved scales (sub-grid scales / sub-filter scales)

- Cannot be resolved unless the grid is very fine
(c.f. Kolmogorov micro scales)

- Must be modeled in an LES

D pront

Stoamion Cuassicatiod

DNS: exact simulation of all scales
RANS: only the average value is computed,
the complete turbulence spectrum is modeled
LES: the most energetic large scales are simulated,
the effect of small scale turbulence structures is modeled

complexity and effect of model assumptions

DNS

cost
&
.

LES 8

RANS >

accuracy

filtered solution
resolved scales

Resolved scales (sometimes grid scales)

Spatial and temporal evolution can be represented and
resolved with moderate effort

Are computed directly and represent the solution of an LES
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Cs. Twe dynamic Staagosiasiy (Dsn) peopose
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Review (personal)

» Very simple and efficient model
» Does not require additional PDEs

* No numerical problems

+ Drains sufficient amount of energy from the resolved scales, ujf'o ’ﬂ'ems:
which stabilizes the simulation and is the reason for the huge
success of this model until today Most oi /3 %@L‘f 05 He S68 Shus lsoc

» Very unsatisfying correlation with exact subgrid-scale stresses 18 e fo Kte inkocchon btu le Swall o
+ Better model are required (and available) for complex flows ew‘se scclea .
+ Optimal value of Smagorinsky constant varies a lot _
lorbulnceg o Mose scelos cre simber

* The Smagorinsky model is implemented CFX and other solvers. -
Resolved scales - Unresolved scales

Simulation . Modeling >
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« For the first time a closed model! beat ‘C}O
+ Significant improvement over original Smagorinsky model u we 0&3@“’ A s’“hd wviation OP Cn we obtain: 1Ule.
* No further empirical assumptions required
« Improves prediction of near-wall turbulence -
+ Does not require van-Driest damping if the test filter is A\
formulated in such a way that it filters only on wall tangential Nd 20N & — ~ 2 = =
directions P | | L. | ‘ ..
« Backscatter: instants of local energy transfer from small to
large scales. Cp can assume positive and negative values, the
model is therefor able to model ,backscatter” —in theory. Zd M
ijrtig

» In practice, this backscatter model often leads to instabilities, 7d
so that negative values of v are usually clipped. o= CD sz 50&@ b) (MS"‘SQ/&FC op’f\mcahoﬂ Cp =

« Sl poor correlation of modeled and exact SGS stress tensor. Mij Mij

This pahicoss frm was proposed by ditty (444Y ond shootd be preffpred
ove He ongact popasel o Eomano

SCALE Simcanvty Mooe

Approac(: willout He edoy viscostty  approximahon
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« Excellent correlation of modeled and exact SGS stress tensor.

* Numerically unstable without additional dissipation
mechanism.

ﬂ()(@'b NODELS 2A06° combured method with a dynemic 830’3 U'Swé‘lf) model
one og W beat

Tij = Wity — Uit — 2(CsA)?] 55|18y

CuenenT Taeuos

Combimng  RAWS ond olES
+ Lonal covplng. some 20nes 9SE RANS o) OMUs des  pblms at covplns  condihoss.
s Detached cddy simulation, haseo on g0 resolotion  od wiall Jistence.

Impa&a{— ew-@c)c')g srubahon  (ILEY)

Full coupling of numerical modeling (discretization) and
physical modeling (SGS furbulence model).

Often used as synonym for under-resolved DNS with dissipative SJM“ALV

finite volume schemes, which are stabilized by (an often -

excessive amount of) numerical diffusion. RANS

However, numerical schemes can been designed in such a + Decompose flow in (femporal or ensemble)mean and

way that numerical diffusion is consistent with turbulence fluctuation

theory. » The whole turbulence spectrum is modeled

Different from eddy viscosity models, implicit LES is not limited + Grid refinement beyond a certain level does not automatically
by assuming isotropy of SGS turbulence. lead to better results, because we still solve approximate model
Particularly suitable for complex flows with anisotropic equations.

turbulence and for complex fluids.
LES
+ Decompose flow in resolved scales and unresolved (SGS) scales
* Model only the effect of subgrid scales on resolved scales
» LES is always unsteady and 3-D

» GCrid refinement leads fo more accurate results
(LES -> DNS for A ->0)

» High potential for complex flows, but more expensive than RANS.



Fuwre Vowme MetHon

> Tle computahoncd Space 18 ecomposed 100 non-averlpping  control wolumen = fiaite vobumes (FV)

> EJe/a FU (S consideed as e controd volume (CV'\ /0( vhicy we compule, /A evolotin fj
e mean yodoen.

> e sodvhon represents W celt ava e valve .

The consevation (w18 infegrafed ove He FV

d )
—@p=-V°¥Y —- — dV=-| VeWdVv
4 el 74V

[

Conserved FluxV=Y¥( )
quantity

Gavse’ Meoem 15 applied to femsform  vofume inkegrels [0 oo fece Inlegiodls.

[ VewdV=[newdS= [ WdS- [WdS+----
v Sy Syight Sief

=F —-F +4—...

right left

The f(‘”‘% E> ovu te FV sufice Sy determine e fime evoluhion of He cell cwenge

inlopoldon Yo  cell armge
Megnte Joox e oll s T aumencod evalushion of He Jlox batace ove He FV reguuey

ﬂ? Gpproximation meflogs.
|:%)> ® |:_i.> T fwxer hove to be cgproximated Jrom M baown cell avvege
ﬂj Solwtuns @
For euck Fu1

APPRONMATIONS

Quediature:  Surface ntegsal af f&;w, ic a Sum of discrefe walves at ore or Sewenl ponts
al He ol Surface.

Tnlepoteion: Values of @ at Uy cell sufacer o reconstructed /rom Ue valver of ¥ at He al
cnluy



APP‘ OX\MATION) OF g)mmcs Joteceacs

Mip-pont role:. (2 Orde

Fe = S&VJS = ‘-?e Ae Ae = iMS Qe = -ﬁ; S&de = mean uade.

e

Tle nkesial ¢ opproximoted as W fwddcf A He »’!kgml- Yo with He area of He cett /MA

Eeroe:
ne Yixe) 5 .

"V(\: ~ T
=% o Ox

Wy

Se e

¥ X=X

. Yoy
M/S Wy dx :Mq“(/o*g_l/_‘_ oV
] R
xo-h/2  Xo Xo+h/2 X : g6
h_')_ r)wm
4 -l
_l; 5:’. (‘1)0 k/%:l——_ai__o_)
U\/_,__—FJ ercor frnahon > @“U/\l)
Midpont cole

he. ory of Me reltod detemires He “rate of o0 Convogmce for o suffiiertly smooth soluhon

ex“t\
log Error /c\/\y@ Ue cen absee bt e highe order meflod s are
1st order amﬁa) rot w0 §ood for &W redolvkon  ond faéﬂ calls,
2nd order error\
4th order
Number of grid points
low resolution high resolution
large cells small cells
“Jearezoina, Rue: (204 order) Smpson Roe (4L order) i v
LU n ne
P E
Fe=flPdS==Aqu'”+qJ“ F,- [was~ 4, Lut ¥t ¥ ® [—o
Se S, 6 s se
I S SE
a -

AProviMATION  OF \Joume Tureepas

Most common is a 2"9 order approximation

Qp=fqu=qVquPVP
vV

This rule is exact, if g is constant or a linear function within V.



_];JTE(Z POLATION

To euduate H qwdfalv/e rolen we need to Compuke He flux at one or gouerl ponts gr Me

cell sorface.
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® —v
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ne

e

se

— @

E

EE

Tlese ponts oe reconstucted from te Colome legrls by spatal intgpolahn, b-1(%, Q’e.,.B

Upuos Torerousmon (pernd Iffeencing scheme - v08) dwese  Turecroanvr (cowal Oernling

&heme - C0S§)

W, if (un), >0 .
e - VW A4 (1-4 4 o dosar
IPE, 1f(£'ﬂ)e<0 e 1z e+ P( e) M@E ( /
p e /S:&Jhw\m &l coler

Sotohor ot P Gt o gut, @ 1f nght b{z&/ﬁ R
W P E
@ o e (] .W .P . .E

T@UUCAUOU Elzfzorz - Numesicac DuFFu&au

/—\/mlﬂxd with Taglor Sefen CxpeanSion:

(xe—xp)2 ER'Y N
2 ox* »

Y =W, +(x -x,) or +
ax ),
TW'\C%hor\ eror oj uDSs

o ' M (Ke-x,
E ps & (xe _xp)(g) (plus higher-order terms) rl)mporf' ool fo SnC) o e=Xe)
P

Exampe . UDS  disaehwhon of licer cdvechen  Eguorhon:

Qs Eflecr 0f tumencad apponmahos o0 aumencally compottd selhon)

ot 0x

Upuilag  gpprox imahon: Tagtor geder evndnsion of @

n+l (0} At (:)
(‘)(p (ﬂ (ﬂ Temporal discretization: n - time step (pz = (/7: + Ada_@‘ ) a;p
ot At numescal meflod ’
0 g - . ) m - 0\ |Ax 9* (p
@ (/7: (P, Spatial discretization: i — grid node V=@ — o
ox Ax ‘ ox) | 2 ox?
et atone error

Uhed wt wot fo compyle




Exaupe (Conmuven)

Sohet bohon
99,09 _0 = Uk neglect He Honcatun esror
o 0 be welvding W dnacchon eror
ntl _ _on n_ _n 2 2 —“rﬁ act solwktan Wi U n NINCG .
t t X .
truncation error a_(p 0 Ua_w » U2At _ UAX az(p _ 0 —I‘ﬁls erar s o ad)‘hmd
2 > Jax? difusion term, (Aumecd
ot dx X J-?funm\
e

A nomericel oethod with aegafve (DY 1S vnstable.

Atc Ax /U
May a:araca at At =AxlVU

]\/u ‘ expreased as enseat, Y K. ongncd
eapation bhos a Iffusion Hm atiecd,
N bok Oiffussions are Sommed,

wl
R = wl oX e
fz@ ¢fetrue v Vi

- v
(FL= AcAK

Tooncator eonvp o (oS Cental differncng Sheme

(x =x,)(x,-x)[0*P opprox pooportimal o He Squcre of He cell g12e
o e “PITE e

ECDS > o (xe-Kp) (Re-xe) 2w ordw metuod
o I
NUMERCAC (iFFUSIOY VD DISPeasion) UDS 1st order method
uDs Jump funzh@ ) cDS
diffusive error actfeicll dispersive error
71 turbolnt
ot befte |

benes|

Disczerization oF Geadients

To evaluate AYusion toms we lewe ko cgpoxmale gradients % ¢ at K FV sunoce.

%ffpu dV"'fSVpﬂQ'ﬂdS=—fsypdS+prEV dv

Uiscous Sheas 13 opproximaled wth & COS netod becavie fg closely
Comenponds o Ue 1sofropic  Gheragle of o Offusion:

WP ., G -
(50 o



Disazeranion oF Geadients (ConTivveD)

From He Teylr sores exponsion flloos:

= _(xE—xe)ze(xe—xP)z i’y
T E (S Z(XE—XP) axz €+

(x: - xe)3®(xe - x,,)3 ‘93_7/’ +
6(xE—xP) ax’ ,
~ AX ~Ax?

Non unform snds, st odes rethod Since He lecding order eror Scodes vl Ax

coarse
||||||||||||||||| | | || | | | |fine

For unform Gads, 200 odd metlod . Tl oo inotoses by ore.
P e E

Noy Unipgem GR1D>

4. Refre celts by splithg fem oo ol nkeruls

Gucuusiovs
> Non uniflom gras am gwe He same
coarse ode of gnd convugnee  as refrecmerr
||||||||||||| | | | | | | | | | | | |fiﬂe of unifor  ¢10s,
Tle pest orde toas cgpeer lee Mo dstmce 1o bon gide 1c net Uy Same.

>6nds shoutd be smooth
The goobe] fnncahon evor witl coge oy stigtly stover tian a 8% orde mefuod.

2. Rafe coles 53 spbithyg Hem b b wlovels wll. ezl Shefching,
codarse
“”Hllllllllll | | | | | | | | |fine
dy. i:\wgsrmffa, somefieos et

T frst cror Jom convegs Lesle  Haa He second cror fem. 97 o armoypce.

Mlsmea, Oepee  Memops

> Con sive mor acwrate solohon on same gnd.

~Com be obfmined by incduoing Iformahon from more neyshbor cefls.
> Swmpl  for stoctured grds

> Difficntt /computuhor<lly expasive for instuchieed §nos.

AWSys - CEx Twrerboiam oo

dst order Upwind Diffuemrcing SCleme UDSa w0 onder  Cortrat Diffomcn; Sthewe  COS
2nd ode Upwnd Dyfoercens Scheme UDS,

4% -2 ondes blmd fackor (UDS, «->UBS2, O cpcd)



Unsieady  Rhoatems

> For steady pobleas time hes fo be discrehited oswell, meUing & Ut Jimersion.
s Unsiecd problems , He Jobe s 0o wfwee on e post, thos g e perabobic o time.

> Unsledy problems = Tarhal bowds vade poblens (soloker xpeds on inhod condihers cud  bamdcy
condihoas))

> Same eflod as pahrl discrehahyg
Example  conseadion loaw : Uhatis He solohon Yot baw  tn= A

de(?)

= f(t’(p(t)) 5 m(to) = (PO
dr

L _Tnlesm,ﬁo'\ f (il_q)d; -
i t

TIME  MaecUIVE METMODS

@ ="+ [ fep)s

@™ —¢" = [ ft.p@)di

Euler forward (explicit) 1
Mid-point rule (implicit)

(15t order)

@ ="+ f(t,.9")At

(2nd order)

f — : (pn+l _ (pn +f(tn+1/29(pn+l/2)At
+
0 0
ty  torat

Euler backward (implicit) f . N
Trapezoidal rule (implicit)
n+l n n+l
¢ =@+ U@ A (1 orden vt _ g L@+ fg™)
2

(2d order)

QRS

to torat T o At 1

—

For o smell Dt ol metods convege o it sme solohan
Tle odes of amefiod tefls how fosr 1 coneger fo o § Lb « sifficedy smcll.

CFL = Ot /_?U; c 03 is good ewvsh foo tme nkegahon erors.

Tapucit valves 0of Qak £ >ta EXPLUUT @ at twqeb
ADUATASES
ApuauTAGES No leaton resesscry , efpicint
Stuble, for moch Cager tine Skeps Shuicht forucd implemertahon
DISADVANTAGE S o memony reguvouents
dlorsp. merory regiiemats DIs4DVAUTAGES
; leahueeJ + complex Implene/ | ahion Uagabee for Cga Fime Seps.

Corefil wntn ympticit Fime twarghing oad LES CFL gwes mox glep



Jocac vs Puvsicac Tine Sten

—TL\e maximom regsonable  time Siep Se At e Gmited l:\g ﬂ(pu plysics ond of numerceed Stebi ity

Tle solwbLoy oSt not ‘Db‘aslcw% popagate 0VE A (qu digtence fuor wlhat (5 coveed bg it
lr)g,(my\ca domean Of (e ComP.;}nhmoe steral.

I\f&mw domain : h (~ cell wioth) :l_mpoue/mmrs %
Sinaf speed : S=|Ult ¢ Cmpeasibl At = Otx)
S=10]| 1 compreasible

Max hime glep VAT ‘/I/5 —s Apopiate hoe Step 15 oftr Cimiled .].)3 smolpt cell n Jomal,

Physical time step:

Local time step:
P femsthen is 500) kot

< ad , But . . .
Feanshon & bad & Transient is physical flow

: en)  cealf is 5000 Trﬁnssiiéegltl behavior is not A it tales long evolution. Converged
O hgho Ot e ' T @ Swdller I steady state result is
Insufficiently converged reached very slowly
5 results can be st (or never).
iIN completely wrong! IN
CA o o S o i CA

Convwggd steady STade resvlls n iohead bot e obtained fsly catn docal hee Siep. Bk W temsihal i

not 3003. Cen be vsed as e acieloctor n P al tine KHEPPV)J mefrods.

DUAL -l—IME «S:-EPPwe /4611'100

gp&l‘ disatle e  denvchue nto:

. flu.l}e phasncol fime &ep At,o&lu o ,'mpgm; mehod,

* Peewdo - fime part At
Sace you gwoul et O ak S’f@\ljb 8o

(9 . (? (? Jisachize  Implict
% fle@) <= hm(_qa = f(p(1))- _(p)
ot =2\ 0T ot
Disceheahion with oo implicd for pUuyscal tme cnd Eute expliort wiht locey e slep snc for psedo e,
1im(‘p(r ! AA’)W(T ) __gl+ AAt)—qo(t) .\ f((p(r))) @(t + At) = (T + AT) = ¢(T)
— L f(p(T)) — f(@(t+At))
psvdo fne pPrysiced time
Ansys - CFX
M hme 5lfppvy meflod doced of pl/\gslcaf hime s)ep.f/’)f

Jst o  Colur (;N(,wy) Trposa  CFL 1 reeded
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Eow pary  Conpmions

ExXAMD=: 4D D\ﬁuswn~o«3wﬁ‘0’l egeation Time: dst oder bechword Evle (inpthch)

n+l n n+l
=f(§0) f((p(t))— N yaad (;0 82_(p @ =@ +f(tn+l’(p )At
’ 2
ox dox ffgcze; 2ad ord) conted dda”“c% le(fom snd)
'D\sc,c,[.e e . (alp) Pis — Py 32_90 — Pin _290{"’(/71'4
ot on: P e CX Py | B
(pn+1 ¢n+1 ¢n+1 2(pn+1 +(pn+1 C’E/":Z,ieiw""m
CU, _(pl +Al U i+l i— i+l sz i—
- The Somgtien o all cdvechon ond dffusion toms leuds b oo Pinece
Oroe {02 index of L cdsebraic Fystem
e AU _ AT f 2MD) (MU AT A + E Agrieg, S Belpbeic e for evr onsessho
i1 _E_sz + + A e 2Ax sz i [/ ond ey cell.
:;:’a "n :- H
; : / . ( | Jnaex P pont wlwe e approx PDE

T3
2

Thoex L+ runy ows afl cell's

ik Ao
]
®

LY AgApAn A = .

| Pe, O dlplﬂd on 5"615"0"‘6‘@
pei00" Gnd fid popehes.

Ge: includes all houn boms at peviovs
tinve M.

=

oZ(A)EAel’ZQT(UN: Uow Yo trect nonbirear PDES

matrix structure for

0 1 1 5x 5 grid
—”+V—Vp——v-w=o
ot P Re Neviw Stolen e o System o Nonlinea PES

V-u=0 Taleacton of vochou <0 turbulne readlt /ro:v\ He guadrehe
000 brecety .

Trptict Time disothishon methods are appled bo a Cnecrized veson of V-3 egn.

n+l
+ E A
"Bou noney  Combditions Ar@r o

Discete opeskals Cppox He ftow evolohon fn = cell o5 6 Possible chorces for &necmltg:

Juton of He Solohon in e jshbor clls. Pot, what dowe

('l) Un+1 Uﬂ+] ~ UI’\ Un+1
do ¢t H. domein bounderies)

-> Error (U™ -un ) U = O(At)
Free stream ° N-3 Odeceribe imtcl Sow\dd'j wlue
° EI ° ‘ rNleHS
P| W ] ] = ]
iow L’:Iﬁ:j Outlow et pescd problem res correck (2) unttyn*tl =2 ynyn*tt - ynyn
() L[] |'A(
[ kel cndthons e.d caveck bowmda > Error (U1 -un )2 = O(Af?)

vl endihong

Trres o Dawwoany Consimiowy:
4. Diviohet bovoday condthon - 3. Robon boydery conihon:
Jmpose valie o valse (¥) on bowndery Conbincdion ¢ icichlet g9 Nevmann

2. Levmonn looundsty endihon: Us Persorc bomdag cond\hon:

Close bonding sudece suchh Wl valves & usichble skould be
IMW gradit § Uaicble (%) on M Lomdaré I seme ab hwo gpponte s



Exavpie: po e waL

Value of fluid velocity is prescribed,
that is, Dirichlet boundary condition for velocity | Ygq = Yy

Adveckon fonvechon Hhtossn wall is AUL

Ab-sbp condihon plos  incompressible cobroiky cgurhon gield e ol axxomake.

oul - _ Z/ LV o M _p Pescve gadert normad fo wall 15 Now
0%l 9 by MNeomana boundery condy fln for pressore,
Viscous  shreas :
.- % % Viscous namad : \/usc:oua la\sgnha(; one S1de c){{w\cn,s cppoxmahion.
7 =4 ox; ox, —ug
v =2u% =0 =ftxde=fu—dS “Sy -
ay wall 5 5 s

e con cdwo vse wall-stess model b approx
Viscous sheer, Tncocporate modoled Sear steas
Gs source tem.

Wall Near-boundary CV

Evavere: SymueTey
Ascome Pt o mirored soluhon Confwes on He oM sice of W londey:

No !tou o He (ﬂam)dg

0 u Jav
L ) Zo-o0 v =0 —|  #0  Toaghal uswos sher sheas of U-comp
Oles Qs A a
sageers .
Normel Uiscouy s apprommated as bgare
Exavtie © Torcon Exameee : Onteraw
Supensowic : Supensowic :
Sm;(;.-sp N-S , 5 indepndnt veriablen A hecen inflence. No Jinchler b.c
alm Spe,u‘fl as Dwricket bm/do.g ° b '\'f @ e ‘ .
ch\th Only  Neuvmean be.
. d’ns:l-a , X momertum, oad energy
‘ prassue | fompuoture, udocly veckor SuBsomIC 7 TuConPRESSIDE
Sudsowic: 4 veiable as Dinchlet b.c. usveldy ke
U indepprdunt wnichls as Digchet boundes, frnses

* Dasity od  Inmomatum

B/B,f@wdvu"lﬂ.



