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Icerik
« Giris

« Hesaplamali Akigkanlar Dinamigi (HAD)

« HAD Simulasyon Adimlari

« Temel Akigkanlar Dinamigi Denklemleri: Navier-Stokes Denklemleri
« Tdrbulans Modelleme

 HAD: Model Denklemler & Sayisal Yontemler
«  On-Islem: Cozum Aglari

 Art-Islem: Goriintileme

* Yuksek Basarimli Hesaplama (YBH)

* HAD Yazilimlari

« HAD Similasyon Orneklers

« 2030 HAD Vizyon Yol Haritasi

« Referanslar
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AKISKANLAR DINAMIGI

Akiskanlar Dinamigi

|
! ! !

DENEYSEL TEORIK HESAPLAMALI
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AKISKANLAR DINAMIGI

DENEYSEL

e Deneysel Akiskanlar Dinamigi
o Bazi verilerin 6lcimu (basing, hiz, kuvvet, sicaklik, ...)
o Akis kosullarini saglama zorlugu (Mach sayisi, Reynolds sayisi, ...)

o Uzayda sinirli noktada veri toplanabilir

IH

o “Herkes deneysel sonuclara inanir, veriyi 6lcen kisi harig
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AKISKANLAR DINAMIGI

TEORIK

e Teorik Akiskanlar Dinamigi
o Temel egilimleri gormeye yardimci olur
o Yeni teoriler gelistirmek zor

o Genellikle, 6nemli basitlestirmeler gerekir (dogrusal teori, basit geometri, ...)

Kutta-Joukowsky Teorem: L=pl Uy

: av
Iki Paralel Plaka Arasindaki Akis: 7 = ‘u@
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AKISKANLAR DINAMIGI

HESAPLAMALI

e Hesaplamali Akiskanlar Dinamigi — HAD (Computational Fluid Dynamics — CFD)
o Akis alanin her noktasinda veri elde edilir (eger dogru ¢6zim ise..)
o “Sayisal sonuclara inanan tek kisi, kodu calistiran kisidir!”

o HAD sonuglarinin karsilastirilmasi ve dogrulama énemlidir: Verification and Validation
(Oberkampf, Trucano — 2002)
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Aslan, Orbay-Akcengiz, Sezer-Uzol, 2021 Elfarra, Sezer-Uzol, Akmandor, 2011
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Akiskanlar Dinamigi Problemleri Navier-Stokes Equations

o 4-boyutlu problem (3-boyutlu uzay & zaman)
o Karmasik Geometri: Gercek ucak geometrileri oldukca karmasik!

o Karmasik Fizik Modeli: Zamana bagli, sikistirilabilir, sok dalgalari, tirbilans, yanma,
dogrusal/dogrusal olmayan, stireklilik/molekiler ...

o Turbulans: varolan en 6nemli ve en zor fizik problemlerinden biri!

« 1 Milyon Dolar Odiil, Mayis 2000 (https://www.claymath.org/millennium-
problems/navier—stokes-equation)
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Hesaplamali Akiskanlar Dinamigi

o Geometri & Fizik & Hesaplama Guicl arasinda denge ihtiyaci:
= BASIT geometri ile KARMASIK fizik ¢6zimii
= KARMASIK geometri ile BASIT fizik ¢6zimii

= Daha fazla hesaplama gticli ile DAHA FAZLA problem biyuiklGgi (daha fazla
hiicre sayisi veya zaman adimi veya her ikisi)

» Daha fazla hesaplama gticli ile DAHA KARMASIK problem (daha karmasik
geometri veya fizik)

o 2000’lerde : 40 sene 6nceki Doktora Tezi (1960) > buglinkii HAD 6devleri (2000)!
o 2020’lerde : 20 sene 6nceki Doktora Tezi (2000) > buglinkii HAD 6devleri (2020)!

o 2020’lerde : Endistride on-tasarim fazinda HAD analizleril
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HESAPLAMALI AKISKANLAR DINAMIGI

Akiskanlar/Gaz Dinamigi

Knudsen = Kn<0.01 Surekli Ortam (Continuum) Kn=A/L
Sayisl = Kn<0.1 Kayma (S/ip) Akisl A:Ortalama
= Kn<10 Gecis Akisi (Transitional) Serbest Yol
= Kn>10 Molekiler
Mach = M=0 Sikistirllamaz M=V/a
Sayisl " M<1 Ses Alti a:Ses Hizt
= M=1 Sonik / Transonik
= M>1 Ses Ustii / Stipersonik
= M>5 Hipersonik
Reynolds ® Rex<1 Suriinen Akis (Creeping/Stokes) Re = pVL/u
Sayisi = Re< 300000 Laminer Akis (Duz plaka) u:Vizkozite
= Re > 300000 Turbillansa Gegis (Transition) (Diz plaka)
= Re>1000000 Turbdlansh Akis (Duz plaka)
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HESAPLAMALI AKISKANLAR DINAMIGI

AKiskanlar Dinamigi Denklemleri ve Varsayimlari

Sdrekli Ortam (Rarefied)
| Navier Stokes Viskoz
) Viskoz olmayan (Viscous)
‘ Euler Doénmeli
) Dénmesiz (Rotational)
| Full Potential - Dogrusal olmayan
Dogrusal (Nonlinear)
Prandtl-Glauert Sikistirilabilir
Wave Sikigtirilamaz (Compressible)
(Continuum)
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HAD Simiulasyon Adimlar:

" Hesaplama: :
| On-lslem =—> HAD Akis Céziicii —_— | Art-lslem

Pre-processing Computation: CFD Solver Post-processing

» Temel Akis Denklemleri
» Sayisal Yontemler
» Tarbulans Modelleme

Cézim: Akis Degiskenlerinin
Hesaplanmasi (hiz, basing, « Goriintiileme
sicaklik, yogunluk) Visualization

» Kuvvet ve Moment
Hesaplanmasi

« Kati Modelleme Yuksek Basarimli Hesaplama (YBH)

* Coziim Agi Olusturma High Performance Computing (HPC)
ELE (S L - Paralel Programlama

* CozUm Ag1 Bollinme » Bilgisayar Donanimi ve Algoritmalar

Grid Partitioning
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HAD Simulasyon Adimlari

» Temel Akiskanlar Dinamigi (Varsayimlar) Matematiksel Model
» Sayisal Ayriklastirma (Ayriklastirma yaklasimlari)

= Sonlu Fark

= Sonlu Hacim Sayisal Model

= Sonlu Eleman, (ve Spektral, