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Kozelitési elvek és alkalmazhatosagi feltételek
Fizikai folyamatok leirasa — meérnoki szamitasok — alapveto kozelitési elvek :

1. Koncentralt paraméterti 2. Elosztott parameterii

T
Pr= P
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W = ||
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Kozelitési elvek és alkalmazhatosagi feltételek

Fizikai folyamatok leirasa — alapveto kozelitési elvek :
1. Statisztikai (Statisztikus mechanika, Kinetikus gazelmélet)

2. Kontinuum mechanikal

Jellemzo hosszmérték — Length scale

m;

)= lim :
F L—e Lg

>

Z.ra'?i/i[-‘q 1

SR

statistical spatial
— L —'l fluctuations / fluctuations

local value / €
of the density
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Kozelitési elvek és alkalmazhatosagi feltételek
C

A
Jellemz6 hosszmérték — Length scale (S O Z O </
OO

Egy molekula 4ltal idéegység alatt végigsoport térfogat: V =cA  [m>/s]

Ekkor masik molekulaval 1doegység alatt 1étrejott litkozések szdma:
n=nV [db/m*][m*/s]=[db/s]

Két iitkozés kozott eltelt atlagos ido: t'=1/n=1/(nV )=1/(ncA)  [s]

A keét iitkozes alatt megtett atlagos uthossz (a molekulak szabad koz. Githossza):

A=ct'=1 (nA) [m] Levegdre standard allapot esetén: N =2,7el9 db3
Tcm

160 Km magasan: 1 = 80[m] A=1e —15Lcm2]

Lokéshullamban: A = 1[,le] =1e ] A=37Te— 5[Cm]

i
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Kozelitési elvek és alkalmazhatosagi feltételek

Aramlasok osztalyozasa a lokélis Knudsen szam alapjan

1. Statisztikai (Statisztikus mechanika, Kinetikus gazelmélet)
2. Kontinuum mechanikai

A Knudsen szam jelentdsége a kontinuum mechanikai kozelités alkalmazhatosagaban:

Kn=0.0001 0.001 0.01 0.1 1. 10. 100.
«—— —»
>« >« >«
Continuum Slip Transition Free

e n e s e i\léviler'-S'tolkéS ..... . Molecular
. Burnett

Kn=0: Euler

Collosionless

Boltzmann
Boltzmann

0 _ A _37e—7[m] -

<0,01
L
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Kozelitési elvek és alkalmazhatosagi feltetelek

Aramlasok osztalyozasa a lokélis Knudsen szam alapjan

Kn A

Free Molecular Q Hard Disk Drive
-1:“‘“ . Micro Channels
0 N Micro Pumps
.t < e @ Micro Gyroscope
Tl ; =¥ Accelerometer
O A Micro Valves
LO - Transitional O T . Micro Nozzels
T Flow Thel el
i : e LS { ) Flow Sensors
1 _; @. . (Helium)
1 Slip Flow : O Forras: Xiao-Jun Gu and
f ® "W David R. Emerson:
1 Continuum Flow (Air) e .. Method in the Slip
4 : T and Transition Regime for
0.001 - Microfluidic Flows, RTO-
: 0 : EN-AVT-194,
T:Iar‘lnl Tec}llnnjﬂg}; ! l N?]?MS L . http://ftp.rta.nato.int/public//P
i B " T —— hy(um) ubFullText/RTO/EN/RTO-
0.01urm 0.1 pm EN-AVT-194///EN-AVT-194-

11.pdf (2013.09.01.)
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Aramlasok matematikai
modelljel
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Aramlasmodellezés — Kontinuum-mechanika alapjan

Navier-Stokes egyenletek

/\

IV. RANS (1990s)

Ildealis =
Surlodasmentes =
Nem viszkozus

\ 4

Euler egyenletek

Izentropikus,
orvénymentes

Potencial egyenletek

\4
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/ + Vlscaus\

H1 Euler (19580s)

/ + Rotation \

I1. Nonlinear Potential (1970s)

+ Nonlinear \

I. Linear Potential (1960s)
/ Inviscid, Irrotational \
Lincar

Hierarchy of Fluid Flow Models

Forras: Antony Jameson: A perspective on computational algorithms for
aerodynamic analysis and design, Progress in Aerospace Sciences, Volume 37,
Issue 2, February 2001, Pages 197-243

http://aero-comlab.stanford.edu/Papers/SEVILLE.pdf (2013.09.01.)
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek

A -—
] Forras: VKI-LS, Introduction to CFD
y /NI /\.L\
ar o J4 .o ryr _*
(z‘m +——dy }dxdz F . Lagrange ¢s Euler kozelitési elvek
(;‘J»" XII
' - A~ Newton IL tdrvénye x irdnyban:
/ > ewton [I. térvénye X irdnyban:

-~

or
(T L — dx]cbfdz du 8
'y AN ",?.,‘ — I— ]
e r J’hi‘ SR O ma, =m it le F
—_ i=

~

v dvd: 41— }_i ( p+—d JdJ dz m = pdxdydz
N

N 7 : mduzdxdydz,oduzzslp
Tk (r L+ pf—dz )dxdy dt dt & ™
z Oz
u- S o
Pt 2 Fi P YA
X irdnyban: dt — % P P P
- A _ =1 dt ot

2
dxdydz[é(pu) + a(pu )+ o(puv) + a(puw)) = (— P + O + Ty + 0Tz jdxdydz
ot OX  OX oy 0z
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek

4 Forras: VKI-LS, Introduction to CFD du ou

Y — = _ \77
V or pdt p@t-l_p v
(rj__\. + ,{1)“ dyJ(;f:cdz FX,i , ou B a(pu) ’ 8,0
| A Mivel: = U
S 4 A - ot ot ot
- o T faE e V=V ) uv(oV)
iy 7_ dxdy |——> ox es. P = V\pou 1%
N & Ezért: 0 (kontinuitas)
7. dvdz 4——' ( P+ fof\ Jofydz - ( ) - %
. S du _a(pu) [0p VV}V v
r. dxdz [ ot P Jd'c]' p dt ot u|: ot * (,0 ) * (,OU )
Z - 7., + ? Z. Xy
8
du 8 ma,=m-—=> F,;
o F -
X irdnyban: IO/dL é X =
o —
2
dxdydz[é(pu) - a(pu )+ olpuv) + a(puw)) = (— P, O 0Ty, + 9% jdxdydz
ot OX oy oz oX  OX z
S "
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek

; I
op , olpu) , olp) , olpw) _ o) o ! e A — Allande
a oy T & =0 X _[qu A ando
' F=ma
8(pu) + a(puz + p)_|_ 5(,0LIV) + a(:OUW) — az'xx + 6Tyx + arzx ) y i
ot ox oy oz ox oy o (o202
o) a(pw) alpv? +p) a(ow) 07y 07y 07y | o T ()
ot : OX oy 0z OX oy oz [T I‘_/ (1—’ Jot
o) | o(pw) o(pw) alpw?+p) oz, 07y, oz, e
ot OX oy 0z OX oy oz I
‘) i E:cT+N—
8(,0E)+ 8(puH)+ a(va)+ o(owH ) _ @(UTXX +V T, +WT,, + k@T/@x)Jr )
ot OX 8y Oz OX Nz
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- ¥
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek

Az el6z6 oldalon felirt nemlinaris parcialis differencial-egyenletrendszer (a
matematikai modell) érvényességi (alkalmazhatdsagi) felteételei fizikai szempontbol:
«  Osszenyomhatd idealis gaz relativ, nyugvo rendszerben,
» Folytonos anyag (kontinuum), lehet laminaris €s turbulens aramlas is,
 Homogén (egyf€le anyag) izotrop anyagtulajdonsaggal,
« Tranziens folyamatok figyelembevétele,
* Valdsagos (surlddasos) aramlas,
« Erdtérmentes aramlas (nincs gravitacid, magneses tér, stb.),
« Forras ¢s nyelomentes aramlas,
» Konzervativ forma — szakadasok (kontakt szakadas, 6rvényvonal és 16késhullam)

leirasara alkalmas. // /

V1 =Va2 = [V |=0; [P [vi ] 0: [p] = 0;

]=0
o] 0; [v]=0; o] 0; [v]=0;
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Mi az a CFD (Computational Fluid Dynamics) ?

= A CFD a szamitogépes aramlas-modellezes rovid angol
elnevezese

" Az aramlas matematikai-fizikar modellezése szamitogépek
segitségevel
* A modern tervezési folyamatok alapvetd 0sszetevdje

* Hozzasegit jobb, olcsobb €s biztonsagosabb jarmiivekhez,
termékekhez ¢s folyamatokhoz

» Hatékony eszkoz lehet el nem végezhetd, koltséges
folyamatok szimuléaciojara

= A verifikaci6o mellett, érvényessége kisérletekkel, illetve
egyeb tesztesetekkel (benchmark) ellen6rizendo

16




A CFD elonyei

» Az ipari alkalmazasok 80 %-ban 5-10% szazalék alatti
pontossaggal képes visszaadni a valosagot.

= A termek teljes ¢€letciklusaban alkalmazhaté (az eldfejlesztéstol
az Ujrahasznositasig).

» Alkalmazasaval jelentOs koltseg, kapacitas és 1d0 takarithatd
meg a koltséges merésekkel szemben, hiszen a virtualis
valdsagban modositani €s analizalni egy terméket
Osszehasonlithatatlanul gyorsabb, mit Gjra legyartani és mérni.

" A sokféle vizualizacids technikdnak koszonhetden jobban
megerthetdk a fizikai jelensegek, mint kisérletek esetén.

= Tobbfele fizika vizsgalhatod egyszerre elfogadhato szamitogépi
kapacitas-igénnyel.

uu[enrenrenreen T AT [
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A CFD elonyei

* Olyan estekben is alkalmazhatd, ahol nem lehet mérni (pl.
milkodo atomeromu belsejeben, idegen bolygdk 1égkorében),
illetve a meérdmiiszer jelentésen megzavarna a meérendo
mennyiseggel kapcsolatos folyamatot.

" A numerikus dramlastani szamitasok parametrizalhatok,
konnyen reprodukalhatok €s automatizalhatok.

» Az alkalmazott numerikus modszerek optimalizacios
algoritmusokkal kapcsolhatok 0ssze

* Egy teljes fejlesztesi folyamat nem alapulhat kizarolag
szamitasokra. Validaciora mindenképp sziikseg van.

18




Fontosabb alkalmazasi teriletek

* Geépjarmugyartas: kocsiszekrény aerodinamika, utastér
ventillacid, Iégkondicionalas, motor, stb.

« Repiildipar (kiilso, belso €s lapatracsba valo aramlas)

« HO- ¢és aramlastani gépek

 Biztonsagtechnika: tliz- és fustterjedés elorejelzes, robbanas €s
egy¢b veletlenszerli események modellezése

» Gyartasi folyamatok: hatasfoknovelés a konnyti-, a nehéz-, a
vegy-, €s az ¢lelmiszeriparban

» Meteoroldgia: hosszu €s rovid tava iddjaras-eldrejelzes, globalis
klima modellek

« Kornyezetvédelem: szennyezes terjedés az atmoszféraban

- Epiiletgépészet: épiilet fiités és szelldzés analizis

* Csillagaszat

19




A CFD mukodésének rovid osszefoglalasa

How Does CFD Work?
* ANSYS CFD solvers are based on the finite {

volume method
— Domain is discretized into a set of control volumes Control

] ; Volume*
— General conservation (transport) equations for

mass, momentum, energy, species, etc. are solved
on this set of control volume

9
5f,oc,mv+ POV -dA = ¢ [yVe -dA + | SpdV
"4

A A Vv

Y ~ N Y - e Y A N A E t' Q

Unsteady Convection Diffusion Generation =
Continuity 1
— Partial differential equations are discretized into a bbb =
. ] Y momentum v
system of algebraic equations Z momentum w
Energy h

— All algebraic eqations are then solved numerically to
render the solution field

Forras: Introduction to ANSYS CFX, Lecture 02 — Introduction to CFD, CFX-Intro_14.0_L02_IntroCFD_CFX.pdf (2013.09.01.)
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Aramlasok matematikai
modelljel - Turbulencia

21
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek — turbulens aramlas

22
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek — turbulens aramlas - elmélet

* The Reynolds number is the criterion used to determine whether the flow is
laminar or turbulent

pU.L
;T
M
* The Reynolds number is based on the length scale of the flow:
L=x.d dy,. et

Re

* Transition to Turbulence varies depending on the type of flow:
¢+ External flow

* along a surface : Re,, > 500 000
* around on obstacle : Re, > 20000
¢ Internal flow : Re, > 2 300

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)

==
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek — turbulens aramlas - elmélet

Turbulent Flow Structures

* A Turbulent Flow contains a wide range of turbulent eddy sizes
Characteristics

— Unsteady, tridimensional, irregular, stochastic motion in which transported
quantities (mass, momentum, scalar species) fluctuate in time and space

— Unpredictability in detail

— Large scale Coherent structures are different in each flow, whereas small eddies
are more universal

Small
structures structures

24
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek — turbulens aramlas - elmélet

Turbulent Flow Structures

* Energy is transferred from larger eddies to smaller eddies
(Kolmogorov Cascade)
— Large scale contains most of the energy

— In the smallest eddies, turbulent energy is converted to internal energy by viscous

dissipation
Injection
{f ;n ergy (\1 /__) g;-'.;?g;qﬁ on of
& / O
\\\\ 7 | (‘_’#/ \ Dissipating
La»;’gemggffe Flux of energy r— eddies |
k; I = L/Re””

Energy Cascade
Richardson (1922),
Kolmogorov (1941)

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)

wul[enrenrerreenfu ; Eas Ty
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Aramlasmodellezés — Kontinuum-mechanika alapjan
Navier-Stokes egyenletek — turbulens aramlas - elmélet

Turbulent Flow Structures

e Characteristics of the Turbulent Structures:

— Length scale : | [m]

— Velocity scale : \/I [m/s]
[

— Time scale f [s]

— Shape {(non-isotropic larger structures)

1 9 7
- Turbulent kinetic energy : k = E (u NIV ) [m2/s?]

- Turbulent kinetic energy dissipation: & [m?/s?] ~ k¥?/|(dimensional analysis)

- Turbulent Reynolds : Re; =k"2.l/v ~kZve []

w (x.t)=U (x.t)+u/(x.1)

w1 2_,"( [

- Turbulent Intensity : [ =

— o~
[ = U 3 Instantaneous Time-average Fluctuating

component  component  component

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
T

[
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Aramlasmodellezés — Kontinuum-mechanika alapjan
NS egyenletek — turbulencia modellezés - elmélet

Injecrion
of energy — Dissipation of
)/ energy
D o /
7 ; Flux of Dissipating
arge-scale ux of ener :
Ige Ry gy eddies |
L = L/Re
Resolved 1 - “r
Direct numerical simulation (DNS) Apns
Resolved Modeled
e e it 2
Large eddy simulation (LES) Asgs
Resolved |- Modeled
h— ————————————————————————————————————————

Arans Reynolds averaged Navier-Stokes equations (RANS)

Forras:
Jurij SODJA : Turbulence models in CFD
http://www-f1.ijs.si/~rudi/sola/Turbulence-models-in-CFD.pdf (2013.09.01)

uu[enrenrenreen (s rarranssneluyl
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Aramlasmodellezés — Kontinuum-mechanika alapjan
NS egyenletek — szimulacids kozelitések - elmélet

Overview of Computational Approaches

» Different approaches to make turbulence computationally tractable

DNS

(Direct Numerical Simulation)

LES
{Large Eddy Simulation)

—S

RANS

(Reynolds Averaged Navier-
Stokes Simulation)

« Numerically solving the full
unsteady Navier-Stokes equations

* Resolves the whole spectrum of
scales

* No modeling is require

* But the cost is too prohibitive!

Not practical for industrial flows!

* Solves the spatially averaged N-S
equations

* Large eddies are directly resolved,
but eddies smaller than the mesh
are modeled

* Less expensive than DNS, but the
amount of computational resources
and efforts are still too large for
most practical applications

+ Solve time-averaged Navier-Stokes
equations

+ All turbulent length scales are modeled
in RANS

* Various different models are available

* This is the most widely used approach
for calculating industrial flows

M e ¥ ¥ v

S

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék

28




Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - elmélet

RANS Modeling : Justification

* For most engineering applications it is unnecessary to resolve the details of
the turbulent fluctuations

e We only need to know how turbulence affect the mean flow

e For a turbulence model to be useful it:
— must have wide applicability,
— be accurate,
—simple,

—and economical to run,

29




Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - elmélet

RANS Modeling : Justification

* Fluid properties and velocity exhibit random variations
— Statistical averaging results in accountable, turbulence related transport

mechanisms.
— This characteristic allows for turbulence modeling

Y n=1 JH U n=2
DM e, .'L M fl "‘l- 4o W “I,i., ||I '
ST i o W™ LM u NM u "‘*J"l'/lL A \.“" W rkff!i."ﬁ"'l‘k-.ﬂ‘h“l

ul n=N Y|  Ensemble Average

N

1, (x,1)= kﬂi?zu

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX Intro_14.0_LO7_Turbulence .pdf (2013.09.01.)
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - elmélet

RANS Modeling : Averaging

» Ensemble (time) averaging may be used to extract the mean flow properties
from the instantaneous ones

— The instantaneous velocity, u,, is split into average and fluctuating components

w (x,1) =1 (x,1)+u/(x,1)

Instantaneous  Time-average Fluctuating
component component component

Example: Fully-Developed
Turbulent Pipe Flow
Velocity Profile

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
T

[
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31

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék




Aramlasmodellezés — Kontinuum-mechanika alapjan

RANS egyenletek — turbulencia modellezés - elmélet
Mean and Instantaneous Velocities

* If we recorded the velocity at a particular point in the real (turbulent) fluid
flow, the instantaneous velocity (U) would look like this:

u" Fluctuating velocity

|: ! A wﬂu{«v\é—-—- U Time-average of velocity

U Instantaneous velocity

Velocity

Time
e At any point in time: U =U +u'

» The time average of the fluctuating velocity’ must be zero: #'=0

* BUT, the RMS of ' is not necessarily zero: W' =0

* Note you will hear reference to the turbulence energy, k. This is the sum of the

3 fluctuating velocity components: =05 *(u’z 172 i

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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u A
u=to+u" v=v+V' _ u’
p=p+p N\ A
W=W+W p=p+p’ ARAVRE Va4
_ 1 cto+at ~ 1 1 cto+at
U=-—|[ udt u:t—j (pou )t
AL Yt o, Al Yo
. J J >
Y Y t
Reynolds Atlagolas | > Favre Atlagolas
Nagy sebességii,
osszenyomhato aramlas esetén.
u=u+u”  v=v+V' w=W+W' p=p+p p=p+p

h:ﬁ+h” e=¢e +e” T=T+T" qj:qj+q’j q; =0q,

L: laminar transport of the heat
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8,0+5pu +8pv +a'OW=O
ot  oX oy 0z

—~ —~ o~ —~~ —~ ~ - F 0 F F
0pu , puu  opvl  opWi _ 0P | 07y 0Ty 07,
ot OX oy 0z OX OX oy 0z

—= —~=~ —~~ o~ — [ A_F F F
opV N Opuv N OpVV N OpWV _8_p+ 0T, N 07y, N 07y,
ot ox oy o oy [ox oy &

—~ —~~ e~ ~ —~ ~ — F o orF F
OpW  OpUW  OpVW OpWW _ p 0T, LTy | 07y
ot OX oy 0z 0z OX oy 0z

uu[enrenrenreen T AT [
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~

ou 2 = N 2 ~
F T 1 11 T 1 11
F =20 2NV - pu'u tF =202 NV — '
o« =20 o pu w =T Tk ol
~ ~ ou oV
ow 2 - F_ F _ ( j_ TN,
F_ T TANZ, T T y2i + puv
T, =2———uV'V — pW'W Xy O yx
H 57 3/1 oy OX
8[] 8W F F 8\7 awj Iin !
F TN — _
T =T = +— |- pu"w Ty =Ty =H| ——+—— = pV'W
L (az axj - e [ 7 oy
—|p| €+ 00, [+=) pull|+> — pU | h+ =Y Gl [+0, =) puili”
& a ~ at! & (A) 1 2 re 1y 1! & a & oy {1
=2 0 puih e Y= ) puful|+ Z[“u( ji‘P“iUJ)]
= X, i-1 27 o OX; | T
] j ] ]
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—Z,(m” "= pk (1.75)

bzl
I

]. 7 3 3 \ . . . .
where & :E(H”‘ +v"" 4+ W ) 1s the turbulent kinetic energy per unit mass. The turbulent

transport of heat 1s next:

qr, =puh’” (1.76)
Another two terms on the RHS are given by:
— Z T : molecular diffusion of turbulent kinetic energy
— — Z ,OH 2 :turbulent transport of turbulent kinetic energy
2 i=1

They represent the transfers between the mean energy and turbulent kinetic energy. The
remaining terms are:

- 7. . the laminar part of the stress tensor (elements of 7~ )
FERE

— — puit : the Favre averaged Reynolds stresses

p=pRT
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This equation is used in the one- and two-equation turbulence models. On the LHS there are
the unsteady and the convection terms. The terms on the RHS are:

303

— 70U, : : .

- ZZ —p?f:ff’:’,) : . production term, means the rate, at which the kinetic
,7.=1 i=l i (Y.

energy 1s transferred from the mean flow to the turbulence.
33 o’ |
- ZZ T, > L = pge  dilatation dissipation, the rate, at which the turbulent
==y AT

kinetic energy is converted into thermal energy. "¢’ is the dissipation per unit
mass of the turbulent kinetic energy.

- The next two terms are the molecular diffusion and the turbulent transport of the
turbulent kinetic energy like in the energy equation.

- pu’ : pressure diffusion term.
3 ——
—,d
— u,.”,—p . pressure work term.
i=1 d.T}-
2, ou, o
- Z p—t . pressure dilatation term.
i=1 dx;

Many of the relationships in these expressions are not known, only empirical approximations
exist to describe them. Some of the approximations are described in the next chapters. It can

be adequate for many types of flows of interest to extend (1.79) to be able to handle
compressibility.
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Boussinesq Approximation

Following Boussinesq approximation the Reynolds stresses can be related to the turbulent
viscosity and they are modeled in a similar way to the stresses from the mean velocity
gradients:

— (o, i, | 2 | r)H _
- pujit] = p,| —-+—= ——r:} nys +p,f\ (1.80)
\dx, dx, | 3 WS o )
where (for 3 dimensions)
— i,j,k=1.3
- X, =X, X, =V, X3 =Z, U =U, Uy =V, U; =W
(1 i i=y
— 0, = | ’ * the Kronecker’s delta

Tolooif i
- 4, 1s the turbulent or eddy-viscosity

1 ( 7 ,,*3

- k= E(‘H”‘ +v”" +w"”" | is the turbulent kinetic energy per unit mass.

While molecular viscosity 1s a property of the fluid the turbulent viscosity fries to model
viscous effect caused by turbulence. Turbulent viscosity 1s varying through the flow and has to
be determined. The stresses in 3 dimensions after introducing turbulent viscosity are given by:
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= N T wrs 2 2 [ 00 ov ow| 2_
o =2u+u)—-=\u+u NV-"pk="u .| 2———— — = pk 1.81
XX (a i r)al_ 3L i !‘) 3 p 3a qﬁ" I‘\ a"(‘ Eh* a: jll 3 p ( )
s ) rZ o2 2 ( ou v ow) 2_

T =2lu+u ——\u+u NWNV—-——pk=—u_.|—- +2—— ——pk 1.82
w =2t n, 3(‘ ) 37 379 ox oy oz ) 37 (182)
- 2 2 ou d» JOW| 2

rl =2u+u ———(u+u VIV —Zok=2u. : | -Zpk 1.83
=2 ) 3 ) p 379 ox Eh Tz ) 3 P (1.83)

rt :rji :,u' ﬂ+?—1’i a“ u = Uy ﬁde_v (1.84)
' dy ox, L dv  dx ) “ldy Iy,
fi:fi:‘.{ffﬂ'{'ﬁ!ﬂ"ﬂr di+%'!:,uﬂ £+ﬂ (1.85)
T \dz  dx ) Ldz  dx ) . dz  Odx,
B P el
ri=ri.=,£ri,l+ﬂi+,1ff dl+ﬂ = Il f}v o | (1.86)
S Ldz dy Ldz  dy ) L0z ch )

Here & 1is the turbulent kinetic energy per unit mass and . =+ u, is the effective

viscosity. Boussinesq approximation 1s assumed in most of the algebraic, one-equation and
two-equation turbulence models. For later use the turbulent kinetic energy term 1s excluded:
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u, 2 TH  ip s
U, 5 —?ug,.fv Vo if i=j
F S oox, 3
T. =9 £ e )
b dii. o, L (1.87)
i'{jt’!-‘.r - : - - gf I __"t j
“lox, oy, |

Heat Flux Vector Terms

Changes in the heat flux vector due to averaging process can be expressed by turbulent
VISCosity.

u.e, o
Pr, ox,
The advantage of this form 1s that it 1s similar to the laminar one. The coefficient of thermal
conductivity can be written as:

qr, =puh” =—- (1.88)

i

Pr Pr, )

where Pr. 1s the turbulent Prandtl number (Prandtl numbers are known or approximated for a

(u u )
k=c,| —+ ‘

n
4

(1.89)

given flow, often Pr=0.72 and Pr, =0.9 for amw). The heat flux vector comes from the
expression
(1.90)
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Molecular Diffusion and Turbulent Transport Terms

These terms are often handled together as

—, 11— | u, | ok
rr HE R R it .
T U, —— PU L, =‘ M+ — |- (1.91
! 2 o, )ox,
where "¢, ’ 1s a scaling factor and " £ * is the turbulent kinetic energy per unit mass.
Now all the changes resulting of averaging are described.
i “_E m
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Introduction to Turbulence Modelling

Laminar Flow Momentum
- __., | diffusion
= \by viscosity

A YA

Turbulent Flow
Additional momentum

diffusion due to turbulence

= AT —]  Concept of
N N U U U W U N N Y turbulent (or eddy)
viscosity, 1

* 1, is not a fluid property, but depends
on level of turbulence in flow

 concept leads to mathematical models
to deal with turbulence; each model is
an approximation to what is really
happening

Forras: www.tech.plym.ac.uk/sme/dsgn313/CFDNotes06.ppt (2013.09.01.)
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RANS Modeling : The Closure Problem

* The Reynolds Stress tensor R{; = —puu’. must be solved
* The RANS models can be closed in two ways:

Reynolds-Stress Models (RSIV1) Eddy Viscosity Models

* R, is directly solved via transport equations » Boussinesa hvpothesis
(modeling is still required for many terms in the < Reynolds stresses are modeled using an eddy (or
transport equations) turbulent) viscosity, p;
o [ = e [ _ T — 8;_; ar | 2 A 2
—\pulu’. |+ —\p7 U |=P.+F, +D. +®, —¢, = —pu'y P i Sy TR _TokE
ar‘p'-*) aka;_. S By =—pua,; o, o, | 3%15 3P

* RSM is more advantageous in complex 3D » The hypothesis is reasonable for simple turbulent
turbulent flows with large streamline curvature shear flows: boundary layers, round jets, mixing
and swirl, layers, channel flows, etc.

* but the model is more complex, computationally
intensive, mare difficult to converge than eddy
viscosity models

* Note: All turbulence models contain empiricism
* Equations cannot be derived from fundamental principles
* Some calibrating to ohserved solutions and “intelligent guessing” is contained in the models

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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RANS egyenletek — Reynolds és Favre atlagolas - DASFLOW
ou.

ot i K an J @Xj

5K B8 sl e : 9 .9
w=poa=o o =2 o=2p =51 i+ EFM,)] fo= o =i

Lo b <0 1 ok Ow

B=5f,-Bt,EFM,) f, = L s

1+ 400y, b
Q€2 Sy f _1+70Za, *_3 0 M _i . _kl/2
=2 = = Zu= == g=flak 1="—
1( ou. @Uj F(Mt):[Mtz_Mtzo (Mt_MtO)

0 = -+ (a5 on

H(x) = 1 i 2k o -z Ui o4

T a2 T2 OX;  OX
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osszevont forma - DASFLOW

% [[uda+§[H, L) = §[H,, (U )r+ [ A

p AV, °
pu puv. +p'n, 0
pVv vV +pn 0
u=|"2 H )=/ 2T Y S(U)=
pE V) (,EE+ D )\/n 0
PK PV, K Sk
ﬁw/ ﬁvna) SCD

o —— SN jiziiz]]
SRR R
b bl nere LJULLIY T |
[ 2T AU ) 4! ;

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas — Konzervativ
osszevont forma - DASFLOW

—”UdA+§ )ldr = §[H, dF+H

( 0 \

f n +f“n +f

‘I' H +I' H +I'

'n.-]_l 'q;, 'n.-]

T H +I' h" +I'

Hw@ﬂ=§ﬂ 72 2}{? —q; n, (u+aipE1;ﬂu1
o ) | = odx, 7 ||

u+ou,)

Ok ok akf}
ox © dy T dz

oo Jdw dw
(u+ou, ) —n +—n, +—n.
.._\ N gy T

=
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J[H, O =Y (H,],.1,.)

I k=1

;4 =2[H, U )+H,, (U]

_[ [S (U )]dA — [S (U )]ij Aﬁj

;Uij i ';\LJ (;([H ]”kr”k) kzi;([HV” i k 'J,k)j“L[S(U)]ij =N

U 0 — U n ,
K 0 1 * Runge-Kutta modszer
UK =U°+a,ARU*Y) k=1m

Un+1 Um
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RANS Modeling : Averaging

* Thus, the instantaneous Navier-Stokes momentum equations may be re-write
as Reynolds-averaged equations, as follow :

— — . Y - —
cu, _ O, p O | ou | OR, R, =—puu,
p = + ”;'_ " -4 + " H - . — I:'E;Levlmlds stress tensor)
\ cr C-.T;'_ ) C.TI. C-.TJ. \ (&4 9 i) C'T_;' :

— The Reynolds stresses are additional unknowns introduced by the averaging
procedure, hence they must be modeled (related to the averaged flow quantities) in
order to close the system of governing equations

—pu —pu'v' —pu'w' |

Ry =—puu;=|| —py'y' _jm" —pv'w' |
_;)”"ﬂwr —ﬁ)v"wr —J,.(.j‘-w’ré J

|\. A’

2 6 unknows ...
Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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RANS Modeling : The Closure Problem

* The Reynolds Stress tensor R{; = —puu’. must be solved
* The RANS models can be closed in two ways:

Reynolds-Stress Models (RSIV1) Eddy Viscosity Models

* R, is directly solved via transport equations » Boussinesa hvpothesis
(modeling is still required for many terms in the < Reynolds stresses are modeled using an eddy (or
transport equations) turbulent) viscosity, p;
0 [ —— ¢ { _ = T - 8;_; am | 2 T 2
—\pul, |+ —\p &, ulu |=P.+F,+Dl +®, ¢, - =—puly Ly |-Zp, —28, —=pkB;
@E‘P' _r) éx, Pl |= 5 + Ly 7] i i Ry =—puu, Jor, x| 3FIH_. i 3P i

* RSM is more advantageous in complex 3D » The hypothesis is reasonable for simple turbulent
turbulent flows with large streamline curvature shear flows: boundary layers, round jets, mixing
and swirl, layers, channel flows, etc.

* but the model is more complex, computationally
intensive, mare difficult to converge than eddy
viscosity models

* Note: All turbulence models contain empiricism
* Equations cannot be derived from fundamental principles
* Some calibrating to ohserved solutions and “intelligent guessing” is contained in the models

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Introduction to Turbulence Modelling

Laminar Flow Momentum
- __., | diffusion
= \by viscosity

A YA

Turbulent Flow
Additional momentum

diffusion due to turbulence

= AT —]  Concept of
N N U U U W U N N Y turbulent (or eddy)
viscosity, 1

* 1, is not a fluid property, but depends
on level of turbulence in flow

 concept leads to mathematical models
to deal with turbulence; each model is
an approximation to what is really
happening

Forras: www.tech.plym.ac.uk/sme/dsgn313/CFDNotes06.ppt (2013.09.01.)
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CFX available Turbulence Models

* Alarge number of turbulence models are available in CFX, some have very
specific applications while others can be applied to a wider class of flows
with a reasonable degree of confidence

RANS Eddy-viscosity Models: RANS Reynolds-Stress Models:

2) Standard k-& model. 2) Ql Reynolds Stress
3) RNG k- model. 3) Speziale, Sarkar and Gatski Reynolds Stress
4) Standard k-w model. 4) SMC-w mode

5) Baseline (BSL) zonal k-w based model. 5) Baseline (BSL) Reynolds' Stress mode

6) SST zonal k-w based model. : ;
' Eddy Simulation Models:

1) Large Eddy Simulation (LES) [transient]

7} (k-g), model.

2) Detached Eddy Simulation (DES)* [transient]

3) Scale Adaptive Simulation SST (SAS)" [transient]

" Advanced Turbulence Module is required

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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k-omega Model

A pragmatic compromise for RANS Turbulence modeling:

= k-m equations based models

This models have gained popularity mainly because:

k- models perform much better than k- models for boundary layer flows

— For separation, transition, low Re effects, impingement, the k- models is more
accurate than the k- models

Accurate and robust for a wide range of boundary layer flows with pressure gradient

Several sub-models/options: compressibility effects, transitional flows and shear-flow
corrections

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
2R :|
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SST Model

*  Shear Stress Transport (SST) Model

— The SST model is an hybrid two-equation model that combines the advantages of both
k-£and k- models

— k- model performs much better than k- models for boundary layer flows

— Wilcox’ original k-2 model is overly sensitive to the freestream value (BC) of @, while
k-£ model is not prone to such problem

k-¢

k-0

Wall

— The k-e and k-w models are blended such that the SST model functions like the k-w
close to the wall and the k-e model in the freestream

SST is a good compromise between k- and k- models

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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SST Model

* It accounts for the transport of the turbulent shear stress and gives highly accurate
predictions of the onset and the amount of flow separation

Standard k-< fails to predict separation 50

y'H

©  Experimant
— = k-r-Model
— S5T-Model JT 1

(] I

30.0 40.0

10U + ¥

Experiment Gersten et al.

SST is a good compromise

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Turbulence Near the Wall

* The Structure of Near-Wall Flows

U
0 Freestream

i

\ Edge of boundary layer

} """" I
J

1 T
o U fully-turbulent region WM

or
log-layer inner layer
"y Vo
sublayer + buffer laver Pty
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Turbulence Near the Wall

* Walls are main source of vorticity and turbulence

* The velocity profile near the wall is important:
— Pressure Drop
— Separation
— Shear Effects

— Recirculation

Accurate near-wall modeling is
important for most engineering

applications

+ Turbulence models are generally
suited to model the flow outside the
boundary layer but need special
treatments near the walls

Pressure gradients:

Srrong faworabie:
Herring (1887}

The above graph shows non-dimensional
velocity versus non-dimensional distance
from the wall. Different flows show different
boundary layer profiles

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék

56




Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - fal modellek

Turbulence near a Wall

* Near to a wall, the velocity changes rapidly

Velocity, U

Distance from Wall, y

* |f we plot the same graph again, where
— Log scale axes are used
— The velocity is made dimensionless, from U/Ut ( ., = [Twan )

V e

. . . . Ur
— The wall distance vector is made dimensionless ,+ =7
vV

* Then we arrive at the graph on the next page. The shape of this
is generally the same for all flows:

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Law of the wall by Prandtl U, =VUxIn(yU, /v)+5.5

U
b= =u UUy = 2.5 In(U 79+ 545 y* = pY.Y
U, .
a4 H
A
- mner layer —
' UT o z-W / p
UlU,=U
- + +
= U=y __du
. 1 X w ILI dy
u'==In y"+C \
K \_\
i fully tarbulent region Rt Upper limit
affer layer - depends on
log-law region Revnolds no.
viscous sublayer Tegion
“Iny" =In J.y
VT = 5 + 2130 i} y =
S In Uy y/v v
y*<0.15 -
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Turbulence Near the Wall

u+

Scaling the non-dimensional
velocity and non-dimensional
distance from the wall results in a
predictable boundary layer profile L
for a wide range of flows

11.067

the profile

— These functions are called wall functions

* By scaling the variables near the wall the velocity profile data takes on a
predictable form (transitioning from linear to logarithmic behavior)

High Re

e

———————— Linear
________ Logarithmic

In(y+)

* Since near wall conditions are often predictable, functions can be used to
determine the near wall profiles rather than using a fine mesh to actually resolve

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Turbulence Near the Wall

* Fewer nodes are needed normal to the wall when Logarithmic-based wall functions
are used (compared to more detailed low-Re wall modeling)

e ——H]

%
TETEEE

Logarithmic-based Wall functions Near-wall resolving approach
used to resolve boundary layer used to resolve boundary layer

OtO1OF>
-
~lM'"'---.

Boundary layer

First node wall distance is reflected by y+ value

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Placement of The First Grid Point

*  For Logarithmic-based wall functions, each wall-adjacent cell centroid
should be located within the log-law layer : y; ~30—300

*  For resolved wall treatment, each wall-adjacent cell centroid should be
located within the viscous sublayer : m

* How to estimate the size of wall-adjacent cells before creating the

grid:
i 't C
V HI y, v — |-® 7T I_f
”1?; = Pv o J'}p = Ij U, »\II o E\II 2
C, 0037 C; 0.039
2 ReP 2 ReY
Flat Plate: - RS Duct €D,

| y* =10-15 values should be avoided!

= y*= 11.067 is the exact transition point between the linear and logarithmic behavior of the boundary layer

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)

61

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - fal modellek
Limitations of Wall Function

* In some situations, such as boundary layer separation, logarithmic-based
wall functions do not correctly predict the boundary layer profile

— == D
—<
— —

Wall functions applicable Wall functions not applicable

* In these cases logarithmic-based wall functions should not be used
* Instead, directly resolving the boundary layer can provide accurate results

* Not all turbulence models allow the wall functions to be turned off

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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y+ for the SST and k-omega Models

* When using the SST or k- models y* should be < 300 so that the
logarithmic-based wall function approach is valid

— This will not take advantage of the low-Reynolds formulation, which is necessary
for accurate separation prediction

— However, the model can still be used on these coarser near-wall mesh and
produce valid results, within the limitations of the log wall functions

* To take full advantage of the low-Reynolds formulation, y* should be < 2

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Air at 20 m/s >
p = 1.225 kg/m?

u = 1.8x10° kg/ms

Example in predicting near-wall cell size

- During the pre-processing stage, you will need to know a suitable size for the first layer
of grid cells (inflation layer) so that Y* is in the desired range.

- The actual flow-field will not be known until you have computed the solution (and
indeed it is sometimes unavoidable to have to go back and remesh your model on
account of the computed Y* values).

. To reduce the risk of needing to remesh, you may want to try and predict the cell size
by performing a hand calculation at the start. For example:

& y The question is what
height (y) should the first

. For a flat plate, Reynolds number (Re; - Iy ) gives Re; = 1.4x10°

- (Recall from earlier slide, flow over a surface is turbulent when Re; > 5x10°)

: LD
<— Flatplate, Imlong ——>  row of grid cells be. We
will use SWF, and are
aiming for Y* =~ 50

PVL

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Example in predicting near-wall cell size [2]

A literature search suggests a formula for the skin friction on a plate!

thus 0.
Cf =0.058Re; 2
C;=0.0034
*  Use this value to predict the wall shear stress 7,
rw=1Cr oUZ z, = 0.83 kg/ms?
*  From 7, compute the velocity U,
:
U, = |2 U,=0.82 m/s
\p

* Rearranging the equation shown previously for y* gives a formula for
the first cell height, y, interms of Ut

y=9x10"m

*  We know we are aiming for y* of 50, hence our first cell height y
should be approximately 1 mm.

1 An equivalent formula for internal flows, based on the pipe-diameter Reynolds number is

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)

i i
I
uu[enrenrenreenm [

65

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - fal modellek

Example in predicting near-wall cell size [3]

For Conjugate Heat Transfer Simulations one would need a y+ value of 1. Let's
estimate the first grid node for y+=1:

V=20m/s, p=1.225kg/m3, u=1.8x10-5kg/ms
Re; = 27 > Re= 1.4x10°

)i
- C,=0.0034

2t =0.83 kg/ms?

Cr=0.058 Re; °2 — U =0.82m/s

T
. = W ain. .
! E > y=0.02 mm ou;nfﬁg- op
v="* 21469 x10"" Sho ﬁfsrc@, Y or,.
P Yid b " e,
_yv_ s 0, 7ty
y = =1.8x10"m <m
U n

uu" EIIIII 66

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — turbulencia modellezés - fal modellek

Wall Boundary Conditions

-Standard k- ¢
-RNG k- ¢
-Realizable k- ¢

-Spalart-Allmaras
-Standard w-¢
-SST k-w

e
=
=
-
-

-RSM ~—
buffer & I.’/ =
sublayer \ :
Wall Function Approach Near-Wall Model Approach

BThe viscosity-affected region is not BThe near-wall region is resolved all the

resolved, instead is bridged by the way down to the wall.

wall function. EThe turbulence models ought to be valid
BHigh-Re turbulence models can be throughout the near-wall region.

used.

Forras: Introduction to ANSYS CFX
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Placement of The Firs.t Grid Point

First row(a) = 0.00121263

[ ] i -yt= -
Wall function ~y"= 30-300 Growth factor(b/a) = 1.25

ENear-wall function ~ y* = 1 Rows = 6
&
. . . . () '
Non-dimensional distance from a wall in a
turbulent boundary layer is given by y+ \
* -
1
1.’!+ — ,0"";.1 e I .3
. # ¥ | v a
. L _ _ Surface wall
where u, is the friction velocity, define as
(7wl 0)°S. 1 S
e =
The shear stress on the surface: ‘\______ gE==i===—=—= i;_'_l
r, 073 o
Lo S
—pU™ N Ry e
2 ESSSSS=S===—=—
ee====———=—C
Forras: Introduction to ANSYS CFX
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Formulation

The estimates will he hased on correlations for a flat plate with a Eeynolds number of
plUL
Re; = ——
H

with characteristic velocity U and length of the plate L.
The correlation for the wall shear stress coefficient, o, 15 given by

cp = 0.025R¢; "

where 0 iz the distance along the plate from the leading edge.

The definition of &_}r’+ for this estinate 13

AV
,l'i'l,_}’+: y*]'

Ay

with /Ay being the mesh spacing between the wall and the first node away from the wall
Using the definition

Forras: Introduction to ANSYS CFX
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Equation 14

Equation 15,

Equation 16

Equation 17,
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ANSYS CFX

H. can be eliminated in Equation 16 to yield:

+2l

Ay = Ay = '
Y ¥ A Equation 18,
f
Cf can be elitminated using Equation 15 to yield:
+ 1714 1
Ly = LAy JS_C'REI = Equation 19,
Re;
Further simplification can be made by assuming that:
Re = C ke
where ' 12 some fraction.
. 1/14 .

Azsuming that =2 1, then, except for very small Re,, the result 1s:

Ay = Lﬂy+u'f8_DR€£13 oL Ecuation 20.

. . + . . . .
Thiz equation allows us to set the target Ay value at a given x location and obtain the mesh spacing, Ay
for niodes m the boundary layer.

Forras: Introduction to ANSYS CFX
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ANSYS CFX

Minimmuam Number of Nodes

Goal
4 good mesh should have a mimtmum number of mesh pomts mside the boundary layer in order for the turbulence model to worke properly.
As a general guideline, a boundary layer should be resolved with at least:

Equation 21.

| 10 for wall function
gl 15 for low -Fe model

where W is the mumber of nodes in the houndary layer in the direction normal to the wall

Formulation

The boundary layer thickness & can then be computed from the correlation:

Rey = 0.14Re2

to be:

Equation 22.

6 1 |
* Re, Equation 23

& =014L Re

The boundary layer for a blunt body does not start with zero thickness at the stagnation point for Re, Itis, therefore, safe to assume that

Rea 15 somne fraction of RQL , say 25%. With this assumption, vou get:

§ = 0035 LRe]

You would, therefore, select a point, say the fifteenth off the surface (for a low-Re model, or 10th for a wall function model) and check to
make sure that:

15 —nl1)=0 Equation 25,
Forras: Introduction to ANSYS CFX

Equation 24
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ANSYS CFX

It is important to note the following points:

« To fully resolve the boundary layer, you should put at least 10 nodes into the boundary layer.

Do not use Standard Wall Functions unless required for backwards compatibility.

« The upper limit for y* is a function of the device Reynolds number. For example, a large ship may have

a Reynolds number of 107 and y" can safely go to values much greater than 1000. For lower Reynolds

numbers (for example, a small pump), the entire boundary layer might only extend to around y" = 300.

In this case, a fine near wall spacing is required to ensure a sufficient number of nodes in the boundary
layer.

If the results deviate greatly from these ranges, the mesh at the designated Wall boundaries will require
modification, unless wall shear stress and heat transfer are not important in the simulation.

Forras: ANSYS, Inc., ANSYS CFX-Solver Theory Guide, Release 14.5, ANSYS, Inc. Southpointe, 275 Technology Derive
Canonsburg, PA 15317, ansysinfo@ansys.com, http://www.ansys.com, USA, 2012
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Inlet Turbulence Conditions

When turbulent flow enters a domain at inlets or outlets (backflow), boundary
conditions for k, €, w and/or u;u; must be specified, depending on which
turbulence model has been selected

Several options exist for the specification of turbulence quantities at inlets:

— Explicitly input k, €, w, or u;u;
— Turbulence intensity and length scale

— Turbulence intensity and turbulent viscosity ratio

Turbulent Intensity : 7=-~ 1 2k
U U\ 3

Turbulent viscosity ratio : pn./n

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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CFX Inlet Turbulence Conditions

» Default Intensity and Autocompute Length Scale

— The default turbulence intensity of 0.037 (3.7%) is used together with a computed length scale to
approximate inlet values of k and . The length scale is calculated to take into account varying
levels of turbulence.

— In general, the autocomputed length scale is not suitable for external flows

* Intensity and Autocompute Length Scale

— This option allows you to specify a value of turbulence intensity but the length scale is still
automatically computed. The allowable range of turbulence intensities is restricted to 0.1%-
10.0% to correspond to very low and very high levels of turbulence accordingly.

— In general, the autocomputed length scale is not suitable for external flows

* Intensity and Length Scale

— You can specify the turbulence intensity and length scale directly, from which values of k and ¢
are calculated

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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CFX Inlet Turbulence Conditions

* Low (Intensity = 1%)

— This defines a 1% intensity and a viscosity ratio equal to 1

Medium (Intensity = 5%)

— This defines a 5% intensity and a viscosity ratio equal to 10
— This is the recommended option if you do not have any information about the inlet turbulence

High (Intensity = 10%)

— This defines a 10% intensity and a viscosity ratio equal to 100

Specified Intensity and Eddy Viscosity Ratio

— This defines a 10% intensity and a viscosity ratio equal to 100

— Use this feature if you wish to enter your own values for intensity and viscosity ratio

k and Epsilon

— Specify the values of k and € directly

Zero Gradient

— Use this setting for fully developed turbulence conditions
Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Inlet Turbulence Conditions

* If you have absolutely no idea of the turbulence levels in your simulation, you could use
following values of turbulence intensities and length scales:

* Usual turbulence intensities range from 1% to 5%

* The default turbulence intensity value of 0.037 (that is, 3.7%) is sufficient for nominal
turbulence through a circular inlet, and is a good estimate in the absence of experimental

data

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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RANS Turbulence Model

Model Description

Standard k—g The baseline two-transport-equation model solving for k and . This is the default k—= model. Coefficients
are empirically derived; valid for fully turbulent flows only. Options to account for viscous heating,
buovancy, and compressibility are shared with other k— models.

RNG k-2 A vanant of the standard k—= model. Equations and coefficients are analytically denived. Significant changes
- in the & equation improves the ability to model highly strained flows. Additional options aid in predicting
Re-Normalisation Group | swirling and low Reynolds number flows.

Standard k—m A two-transport-equation model solving for k and o, the specific dissipation rate (g / k) based on Wilcox
(1998). This is the default k—wm model. Demonstrates superior performance for wall-bounded and low
Reynolds number flows. Shows potential for predicting transition. Options account for transitional, free
shear, and compressible flows.

SST k—o» A vanant of the standard k—w model. Combines the original Wilcox model for use near walls and the
standard k—= model away from walls using a blending function. Also limits turbulent viscosity to guarantee
that 17 ~ k. The transition and shearing options are borrowed from standard k—w. No option to include
compressibility.

RSM Revnolds stresses are solved directly using transport equations, avoiding isotropic viscosity assumption of
; other models. Use for highly swirling flows. Quadratic pressure-sirain option improves performance for
many basic shear flows.

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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RANS Turbulence Model usage

Model

Behavior and Usage

Standard k-—¢

Eobust. Widely used despite the known limitations of the model. Performs poorly for complex flows
mvolving severe pressure gradient. separation, strong streamline curvature. Suitable for initial
iterations, initial screening of alternative designs, and parametric studies.

RNG k-¢

Suitable for complex shear flows involving rapid strain, moderate swirl, vortices, and locally transitional
flows (e.g. boundary laver separation, massive separation, and vortex shedding behind bluff bodies, stall
in wide-angle diffusers, room ventilation).

Standard k-o

Superior performance for wall-bounded boundary layer, free shear, and low Reynolds number flows.
Suitable for complex boundary layer flows under adverse pressure gradient and separation (external
aerodynamics and turbomachinery). Can be used for transitional flows (though tends to predict early
transition). Separation is typically predicted to be excessive and early.

SST k- Offers similar benefits as standard k—w. Dependency on wall distance makes this less suitable for free
shear flows.
RSM Physically the most sound BANS model. Avoids isotropic eddy viscosity assumption. More CPU time

and memory required. Tougher to converge due to close coupling of equations. Suitable for complex
3D flows with strong streamline curvature, strong swirl'totation {e.g. curved duct. rotating flow
passages, swirl combustors with very large inlet swirl, cyclones).

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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Summary — Turbulence Modeling Guidelines

* Successful turbulence modeling requires engineering judgment of:
— Flow physics
— Computer resources available
— Project requirements
* Accuracy
* Turnaround time
— Near-wall treatments
* Modeling procedure
— Calculate characteristic Re and determine whether the flow is turbulent
— Estimate y* before generating the mesh
— The SST model is good choice for most flows

— Use the Reynolds Stress Model or the SST model with Curvature Correction
(see documentation) for highly swirling, 3-D, rotating flows

Forras: Introduction to ANSYS CFX, Lecture 07 - Turbulence, CFX-Intro_14.0_LO07_Turbulence .pdf (2013.09.01.)
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FINITE DIFFERENCE, 1. Introduced by Euler in the 18" century.

2. Governing equations in differential form—-> domain with grid-> replacing the
partial derivatives by approximations in terms of node values of the functions—->
one algebraic equation per grid node-> linear algebraic equation system. 3. Applied
to structured grids.

FINITE VOLUME, 1. Governing equations in integral form-> solution domain is
subdivided into a finite number of contiguous control volumes—> conservation
equation applied to each CV.

2. Computational node locates at the centroid of each CV.
3. Applied to any type of grids, especially complex geometries

4. Compared to FD, FV with methods higher than 2" order will be difficult,
especially for 3D.

FINITE ELEMENT,

1. Similar to FV

2. Equations are multiplied by a weight function before integrated over the entire
domain.
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Control Volume Definition

element center

element

control volume

node

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpointe, 275 Technology Drive, Canonsburg, PA 15317, October

2012
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0 ap N 0 (,r‘J UJ,.') _0

df f}xlf-
o d P o dU. JU;
—(pU;) + (;U-U_):— — - Ly —d
(! E) rJ'xJI.- f I r).r‘. dxj.- ’uﬁﬁ ) j r).rj-

L Jpar+]
— |pdV + |pU;dn;=0
dt I:! .s'{ o
d J ] j J rJ'U "’U J
— |pU.dV + |pU:U.dn:= Pdﬁ + + dn Sy dV
dt I:f I .s-! S Hett dx X ‘:J-rf' i
a,"ij pdV +J;}U ¢ dn ;= jﬂ;ﬁ [ ? ]dﬁ —I—JS dV
I .x'

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpomte 275 Technology Drive, Canonsburg, PA 15317, October
2012 A, . 7.3
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio - CFX

n2

ni

integration point

sectors element center

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpointe, 275 Technology Drive, Canonsburg, PA 15317, October
2012 3:;.'% m— :‘ B inl

84

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio - CFX

/(5

+ zmm

ip
pU. —p° U/ :
|2 + %mm(m Z (P Anj) , +
0 U ;
Dol |2 Ui, 22 An;| +3gV
ip ’(f } J,. l’)x.; ' !
' ip

" po—-p°o 3 S| r 99 =

N tMip @, = = | Leff o 2 T 9

ip
o

implicit elsd v. masodrendli Backward Euler mddszerrel

a kovetkez0 iteracios idolépés parameterei. Az algebrai egyenletrendszer megoldasa:

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpomte 275 Technology Drive, Canonsburg, PA 15317, October

2012
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio - CFX

ANSYS CFX uses a Multigrid (MG) accelerated Incomplete Lower Upper (ILU) factorization technique for
solving the discrete system of linearized equations. It is an iterative solver whereby the exact solution
of the equations is approached during the course of several iterations.

The linearized system of discrete equations described above can be written in the general matrix form:

(4] [¢] = [D]

where [A] is the coefficient matrix, [¢] the solution vector and [b] the right hand side.

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpointe, 275 Technology Drive, Canonsburg, PA 15317, October
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio - CFX

-Kollokalt strukturaju adattarolas (a valtozok ugyan azon a helyen
tarolodnak) — Majumdar altal kidolgozott mddszerhez hasonl6 eljaras

a nyomas ¢s a sebességtér szétvalasztodasa ellen.
-Csatolt megoldé (tomeg- és impulzus-megmaradas egybe szamolva)
-Implicit els6 v. masodrendii Backward Euler modszer

-Linearis egyenletrendszer megoldo: ,,Multigrid accelerated Incomplete

Lower Upper (ILU) factorization technique”.

Forras: ANSYS CFX-Solver Theory Guide, ANSYS Inc., Southpointe, 275 Technology Drive, Canonsburg, PA 15317, October

2012
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio

Fontosabb matematikai tulajdonsagok

Diszkretizacio :
Parcialis differencial > Algebrai
egyenlet rendszer, L(T) < egyenlet
Konzisztencia rendszer
Stabilitas
Konvergencia M
Pontos megoldas, T < Kozelfto
ha Ax. At —0 megoldas, T

» Kezdeti- ¢s peremfeltételek

88




CFD feladat
végrehajtasanak fobb
lépései es fontosabb
szabalyai
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Pre-processzalas

Post-

processzalas

CFD feladat fobb lepései

o Célkitlizes, a megoldando feladat attekintése €s leforditasa a
modellezéssel kezelheté formara, id0 €s tlitemterv (esetleg
arajanlat) elkészitése,

» Geometriai modellalkotas (aramlasi tér),

* A numerikus halo elkészitése,

» Anyagtulajdonsagok definiadlasa,

» Kapcsolodo fizikai modellek €s paramétereik beallitasa,

» Peremfeltételek megadasa €s a geometridhoz rendelése,

» Kezdeti feltételek megadasa,

*A megoldo tulajdonsagainak beallitasa,

A szamitas elinditdsa és a konvergencia értekelése,

» Az eredmények megtekintése, elemzese €s értekelése.

» Validaci6 (ha van ra lehetdseg) €s verifikacio.

« Paraméter €rzékenységi vizsgalatok elvégzeése. Sziikség szerint
javaslattétel a javito intézkedeések meghozasara €s ellendrzése.

Dokumentacio elkészitése.

i I
. I
uu[enrenrenreenm R [
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CFD feladat fobb lepései

Geometria — aramlastani tér

I
neve I
[znrrnrenreen] LLLL [T
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CFD feladat fobb lépései - Geometriai diszkretizacio

Meshing Best Practice Guidelines

Choosing your mesh strategy
depends on

V2 iy S

™y -, r h!

1.ACCURACY 2. EFFICIENCY s ErmlilEse e
| GENERATE

“ L A
Desired mesh guality Desired cell count Time available
What is the maximum - Low cell count for - Faster Tet-dominant mesh
skewness and aspect resolving overall flow vs crafted Hex/hybrid mesh
ratio you can tolerate? features vs High cell count with lower cell count

for greater details

Goal: Find the best compromise between accuracy,
efficiency and easiness to generate

SRR i

uu[enrrnrrrreen|

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)
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CFD feladat fobb lépései - Geometriai diszkretizacio

Meshing: Capture Flow Physics

®* Grid must be able to capture * Boundary layers:
important physics: — Velocity and temperature
— Boundary layers — 10-15 elements
— Heat transfer — Expansion ratios:
— Wakes, shock ¢+ £12..13
— Flow gradients — y+ = 1 for heat transfer and

transition modeling

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)
[1] LIIIII
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CFD feladat fobb lépései - Geometriai diszkretizacio

Meshing: Capture Flow Physics

* Example: Velocity profiles at airfoil

“Bad” _“Good”

i I
neve I
uu[enrvnrenreen[m ;aas il

T
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CFD feladat fobb lépései - Geometriai diszkretizacio

Mesh Quality

* A good mesh depends on : Good Not Good

— Cell not too distorted

— Cell not too stretched

——meceee
| —— |
— Smooth Cells transition _

Részletesen 1asd: Mesh Metrix, Mesh metrix_in ANSYS WB 13 vil.ppt

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)

uu[enrenrenreen [m[2r 8
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CFD feladat fobb lépései - Geometriai diszkretizacio

Mesh Quality

* Grid generation:
— Scalable grids
— Skewness < 0.9 (accuracy, convergence)
— Aspect ratios < 100
— Expansion ratios < 1.5 ...2

— (Capture physics based on experience (shear G
layers, shocks) G
No Bad cells

— Angle between grid face & flow vector

* Grid refinement:
— Manual, based on error estimate
— Automatic adaptive based on ‘error sensor’

Adaption

uu[enrenrenreen [ u
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CFD feladat fobb lépései - Geometriai diszkretizacio

Mesh Quality

* Avoid sudden change in mesh density

Not good

il“-r 'II-JIl |'Il

PR
TR
‘f']'hf.llﬂ L

1) —

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)
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CFD feladat fobb lépései - Geometriai diszkretizacio

Hex vs Tet Mesh : Accuracy comparison

* Direction of the flow well known
= Quad/Hex aligned with the flow are more accurate than Tri with
the same interval size

U=0.1

Hex
mesh

Contours of axial velocity magnitude for an inviscid co-flow jet

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)

£ — |
WRR[FRrr RN rea]
e |
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CFD feladat fobb lépései - Geometriai diszkretizacio

Hex vs Tet Mesh : Accuracy comparison

* For complex flows without dominant flow direction, Quad and Hex

meshes lose their advantage
= Quad & Tri equivalent

1

-

U=Vv=10, T=1

U=v=10,

U=v=10,T=0 U=V=10,T=0

Contours of temperature for inviscid flow

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)
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CFD feladat fobb lépései - Geometriai diszkretizacio

Element Types

* Common 3-D element types:

Hexahedron (hex) Tetrahedron (tet) Prism Pyramid

H-H'“"--..

i fﬁ\

f’x |I II'. \\\\\

» | »
SN

- e /
l::__‘_________ ) “« &
—

+ General polyhedra, ...

+ Difference between control volumes & elements

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)
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CFD feladat fobb lépései - Geometriai diszkretizacio

Elements: Tet

* Pro:

— High degree of automation for grid
generation

* Con:

— Memory & calculation time per node =
1.5 x hex

— Poor shear layer element
— No streamline orientation

— Quantity must (and can) make up for
quality

uil[rnernerneernfmn o a EYLIILTA T
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CFD feladat fobb lépései - Geometriai diszkretizacio
Elements: Prism

* Pro:
— Better shear layer resolution than tet
— High degree of automation

— Tet/prism combination

* Con:
— Less efficient than hex

— Topological difficulties (corners, ...) =2
poor grid quality (angles, ...)

— Manual repair

103
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CFD feladat fobb lépései - Geometriai diszkretizacio
Elements: Pyramid

* Use in hybrid grids

* Transition element between hex and
tet

* Polyhedral grids
— ANSYS Fluent:
* Generate base types
* Convert

— ANSYS CFX builds polyhedrals
around vertices

104
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CFD feladat fobb lépései - Geometriai diszkretizacio

Recommendations

* 15t Option = Hex grid
— Best accuracy and numerical efficiency

— Time and effort manageable?

* 2" Option = Tet/hex/pyramid grid
— Hex near walls & shear layers

— Developing technology ...

* 3'd Option = Tet/prism grid
— High degree of automation
— Quality (prism/tet transition, ...)

* 4" Option = Tet grid
— Shear layer resolution?

Forras: Introduction to ANSYS CFX, Lecture 10 - Best Practice Guidelines - CFX-Intro_14.0_L10_BestPractices (2013.09.01.)

u[emrrnrenrrenfi g
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CFD feladat fobb lépései - Geometriai diszkretizacio

Grid Optimization

* Truncation errors = source of discretisation errors
* Minimize truncation errors = minimize discretization errors

* Truncation error = Difference between ‘analog’ and ‘discrete’ representation

i] :M_r ’
.Ox ). 2h I
o 3
h™ (o f
r=—| =5 | +..
6 | Ox x
f | I B |

¥

[ i-1 i i+1 i+Z
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CFD feladat fobb lepései

Geometriai diszkretizacid

Centrifugal kompresszor-
forgorész aramlasi terének
_ modellje. (A halo elemek meretét
@yﬁé&éﬁv = ._.ﬁ'« St s e s ¢s mindséget, kiilondsen a nagy
b A : Sl ' Ve gradienseket tartalmaz6 helyeken,
addig kell javitani, ameddig nem
lesz hatassal a végeredményre.
Gyakorlati tapasztalataink azt
mutatjak, hogy legalabb 10 cellara
sziikség van a legsziikebb
keresztmetszetekben is
osszenyomhato kozegek
modellezése esetén.)

WATES
ViV e

i
RN R

NG,
AT
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CFD feladat fobb lepései

Jellemz6 peremfeltételek CFD szamitasok esetén; belépés, kilépés, szilard
fal, nyitott és periodikus perem (megj.: a peremeket olyan tavol célszerii
felvenni a geometriatol, hogy annak zavard hatasa lehetdleg ne terjedjen el
a peremig (pl. kilépd peremnél visszadramlas, aramvonalak ne 1épjenek ki,
illetve be a nyitott (tavoltéri) peremnél), illetve ne legyen hatdsa a
végeredményre a cellaszdm minimalizalasa és az eredmények
halofliggetlensége mellett.)
periodikus
perem B

kilépés

periodikus
perem A

periodikus
perem B

periodikus

S

———

Peremfeltételek definidlasa €s anyagtulajdonsagok megadasa
belépes |

nyitott
perem vagy

szimmetria

v

perem

1

|
|

1

L

v
surlodas
mentes fal

szilard fal

perem -,
e

—
—_—

kilépes 4
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1.0e+000 —

CFD feladat fobb lépései

1.0e-001 —

Konvergencia o
A 1 & 4p,) |

p p pl I.O&DUS—_
—|=109y ,[— D | — '
HPH ’ Np;[/’i) |

1. 0e-00 —

1.0e-005 —

1. 0e-006 =
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CFD feladat fobb lépései Konvergencia
Residuals Theory

* The continuous governing equations are discretized into a set of linear
equations that can be solved. The set of linear equations can be written in
the form:

[A] [@] = [b]

where [A] is the coefficient matrix and [@] is the solution variable

* If the equation were solved exactly we would have:

[A] [®] - [b] = [0]
* The residual vector [R] is the error in the numerical solution:

[A] [®] - [b] = [R]

* Since each control volume has a residual we usually look at the RMS average
or the maximum normalized residual

Forras: Introduction to ANSYS CFX, Lecture 05 - Solver Settlngs and Output File - CFX-Intro_14.0_L05_SolverSettings_OutFile
(2013.09.01.) A Lm0
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CFD feladat fobb lépései

Konvergencia

Residuals

* Residual Type

— MAX: Convergence based on maximum
residual anywhere

— RMS: Convergence based on average
residual from all control volumes

— Root Mean Square =

* Residual Target

— For reasonable convergence MAX
residuals should be 1.0E-3, RMS should
be at least 1.0E-4

— The targets dependent on the accuracy
needed

* Lower values may be needed for
greater accuracy

Convergence Criteria

Residual Type RMS v
Residual Target 1.E-4
[] Conservation Target
[] Elapsed wall Clock Time Control
[ Interrupt Control

i
Bonrabte Tratim
- BRIV AN B

Forras: Introduction to ANSYS CFX, Lecture 05 - Solver Settlngs and Output File - CFX-Intro_14.0_L05_SolverSettings_OutFile

(2013.09.01.)
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CFD feladat fobb lépései Konvergencia
Conservation Target

* The Conservation Target sets a target for the

Convergence Criteria

. Residual Type RMS v
gIObaI Imbalances Residual Target 1.E-4
FIUX II] — Flux Out [v] Conservation Target =]
% Imbalance = _ e oo
Maximum Flux
[] Elapsed Wall Clock Time Contral
[] Interrupt Control

* The imbalances measure the overall conservation of a quantity (mass,
momentum, energy) in the entire flow domain

* Clearly in a converged solution Flux In should equal Flux Out

* It’s good practice to set a Conservation Target and/or monitor the imbalances
during the run

* When set, the Solver must meet both the Residual and Conservation Target
before stopping (assuming Max. Iterations is not reached)

* Set a target of 0.01 (1%) or less
— Flux In — Flux Out < 1%

Forras: Introduction to ANSYS CFX, Lecture 05 - Solver Settlngs and Output File - CFX-Intro_14.0_L05_SolverSettings_OutFile
(2013.09.01.)
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CFD feladat fobb lepései

Eredmények megjelenitése
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CFD feladat fobb lepései

Eredmények megjelenitése
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CFD feladat fobb lepései

Eredmények megjelenitése

Mach Number

/AN
/NN N

B +$ e

TR
A &

0.025

0.075

Budapesti Miiszaki ¢s Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék

atpp SN} 115




CFD feladat fobb lepései

Eredmények megjelenitése

1.729+002

1.749e+000

[m sA-1]
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CFD feladat fobb lepései

Eredmények megjelenitése

.667e+005
.489e+005
.311e+005
.133e+005
.556e+004
.778e+004

.000e+004
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CFD feladat fobb lepései

Eredmények megjelenitése

[m sA-1]
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Validacio - (surlodasmentes aramlas Euler egyenlet)

Mach Number Distribution
1,8
o 15
o
§ 1,2
= 0'9 —Exact.
% O Numerical
s 0,6
0,3
O T T T T T T
0 2 4 6 8 10
lenght [m]
5
45
s
35F
3
3

M:=1.1

=7
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Validacio (surlodasos aramlas NS egyenlet)

b .
45
4E 08
35F
3 I I
3
0,03 G
e 0,02
: o experiment
ﬁ — k-w model > 1.05
I
> 0,01 y
rooe]
0 _@ﬁw
-10 0O 100 200 300 400 500 600 1 T SRR Y
0 Velocity [m/s] 1.05 o K 15

A mérés forrdsanyaga: Gerolymos, G. A.; Sauret, E. & Vallet, 1. (2003). Oblique-Shock-Wave/Boundary-Layer Interaction using Near-Wall Reynolds-
Stress Models, Université Pierre-et-Marie-Curie, AIAA 2003-3466, 33' Fluid Dynamics Conference, 23-26 June 2003 Orlando, Florida, USA
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata
Unregistered HyperCam 2

Mach szam eloszlas
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Mellekletek
Konkav-konvex gorbileti
hatas

122
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Konkav - konvex gorbiileti hatas

Konkav R

\/

HaRT = mRe’, FT=>F T
HaF,T= pT=vi

Ha Ry = mRe?, Fi=F
HaF, i = py=vT

1 ,
P, 1v2 ~allando b1
p 2 F1L=v? ~allando
B B P
o 110115 120125 130 135 140 145 150 n “—> V

Valosagos (surlodasos):

W] |
neraers s b nnnne |y
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Konkav - konvex gorbiileti hatas

Konvex

Valosagos (surlodasos): I

=, M: 0.05 01 0.15 0.2 025 03 0.35 0.4 045
. V B

nlk i
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/\ ok sl _\_ —
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Konkav - konvex gorbiileti hatas
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Konkav - konvex gorbiileti hatas

- = S
- 1 E IRAN =
197 111 - i o [
- 1.1 F 0.737 1.1 F . RE5000.45
1.1 F = 0554 - £559785.99
o9 E 0635 109 m - G57857.53
109 LY E 1 0.588 ' % | 545736.07
- — 0.537 | 08 = — 540714.81
1.08 B 1.048 = — 0.489 OB — B34843.15
- — 0.440 - — £78571.69
| o7 1.07 E — 0.391 .07 E — B77500.77
- — 0347 B — 518425.76
5].08 E 1 0293 | .].0B w — §10357.30
>].08 . — 0.245 % — 604285.84
i 105 B2 — 0.198 1.05 E = 598714.38
1.03 - 0.147 - 592142.92
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| o4 1.04 _ Go4g| 104 : I 53000000
1.03 1.03 F 1.03 i\_/,_/—:\\
1.07 1.07 :_ 107 /—\
1.0 .01 B .01 B
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:
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Masodlagos aramlasok kialakulasa lapatracsokban

shroud
Csatorna orvény /)
pS sS
shroud C
T+t o hub
ps sS
T _ shroud
hub
T T
S T T SS
Lapat orvény | ™ |4 1
T T
hub
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Masodlagos aramlasok kialakulasa lapatracsokban
(csatornaorveények)




Masodlagos aramlasok kialakulasa csokotegekben

i — :'r:‘mm@__ ==t
R3S R AT uﬂéﬁlm
!!! LTI

uu[enrrnrrrreen|
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Masodlagos aramlasok kialakulasa téglalap
keresztmetszetil csatornaban

i
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Masodlagos aramlasok kialakulasa csokonyokben
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Mellekletek

DASFLOW Software és

ipari alkalmazasai

132




DASFLOW - Tanszéki fejlesztési CFD és inverz

tervezésre alkalmas program
TR
III

FILE GEOMETR BOUMNDAR

FLOW SOLVER RESULTS

Load pararm.ini

Location :

|Andras \DASFLOW _2010_06_15\pararm.ini ‘ H“““‘IIIII
! II I

Save param.ini as

Location

Open Documentation... |

BME

1]
iﬁ |IIIIIIIIIH MIM I Iiill

Department of
Aircraft and Ships

Ahout | Yisual settings... |
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas - DASFLOW

u=u+u v=v+v =Tt u’
JAN /\V/\v/\/\ /

VA VY

oy

W=W+WwW p=p+p

_ 1 cto+at ~ 1 1 cto+at
U=-—| udt @ :t—j (pu it
AL Yt o, Al Yo
N AN / >
Y hd t
Reynolds Atlagolas | > Favre Atlagolas
Nagy sebességii,
osszenyomhato aramlas esetén.
u=u+u”  v=v+V' w=W+W' p=p+p p=p+p

h:ﬁ+h” e=¢e +e” T=T+T" qj:qj+q’j d; =d.;
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas - DASFLOW

8,0+5pu +8pv +a'OW=O
ot  oX oy 0z

—~ —~~ —~~ —~~ — [ F a F =
0pu , puu  opvl  opWi _ 0P | 07y 0Ty 07,
ot OX oy 0z OX OX oy 0z

—= —~=~ —~~ o~ — [ A_F F F ]
opV N Opuv N OpVV N OpWV _8_p+ 0T, N 07y, N 07y,
ot ox oy o oy [ox oy &

—~ —~~ e~ ~ —~ ~ — F o orF F
OpW  OpUW  OpVW OpWW _ p 0T, LTy | 07y
ot OX oy 0z 0z OX oy 0z

i
bl [rnrraprn B e
uu[enrenrenreen Ty W] [
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas - DASFLOW

~

ou 2 = N 2 ~
F T 1, 1 T T
F=2u—= -2 V'V - pu"u P =205 NV — V'V
o S2H— TS H pu w =2 Rk ol
~ ~ ou ov
ow 2 - F_ F _ ( j_ TNZ
F_ T TANZ, T T y2i + puv
T, =2———uV'V — W Xy O yx
H pe 3/1 PV oy  OX
8[] 8W F F 8\7 awj AT
F TN, — _
T =Tx = +—— |- pu"w Ty =Ty = H —+——|=pV'W
Xz ZX ,Ll( 82 an IOU y y ( 7 ay
—|p| €+ 00, [+=) pull|+> — pU | h+ =Y Gl [+0, =) puili”
ot 23 =) -1 axj 23 23
: a = NI : r 1 € Ty : a : ~ 11
=D | 0 - puih e+ D =S > Ui+ ) — Z[“u( ji —,OUiU,-)]
= OX, i—1 273 = OX. | i3
J J J J
. I . 136
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas - DASFLOW

—+ u. — = !UH—_ ka)+_ e
Py TP o =Tl T PR (u ﬂt)aj
_a_a)_l__ﬁ 8_0) puluragai_ +_( . )a—a)
'Oat PY; X, i~ k@ Y | 2 y2ZA X
g st oy g . 9 . 9
w=p o a=c o =2 o=2 B —ﬂofﬁ*[1+§ F(M,)] fom o o=
(M,) . 2 It xe=<0 1 ok ow
B=pT,—-Bf .EF(M f . =41+680y, . X =
0'p Foly t p 17200 2 if x>0 W 5Xj 8Xj
Q€2 Sy f 1+70)(a) 3 o0 M :i . _kl/Z
BN =5 = =B ak l=—
Yo (o] 51480y, & 5 Lo 0=y B -
2
1
S ==
H(x):{o !f X<0 95 =7
1 if x>0
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Reynolds és Favre atlagolas — Konzervativ
osszevont forma - DASFLOW

% [[uda+§[H, L) = §[H,, (U )r+ [ A

p AV, °
pu puv. +p'n, 0
pVv vV +pn 0
u=|"2 H )=/ 2T Y S(U)=
pE V) (,EE+ D )\/n 0
PK PV, K Sk
ﬁw/ ﬁvna) SCD

L B RRRRRD i
b, Sl (aPRPrRaRsRRE uuu
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Konzervativ forma — RARS - DASFLOW

0t oot -ut)

H,U)=H," U R):i{Hn(u L)+ H,UR)-

4 Ap
_ 1 |21 B = ] A T T A0
— ﬂ’n n Vi _62
_ \7ﬁ sAV
L Y A= a0 AW, = ﬁA\7+AA—?
1 [,6,9.0.5(0° +v2 [ vi+c P
_ Vi — ¢ AV + 2P
5 . i i " i | —naVv +—
rn :__prny1_pnx’p(uny_vnx )]T 7 L IOC_
2
ri=| 2 P (aten) X (\7+cny),'[5 a+S +ev,
| 2¢’ 2¢ 2¢ 2¢ P
2 T
¢ 2.2 f0-en) 2 p-en) 2 [+ ey,
2¢'2¢ 2¢ 2C p _
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Konzervativ forma — MUSCL -

DASFLOW
U(x) A U(x) A
T, D
X X
2
U(x)=U, +%ij ) (x—xi)Jr;(,;XLzJ L (x=x ) +0(Ax?)
_ 1,
Uiy, =V, "‘Z (1+x)A0, +(1=x)4 ), ]
B 1 k=1/3
Ur,, =U, "2 _(1_K)Ai+1/2 T (1+K)Ai—1/2] K= [_]_’1]
A, =Uin =,
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Konzervativ forma — MUSCL (limiterek) -

DASFLOW
Ux) A U(x) A
X X

Ui, =V, +:[(1+Kri)Ai+1/2 +(1_Kri)Ai—1/z]

Ui/z :Ui _Z[(l_ﬂi)Ai+1/2 +(1+Kri)Ai—1/2]

2
i 201,04, +28 Kk=1/3
2 2 2
Aiygyp + A7y, +26 4
e~10
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Aramlasmodellezés — Kontinuum-mechanika alapjan
RANS egyenletek — Diszkretizacio - DASFLOW

J[H, O =Y (H,],.1,.)

I k=1

;4 =2[H, U )+H,, (U]

_[ [S (U )]dA — [S (U )]ij Aﬁj

;Uij i ';\LJ (;([H ]”kr”k) kzi;([HV” i k 'J,k)j“L[S(U)]ij =N

U 0 — U n ,
K 0 1 * Runge-Kutta modszer
UK =U°+a,ARU*Y) k=1m

Un+1 Um
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DASFLOW Program — Egyenletek — Validacié
(surlodasmentes)

i
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o
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Mach number
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Mach Number Distribution

N

— Exact

O Numerical
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DASFLOW Program — Egyenletek — Validacié
(surlodasos)

3 4 5 & 7
X
s=0m

0,03 J 1.1
e 0,02
o o experiment
ﬁ — k-w model > 1,05

I
/ascrcﬂeé
0 _@ﬁoo
-10 0O 100 200 300 400 500 600 L B
0 Velocity [m/s]
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata

Probléma leirasa

00 |
| I e Y T R Mg 10|
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata

Probléma leirasa

Korrekt Inkorrekt 1

/ Inkorrekt 2 / Inkorrekt_3
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata

Korrekt =
] 111 E
. ; - Vel
- S 1 E 319.351
11 e L - . 798.087
- = | 276.813
LI E — 255.544
1.09 C — 234.275
1.08 = — 213.005
1.08 = — 191.736
1.07 = — 170.487
1.07 = — 149.193
»].08 — 127.929
=1.08 - — 106.86
1.05 & e 85.3908
1.05 - 64.1217
1.04 B I 47,6525
1.04 m ?1.5834
1.03 103
1.02 1.0z f_
1.01 =
! ! ! ] ! ! ! ! - I I I
1.08 1 1
X X
pl;,= 796127 Pa, T, =530.7 K Pou= 654600. Pa, p®,; ,,=780525. Pa,
alfa; ;=43° ol TO%ut ae=930.5 K, alfa_rg, 5= -43.7°

| EE e mpes
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata

Inkorrekt 1

1.1 f— -/
- hd B
1.1 - CLEOR - P
E 0.AES 107 : THEHDE
= 525 L 7.7E+05E
1.09 F LA B 7.BE+05
= Oddd | — 74E+06
1.08 A B < [ 7-9E+E
107 0979 L —1 1E+0E
- 0,203 [ M B.IE+05
wlCk 0.2 42 B.OE+05
».06 &) 0242 > | L | g7Ew05
= o182 B — B.EE+5
1.05 - 6121 1.05 b= BSE+E
- o1 [ B.3E+05
14| (041 i B.2E+05
!/ B B.E+05
1.03 ik B
5 1.04 -
1.02 & B
1.01 B B
N L IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1-'3'3 ] ] ] ] ] ] ] 1
1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.01 1.072 1.03 1.04 1.05
X
to — to — — to —
p,.= 796127 Pa, T, =530.7 K Pou= 654600. Pa, p'°; ,,,=780525. Pa,
—_ 0 to —_ - 0
alfa;, =43 Ry T Out_a\,e—530.5 K, alfa_r,,;_a,= -43.7




DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata
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DASFLOW Program - Lapatracs numerikus aramlastani vizsgalata

Unregistered HyperCam 2




Tiizeloanyag sugarszivattyu direkt numerikus
optimalizalasa - Ipari alkalmazas

2D-s 0sszenyomhatatlan aramlas Euler
egyenletel konzervativ €s dimenzids alakban:

i i i U'=(0,u,v) Fi:(u,uerp,vu)T
U oF oG | p p
o ox 0oy G' =(v,uv,v2+ )T
yo,
Chorin modszere szerint:
u' oF' oG u'=(P,u,v) F'=(ug® u®+P,vu)’
g -
o  ox oy G' =(vp% uv,v’ +P)’

o_ P
Jo,




6

Gt

Uk

Tiizeloanyag sugarszivattyu direkt numerikus
optimalizalasa - Ipari alkalmazas

* Integral egyenletek <

_—Z[H ]Jk]_]k+ )

J k=1

u°=u"

=U° + o, ARU )

Un+1:Um
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>+ Runge-Kutta modszer




Tiizeloanyag sugarszivattyu direkt numerikus

optimalizalasa - Ipari alkalmazas - Validacio

] P
3 9.94E+04
A84E+04
9.93E+04
2.82E+04
2.82E+04
981 E+04
.81 E+04
4.
.

4.3

BOE+04

8C0E+04
9.79E+04
9.79E+04
9.79E+04
9.77E+D4
9.77E+04
9.76E+04

3.9

9.84e+(

9.82e+04

9.81e+04

|
u 9.80e+04

u 9.7%e+04

9.78e+04

9.77e+04

9.75e+04

2003

Contours of Static Pressure (pascal) FLUENT 5.2 (EdSep 13, o
. , segrega

[erarraansaRE]
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Tiizeloanyag sugarszivattyu direkt numerikus

A

N

N

i

0.0
0,013
i
0.01 N
' o
R
SR
et (e
e
0.003 3
D 1

003

0.0Z

0,013

0.003

0.02

0.013

.01

0.003

optimalizalasa - Ipari alkalmazas

el

13.0997
1.7214
10.3431
5.9848
7.5565
8.720832
4.8300
34517
20734
0.6951

002
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0.025

0.0z

G013

0.0

0.00S

Tiizeloanyag sugarszivatty

optimalizalasa - Ipari alkalmazas

13.0371
11.7309
10.4248
9.11864
7.8125

6.50836
520022
3.89407
258793
1.28179

0.013

0,003

0.023

WU[rarrnrshrre iy aa ]

S

.

D.C05

u direkt numerikus

el
12,1156
10,5858
901808
746933
592059
L.02 437185
257311
127437

.0.018

0.0

0.005

DD 0.005 0.0 D.D15X 0.02 0.0Z5 0.03

R
193872
176144
158815
141088
123557
1068023
85499.4
70970.5

013

0 G005 0.0 G015 0.02 0.025 0.03
X
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Tiizeloanyag sugarszivattyu direkt numerikus
optimalizalasa - Ipari alkalmazas

Modell Alap Letorés Optimalizalt 1 | Optimalizalt 2

m.. [I/h] | 129,8 128,9 126 115,9

m,; [1/n] 307 326,5 350,33 369,1
Sz.k. 2,36 2,53 2,78 3,18

uu[enrenrenreen MU ol
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Szarnyprofilra, NACA 65-4101

7 DasFLOW

FILE GEOMETRY BOUNDAR

FLOW SOLVER RESULTS

Load param.ini

Location ;

[andras\DASFLOW_2010_06_1Siparam.ini

Save pararm.ini as

Location

| |

Open Documentatian, .. |

BME

Department of
Aircraft and Ships

About | Yisual settings...
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Optimalizacio; inverz tervezdeszkoz kidolgozasa ¢s alkalmazasa

Szarnyprofilra, NACA 65-4101

ScienceDirect

Home | Publications | Search | My settings | My alerts | Shopping cart

i ! I Purchase [BpP Export citation Jump to references More options... ™

Applied Mathematics and Computation

Volume 218, Issue 13, 1 March 2013, Pages 7115-7126

ESCO 2010 Conference in Pilsen, June 21- 25, 2010

Coupled problem of the inverse design and constraint optimization

Arpad Veress™ & B4 Attila Felfsldi®, Tamas Gausz®, LaszIl6 Palkovics™

# Department of Aircraft and Ships, Budapest University of Technology and Economics, Sztoczek u. 6, J ép. 4. em. 426, H-1111
Budapest, Hungary

® Knorr-Bremse R&D Center Budapest, Major u. 69, H-1119 Budapest, Hungary
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A szamitas folyamata:

Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

P
1. Kezdeti
geometria

\/

A

Szarnyprofilra, NACA 65-4101

.

N

”2. Adott aramlashoz tartozé |

nyomas eloszlas (p)
eloallitasa és CFD
beallitasok

| 7. Falmo6dosito eljaras

x-/

IGEN

T

6. Inverz analizis,
atereszto fal

T

Optimalis
Nyomaseloszlas
(pred) alkalmazasa

|

|NEM|

5. Optimalizalasi
Kritériumnak

megfelel?

\ 4
| 3. Halogeneralas |

JV

4. CFD szamitas

(analizis)

1. Kezdeti geometria (NACA 65 410)

1.3
>
1.2

I L L L L
3 3.5 4
X

2. Adott aramlashoz tartozo nyomas eloszlas (prd)
eléallitasa és CFD beallitasok

125000
120000 |, —ps_target
115000 \‘ , —ss_target
110000 ‘\ —/
= 105000 ,/é-,
2, 100000 N [ —
< 95000 \ 7 //
90000 \ 7 ]
85000 \ v /
80000
9.9 10.4 10.9
chord [m]

B
I
iy
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa
Szarnyprofilra, NACA 65-4101

Stratford limiting flow at given Reynolds
number

C,[x(dC ,/dx)]
(IO-GR) 1110

=S

g 103 VALUES OF g where if d2p/dx2=0, then $=0.39; or if d2p/dx?=<0, then
Uy 1¥ = 10 = S
2 Xa:omsez”: — §=0.35. Also, C,=4/7.
ve\ = Xp=0.0625FT. Xp=1OFT. XpFT.| 105 | 107
- 0 [/ Xp=0.25FT. o=l 4
'(;o) g / o a vet | o8 | st -< i}
116 | 276 | 1511 Cp=0.645{0.435R0”5[(x/x0)”5—1] ]2/"
0.8 0.2 /4 739 4490 _
foaila I | 2196 [13930 for C,=<(n—-2)/(n+1) (n=6)
06 041 \\
2N N JOINING POINTS ~ Sy 4 for C, = 7’1_2
o4 a6l ‘\ ~ . EQs.40 —— P [(x/x,)+b] ™ P~ n+1
Q.2 X/C
- Cp_min=-1.7
° 0 0.5 1 | e cp min=35
-4 ——Cp_min=-2.5
Pressure coefficient: '3'2 ——Cp_min=-1
C = PP - P—P 25 Max. area with
P 1/2p . V2 0.7p . M2 g 2 Stratford limiting
preq «— 5 W pressure
ical distribution: 1 O LU increment (near
Canonical pressure distribution: o LY to the separation
_ P- P, _ RO limit)
Sy e o : Location of the start of the 0-
1/ 2 ,OOVO positive pressure gradient

T
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. p ®%is the output of the optimization
: 160
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa
Szarnyprofilra, NACA 65-4101

A szamitas folyamata: | 3. Halégeneralas
1. Kezdeti »| 2. Adott aramlashoz tartozé AT g
geometria nyomas eloszlas (p'd) il T

eloallitasa és CFD

beallitasok

A

| 7. Falmo6dosito eljaras I

T i

L —— ——— S S S S S S—
T  —

Jfl.‘.‘#\\
| N N O R

W A -

7 e \4
6. Inverz analizis p— e Amita izi
! n s | 3. Halooeneralas 4. CFD szamitas (analizis)
atereszto fal | P
105199
T 104581
103964
103346
- — 102729
Q2112
Optimalis toraes
Nyomaseloszlas 10025
(p9) alkalmazasa 55024
98407
T 7
96555
IGEN | NEM |

5. Optimalizalasi —
CFD szamitas

\°/
megfelel? (a“ahZ's) | \

Kkritériumnak ——
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Szarnyprofilra, NACA 65-4101

| S. Optimalizalasi kritériumnak megfelel? |

A szamitas folyamata:

125000 |
120000 e i
- p P P ——ps_init -=-3ss_init
1. Kezde-tl »| 2. Adott aramlashoz tartozo 115000 i
geometria nyomas eloszlas (p') 110000 - —ps_targety  j—ss_target
eloallitasa és CFD 105000
STOP beallitasok ' 100000 - et
4 2, 95000 \
| 7. Falmédosito eljaras | 2 90000 \ /
85000 \ /
80000
. \ 4 9.9 104 10.9
6. Inverz analizis, | 3. Halooeneralas |
atereszto fal - chord [m]

A
\_/ 6. Inverz analizis, atereszto fal

Optimalis
Nyomaseloszlas
(pred) alkalmazasa

|

5. Optimalizalasi
kritériumnak
megfelel?

Aramlasi ter

% . i
-1 Szilard test

<— Belépo torlo pont

JV

i 4. CFD szamitas

(analizis)

I
peraprs I
uu[enrenrenreen [
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Szarnyprofilra, NACA 65-4101

A szamitas folyamata:

1. Kezdeti 2. Adott aramlashoz tartozo Aramlasi tér
geometria nyomas eloszlas (p)
eloallitasa és CFD

beallitasok

AA/\
7

. Falmodosito eljaras : ) it+]

6. Inverz analizis,
atereszto fal

T

\ 4
| 3. Halogeneralas |

Optimalis
Nyomaseloszlas | 3. Halogeneralas
(p'ed) alkalmazasa LT

IGEN [NEM | J i
5. Optimalizalasi 4 1

kritériumnak | 4CFD s?é.mitzis
megfelel? (analizis)

3

I T

A S | Fi

| S ————)

F 1

| I T 7
y —

P S N S N Y
— 1 %
T
I
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Szarnyprofilra, NACA 65-4101

Eredmények 10 inverz iteraciot
kovetoen:

—— Eredeti profil

—— Optimalizalt profil

10.5
X
125000
120000
115000 —&—ps_init
—m—ss_init
110000 ps_target
— 105000 —ss_target
g I . kA iAot A ps_result
2 100000 I = rﬂgﬁapagm O ss_result
95000 : (AL & el
90000
85000 —— 1
80000
9.9 10.1 10.3 10.5
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Peremfeltételek:

Belép6 torloponti nyomas:
Protin=112799 [Pa];

Belép6 torloponti hém.:
Tiotin=293.15 [K];

Kilépo statikus nyomas:
Pstatot,0ut=101325 [Pa].