’BEST P?Acncc:‘ FOQ Bouwmary CWD!T wAs

>'B:m:)ag) cond1hions approximate (e Ftaﬁll‘(y

> To bmt unph”swae e&{ecfs, Hcg shavld be Z)w,{-o:) as Paf Guwouy GS Po.ss.btz f-om regi0n 0,5 infvent.

o Dilefonce flw cen leed fo unphysiccl oscllabios Gad cgflectons.

> Tle choa C{f boyndey condrhon§ wstsm{mf!% c%le He enuymee ke .

> Auend “Oprng andthns = ) Nwer  ovy -detecmire He podlem.

Ppmswag Vewocry  Covrune

Compecssigee N-S ea.

Mass conservation (continuity equation)
%49 (pw =0
ot

Momentum conservation

agﬂ+V'(mu)=—Vp+V'I+E
p 1

Energy conservation, with total energy E=e+ %yz

Pressure (and temperature) follow from the equation of state,

e.g., for a perfect gas | p(p,e) = pRT = pRci = pe(y-1)

\4

Discemiaron or me Pressoee  Porssonm
?rebs;ue {orm Momortum  egunbion  x-dir

~[ pnds ~[ pndS=-pA +p,A,
S N

Cortrel du(%ezmm scheme e un\cfo/m 5n’d

— Py *Pp _PptDPg _ Py~ P

pP,~P,

Preasoe Porgson eguation with CDS

Thcompeessinte M-S €.

Mass conservation (confinuity equation)
V-u=0
Momentum conservation (constant density, no external forces F )

M oV (wt) =~ Vp+ -V Va
ot P Re

The pressure p is not an independent variable anymore.
It is determined by the Poisson equation

Vip=f(u)

nw 71 ne
w e
SwW S se

$s

Peasure 1 ffedivdy disathied on coosser grid
5 > 2 Velooty o prnsuc of cell P e decovpled.

Nt coss nor nomatum  eg. covpe passue

Vzp =f(z) end spe.e.c) at any fom. Oscillehons  on presure
G oL ond remain  yodpledted 53 e numescet

P _2pP * Pyw + Py _ZPP * Dy
4Ax? 4Ay2

= f(u)

Scheme |



Ruie 8 Cuowy Toreeraarior

;Prc/asuc oscilleons con ot Gnd e not damped by W aumedced scbeme f e discrtie p/russuc
oad delocty wiMn CDC py o COnmon gno-

>C.7up&¢\5 1S eabored b(,:
< )iYfoort ands (Sragpeed) for Preasure cud udoc.}a_
« Sreacd ntpolahon ﬁc"""ﬁ/% !of He prosve.  —> Rhe 2 Cuow:

METHOD Qe 8 Cupw:

Tevgtond ntopolaton mefo fa: He mass flox twogh coll Svgface.

Jrcloge e peosure gradient 1ntp lopolahn la for K cduethan velbuky  aovss fmul't- volume
cell foced.. NOT itmportat Prubabﬂg,.

EXAMPLE

Continuity equation a_” -0
is discretized as 0x @

Ug — Uy +C pEE_4pE+6pP_4pW+pWW =0
RC

2Ax Ax*
Thus we actually solve ou d'p _
. : +C =0
the modified equation ox B gx?

The additional term “detects" oscillations. One can show that
this term is dissipative and smoothes oscillations.

Disadvantage: the order of the method is reduced.

SOLUTIOU ALbOBITMH.S FOoQ oltmee‘ J\\UEAQ SVSTL?MS

Liveae Asereaic System

Discretivahon Gesds to o boeer olsphbicuc Byetem

A - coefficient matrix
= @ -solution vector
b - constant ,right hand side"
-4

two solwbon menods
4-p=b Y=n4n""h dechk or Wahue



rlezecr SOLUTIoN)  /MeT™OoD

—I_;\ue/l' iy matex A ko obtean Solohun

E'i: f_\-a'b Probem: Menory /\eg‘mmmm\'s
Se o thwene wvatnx Al

A s hipicatly porse: & /o o;f 2os nYe entres
but A~ doea not hove 1O be.

Gauss - ELMIVAT oL

Myttpd l-(cj.rsf ow of A i Th AM/AM ond Sbshract ﬂom Secon) (ow.

> Q(p:q A, 4, ... 4, v, v, .. U,
‘e A, A4, .. 4, U- o v, ..U,
= U := upper tfriangular matrix : : o

A.l A.z . 4 v | 0 0 - U

olewst the of U has 014 s pon w0 ety

. q,
=> back substitution (pn=U eraWtA O(N?) opeshion fo( Omse  (won-sgerse

maltcen

nn

AU (Gowe - vpper) Jackorzaton

Matnx A con bo dacomposed n poduct of 9 trossuls modnzes L oo U,

(AN BE SPLITTED TWTC Tvo SYSTEAS : we com sobe
= = o~ J(l‘ST ﬁa "‘4’\ b.
(@) = gg (b)) = =

Yy
Ap=LUg=b I

J-1 J-

L=4,- ELikUkj i E Uy

k=1 ii k=1

||t~
I
1S~

Advartese: dcomposihn s indeperdent of oght had side

.Dns«)um}céz: dad Use Jduse also if Ais a sprse mobix

Didecr  MemoDs ,,Tree«nue Memong
Exact solution with maximum ,,computer accuracy* Compute approximate solution through iteration
High computational cost 1
- Large memory requirements, e.g. O(N?) (pn+ = function((p")

- Large operation count, e.g. O(N3)

There is no need to solve the system exactly, because
modeling and discretization errors are much larger than
computer round-of error



Jreommve Sowion  Memons

Splt A as a port N Thet o Lo joueded easly od o pat P for which campuhe W nvese 1§ 1ot
A=N-P

Tle  toecr System s - orihen accoongly Ue gymple theahn  Scheme
n+l -1 n
N-g=P-g+b ¢ =N (2¢ +1)
Altematve  (luchion Schema, pwhick (s betty n toms g round -0l escors
£n=4q_0n_l_) - A_(pn+l=£—l.£n - gn+1=gn+A_(pn+l
Resiowm: Eaeon:
Deviation of the equation that is solved by the Deviation from exact solution
iterative solution from the exact equation (exact solution is generally unknown)
(readily available) . n
n n E =@Q -Q@
R =49 -b T

The, cre elled. R'= AE" con ba solwed, but 1+ il be a5 complet as He pmblem.

A

Reaidvgm conveyes  bofore

Trenation matnk 6. exowple

Residuum

G=N"P

Iteration counter

AM’J ,fOt cowgpnt 18 that S{Je,c}ral/ac)w& qj’ 6
1S scully flan 4 p(G)<1 sty Ue Gess mdws.

:‘AcoBI MeTuon

Specrel rwdius ¢f ohen natox fbr Poisson @5 o
U’\\{D//"’ Sr.c) ﬂz | 1
Tl g

.+ AlL Yo resr soon o P

Dempm\hm f A

CHaLACTELISTICS
Simple 0 robust
Ven 8000 conegnce Joo lege problems.
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“Decowpositon f A
‘fbm.sanot e&thS (nto A
. Beenrts 1 Gows fogle go  formally into N, howese, not inueted et molhelied Lah YT

* Elerors 10 uppr Mowle ot 10 Pag Litl be nulhebhed L™ .

Inpemmlahm e a5 Jacobl but reed 4o emembe @"

SMHJ (RdivS  Semtas Jacdol peceluctke b {Mle/ et successve Ouer-rc(c.mhoq
(1 1
Gl=1-—| —+—
p (=) 2\N* M*?

:’Z)compuzre JU Facioeation

= As oappoxeeted by poot ¢f od e

V.
N U > TW oy cmpe elevers fat are non-too
n A
> ded U ce spvee f Ars spose

Comperd Lith  complete Jechoniahor. o od U ae sperse csuwedl.  Mamory 15 meagesble,

CFX
Coopled T soboer for L,V w0 and P

u—momentum :

Au Ao Rﬁngcs More Memory c.d oPuahM! flon uncwpeu)
v—momentum:| 4, 4, 4, A4,
: Awu A AWW
A, A,,

mefuods

w—momentum
Moe robustand Tasly zonpggnce. dens | boeting.

mass:

4, 0 0 4,
0 4, 0 4,| | .
0 0 4, 4,

AP" APV AI’W APP L=

Muctiey MeTuoos

ORSERUVATION! AdspY I sc1d Lo match e eor Cegwn <d decrese compdlgtmned fme.

Tresatve solows g,uldv(g Edce vt W & Snell e Gagth , whioh 15 o0 W ol o He cef? sne.
Erors with lege wove CerfTh onvegp vy dowly,

IDeA:
Convge. acalewshon by adaptng 500 1o eor wase fagth
. M,deo/u.n by wane lagih on G cousy g
- Thivpdie sotstion Yoeck b fee guo.