Haloméret: 87x30
Iteracio szam: 5000
Konvergencia kritérium
siiriiség NKE: 1e-5.6




Optimalizacio; inverz tervezdeszkoz kidolgozasa ¢s alkalmazasa
Szarnyprofilra, NACA 65-4101

Eredmények 10 inverz iteraciot

oo 144 °
kovetoen:
a”‘ﬂd——‘ _-‘“"'““\h.
10.4 1 TN
E //’/F”-N- ﬁh““\—_\\_‘
10.3 1] 1| TTTE
| LT T
4% ]
10.2 = /’,_————-"-"“‘" -~~“_‘__~h\
E | T
L 1] BE L1
o Bl LHATTTT T T T
H =—// --.h‘\\“__
L s
> 10 =& .
14
9.9
T
%8 - :
: literation O |
9.7 I
9.6 =L
95 1 1 1 1
10 10.5 1
X

uu[enrenrenreen LILIATII]
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Szarnyprofilra, NACA 65-4101

Eredmények a kezdeti profil esetén és 10 inverz iteraciot kovetoen:

Cl-alpha Plot of NACA 65-410 Profile
21G 1
e
1
t‘ I( (ml
c 1 P fi
(] 1 =1 =)
(= ]
g - 3 t/aﬁa 1 =
o . /a" —&— Measurement [
= /f" —O— Analysis init. =
E/ - = = Analysis opt. [
-6 ) 2T gg 0 2 i) (i) 8 10
angle of attack [deq]
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Fokozati kompresszid viszony nagysagat befolyasolo tényezok: 7Ty = fU(n),C,, 5 —-5)

Eredmények lapatracsra 10 inverz iteraciot kovetoen: Tks static = 118

A lapatracsban kialakulo nyomaseloszlas
A 0,62 Mach-szam (Pgyy; ,=83325 [Pa]) és C, 0,62 Mach-szam (Pyy 0, =83325 [Pa]) és C,

= -1,4-hez tartozo nyomaseloszlas = -1,4 esetén
100000
90000 .
p
83406.2
20000 313643
793233
_ ’ ] P 772313
£ 70000 —E—u—x '"lf' ¥ p_ss_targ TE240.3
& F 731983
e * p_ps_target 71157.3
[ | -
591153
60000 x p_ss_result B7074.3
L B5022.3
——
X | pps result | B2991.3
W— B0949.3
50000 53908.7
E6366.7
548757
40000 : : : : |
2 25 3 3,5 4 45 1
5
x[m]
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Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

Fokozati kompresszid viszony nagysagat befolyasolo tényezok: 7Ty = fU(n),C,, 5 —-5)

Eredmények lapatracsra 10 inverz iteraciot kovetoen:

1,2
1,18
1,16

- 1,14

1,12

1,1

1,08

Nyomasviszony

1,06
1,04
1,02

1

Tlks static = 118

/ p_stat out
/ =101325

/ ——p_stat out

=90325

/ -._——_——.

—&—p_stat out

— -83325

0,5 0,7 0,9 1,1 1,3 1,5 1,7

Nyomastényezéd abszolitértéke (-)

Mach-szam:
<—— 0,3

: 0,5

<— 0,62
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T = pstat,out _

pstat jin

= f (pstat out Cp)




Fokozati kompresszid viszony nagysagat befolyasolo tényezok:

Eredmények lapatracsra 10 inverz iteraciot kovetoen:

Optimalizacio; inverz tervezOeszkoz kidolgozasa ¢és alkalmazasa

1,2
1,18
1,16

)

|—l
|—l
I

r

1,12

=
El
=

1,08

Nyomasviszony (

1,06
1,04
1,02

¢ cp=-0,7

- u—cp=-1,2

—h—cp=-1,4

—&—Ccp=-1,6

0,2 0,3 0,4 0,5
Kilépé Mach-szam (-)

s =TUM),C,, B —-15)

Tlks static = 118

[
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T = pstat,out _

pstat jin

= f (pstat out Cp)




Mellekletek
CFD és Inverz
tervezoeszkoz ipari
alkalmazasai
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Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Ipari alkalmazas

/% fordito konyok

lapat belépd él \
| —— visszatérd csatorna

lapatnelkuli diffazor |

lapat kilépd él

NSNS

\‘\\\\\\\\\\\\\\\
N

forg6rész bemenet

A-C tobbfokozatu kompresszor

tdbmegaram: 340 m3/h —ig,
nyomas: 345 bar-ig

uti Jarmiivek, Repiil6gépek és Hajok Tanszék
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r—direction [mm]

Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Ipari alkalmazas

P TR ———
350 .
m(\ua ________________
300 F

250 -

200 -

—

150

100 + k*

50 |

0 TR IO TN Y B LSO W)
-40-20 0 20 40 60 |
x-direction [mm] A——pam)
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CFX

SPEED
3.764E402

3.876E+02

3.387E+02

3. 199E+02

3.011E+02

2.823E402

2.635E402

2. 446E402
2.258E402
20708402
18825402
1 693E+02
| 505402
1 317502
1129402
9.411E01
75988401
5646401
3.764E:01

Fig.Ad-Velocily vectors on the suction surface for non-extended blade |.882E01

9.999E-11

Tobbfokozatu
centrifugal kompresszor
osszekoto-csatorna
lapatozasanak tervezése
— lapatkiterjesztés —
Ipari alkalmazas

ptO ptO
_ Min 7 VMout
= —to st

Pin — Pin

—st —st

Cp pOUt pln
pln pln
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Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — ALT — Ipari

alkalmazas
o % d (Wm R1gp fl)
z Rcospg, )dm
t1
WS_WSSZ(Zﬂ-j C dﬁ
P z )cos B dm
RW_ = cH

t1 TE

C
Lo = oz _[cos,é’dm

LE




80

60

40

20

Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — ALT — Ipari

alkalmazas
Ctl TE
By = =5 _[cos,Bdm
hub section C LE

— — - shroud section

TE

): J'tan(Rﬂbl )dm

LE

1o(m, B,




SPEED
3.510E+02

3.385E+02
3. 156E+02
2.984E+02
2.808E+02
2.633E+02

2.457E+02

2.282E+02
2. 106E+02
| . 930E+02
| 755E-02
| .579E+02
1. 404E+02
| 228E+02
[.053E+02

8. 777E+0]

7.021E:0]
R | 5.286E40]

3.510E+01

Fig. Al6-Velocity vectors on the suction surface for CBL design | . 755E+0]

Tobbfokozatu centrifugal
kompresszor 0sszekoto-
csatorna lapatozasanak
tervezése — ALT — Ipari

alkalmazas

ptO ptO
_ Min 7 VMout
o= —to st

Pin — Pin

Est Est
_ Mout — VMin
CIO ~ —to —st

in

pin_p
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Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Inverz Modszer —
Ipari alkalmazas

2.6 T T T T T T r T P T v T P [ T T P T P T v T T T v T P [ v T T 1T 7

12% from hub 1 //_\

m

ﬁ.'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'

peraprs L b e
U[enrrnrrnrrpn[in - &ad - (miprarraansane i
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Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Inverz Modszer —
Ipari alkalmazas

2T b o B B B B B e B S B e B S A B S B B e B R

M [ 12.5% from shroud 1 f_\\

m

@‘@|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|

0.0@.1@.2@.3@ .40 .5@ .60 . 7@ .80.92 .24 .1@ .23 .3@ .42 .50 .64 .70 .88 .9¢

peraprs L b e
U[enrrnrrnrrpn[in - &ad - (miprarraansane i
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Tobbfokozatu centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Inverz Modszer —
Ipari alkalmazas

uu[enrenrenreen MU ol

Budapesti Miiszaki és Gazdasagtudomanyi Egyetem Vasuti Jarmiivek, Repiilogépek és Hajok Tanszék



@R
Tobbfokozatu

centrifugal kompresszor
35058402 oo 0o 4 17
3.330402 OSSZQkOtO'CsatO rna
o lapatozasanak tervezése
2 80402 — Inverz Modszer —
2.6295402 . ’
s Ipari alkalmazas
22781402
2. 1035402
19275402 —10 —to0
| 7528:02 W = pin o pout
| B77E:02 - —to —st
| 402E-02 pin o pin
| 226502
| 0515402
8763401 st . st
) 7.0108:01 C — pOU'[ pin
e | e p —to —st
% 3 5055:0] pin o pin
8 Fig. A20-Velocity vectors on the suction surface 1. 752E+01

for inverse designed blade with CBL

G Q0ar 11




EPEED
2.505E-02

2.330E-02
3. 184E+O2
2.8979E-02
2. 804E-02
2.829E-02
2.453E-02
2. 278BE-02
2. 103E-0O2
1. 92TE+Q2
1. 7EZE-QZ
1.87TE-Q2
1. 402E+D2
1.226E-02
1.0E1E-Q2
2,78e3E.-0]
7 .010E+O]

e 5.258E~01
i 5.808E-01
Y

Fig. A |l P-Velocity vectors in the wmid-span plane 1.T7S2E+O1
fer inverse designed klade with CTBL

2.999E-11
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Tobbfokozata centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Lapatelhajlitas — Ipari

alkalmazas
shroud

—_—— — — —

Csatorna orvény ’>

PS SS

shroud <:::::::—__———_

—_—— — — —

++ - hub

PpsS SS

shroud

shroud

SS

—_— — — —

hub




Tobbfokozata centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Lapatelhajlitas — Ipari
alkalmazas

| ®
°
o
. =}
L O
2
N
)

negativ lapatelhajlitas
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Tobbfokozata centrifugal kompresszor 0sszekoto-
csatorna lapatozasanak tervezése — Eredmények - Ipari

alkalmazas
Nem ALT + Inverz + negativ
Tervezés [Kiterjeszt ALT , S
ott Tervezés lapatelh.
P,° [Pa] {299699.1 299526.6 299696.6 299698.5
P,s[Pa] [159038.5 182298.2 174936.4 169050.8
P.° [Pa] |236665.3 261108.8 264954.2 265275.3
P.S [Pa] |225215.1 258238. 258414.2 258119.0
0] 0.44813 0.3277 0.27847 0.263
Cp 0.4705 0.6478 0.669106 0.681
[ka/s] 4.68 4.5 4.64 4.5

Arraren 0T e
Wi[rarenrsirren 00 i
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Osszefoglalas

A numerikus aramlastani modszerek segitségével jobban megérthetok a fizikali
folyamatok tobbek kozott a vizualizacios eszkozoknek koszonhetoen.

Kapcsolt fizikai folyamatok modellezése is lehetséges elfogadhatd szamitogépi
kapacitassal.

A numerikus modszereket optimalizaciés algoritmusokkal is lehet csatolni.
Alkalmazasukkal jelentds koltség- €s kapacitas-csokkenés érhet6 el.

Kivitelezhetetlen, extrém koriilmények kozotti, illetve nagy koltségli mérések
kivaltasara is alkalmas.

Az analizisek paraméterezhetdek, konnyen megismételhetdek minimalis

nrs

raforditassal az el6irt geometriai valtoztatasokat kdvetoen.

erzekenységi vizsgalatok

185
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Forras: ANSYS, Inc., ANSYS CFX-Solver Theory Guide, Release 14.5, ANSYS, Inc. Southpointe, 275 Technology Derive
Canonsburg, PA 15317, ansysinfo@ansys.com, http://www.ansys.com, USA, 2012

Forras: ANSYS, Inc., ANSYS CFX-Solver Theory Guide, Release 13, ANSYS, Inc. Southpointe, 275 Technology Derive
Canonsburg, PA 15317, ansysinfo@ansys.com, http://www.ansys.com, USA, 2010

Koszonom a figyelmet.

BME, Vasuti Jarmiivek, Repiilogeépek és Hajok Tanszék
Stoczek u. 6. J. ép. 4. em. 426

H-1111, Budapest

Telefon: +36 1 463-1922

Fax: +36 1 463-3080

e-mail: averess@vrht.ome.hu
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