* Solue yof Pal- wifh shorf wave ol e fag $40.



Mutmsei> Memon  (cowmwoe )

:Bg, projetig Ue estor  on o coorsr §010; bage oae Censtvs appecs Smaller lo e sotuer.
- Aggpiicuc dyslem i cousr grid «s won bgy Hus computehored fine iy gperosed

> Duect 8000c e used on carsest gno Cecel.

> J;,fo/mhm\ exchorge : v Mefyod -
* Fine — coarse. := Teatnction 1. (one) iteration on original (fine) grid
) 2. Compute residuum, compare with
+ Goage —» fine 'z 'pmb'%h"" convergence threshold

3. Restrict residuum to coarser grid(s)

4. [teration of correction equation
/70\0'3 ways Jb‘ walliag throgh Hee 510 hiarhy, on coarse grid(s)
Mast populas ore He Ved W qcleh. 5. Prolongation of correction to fine grid

6. Update solution on fine grid
7. Backto step 2.

Fine grid

Coarse grid

Motveey MeTwons :

' Geometic Motrignd  Goorsenng s basa) o1 « usr Oefined Of autormcncally Serecded §nd

v Mebionic Mobhgio Garsna is bhged on i metnx,

Awsegamc Movricain

> The discehiahon 1s dme only once on Ke ongnd ( fineygro
> The discele eguahons (coeffr cion makox ) for W coorse grds &t olbiuned by ameckon fom He f‘"‘ 4no.
- Absotile coloe of cofficions detemies which Gres ond @lmas (@lts)oe mege)

— Irre:)u@cr Shepen

e e e

= P&
? TN

h/erQr CA ) \




Vearication g \/auoation

Veelmca'nou coMpg 1Son with (mown  solobns

* Is W cock dong uhak s w,opox,c) fo do!
> Bf&mm of numencal cppoxamafions
> Methemoheal SSues

Model
Qualification

REALITY

N .
Analysis
~
~

Set of

Comi)uter i
equations

Simu}ation

Model
Validation

COMPUTERIZED
MODEL

CONCEPTUAL
MODEL

i
-
Programming
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- Insufficient spatial discretisation convergence Solution o Sei ona(,h«l solrhons
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- Insufficient convergence of an iterative process (acknowledged

- Computer round-off errors)

- Programming errors ~———>

Code verification
(unacknowledged errors)
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Bias error: systematic offset
- can be calibrated
Accuracy when the bias error is small

Precision error: random
- can cancel when statistical averages are performed
Reliability when the precision error is small

A

High precision

., Hish precision Low precision
®) High accuracy ®) Low accuracy © High accuracy
Reliable and CF ~ 1 Reliable CF=~1

Conuercence € pooe

Iterative resolution of the system of equations results in an
approximate solution with an unknown error

« The residual is only an indirect indication of the convergence

error

+ lferative resolution of the system of equations results in an

approximate solution with an unknown error

+ The residual is only an indirect indication of the convergence

error

The error usually decreases slower than the residual

Local time step accelerates the convergence but is insidious
Better to do some iterations with a global (“physical”)
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Run the simulation for different mesh resolutions and critically
compare the results
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;Rzgi""'s expermartel dale.. Continuum hypothesis with micro/nano fluid flows
Incompressible flows:
>Con be Mm on &JLS').S'ZIMS o) it feats maximum speed is smaller than a third of the speed of sound?2
Compressible flows:
MopeLInG Egooe TORJBOENCE Equation of state for ideal gas valide Dissociated gas?
Euler:

Stationary flow:

O'\ch&qmodeﬁ Con m v l&, eaults oLé‘S ‘séooa No shear layer effects, is friction really unimportant?2

107 ‘ No significant slow, large scale phenomena?
G
N ~ e—r—— turbulent _
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SUMMARY > Toecd s clso bhas o mage
CFD can produce very good or very bad results depending

on the way it is used (also CFX!) Dan S a 'B CD o s
Check model assumptions, including material parameters Al e Avo VDARY Doy

Compare different turbulence models
pa CFD b.c. at not reclishc
Use y+=1 at the wall

Perform a grid convergence analysis Exproaly hoe  esors

Critically analyse the boundary conditions

Computational domain as large as possible ]"!""" and % fel0 enhed

Be sure that the simulation is converged, rather wait a little .

longer Choree Gj be qu’{;mQA convepACe

Think about the result before starting the simulation
Gain experience and always be critical



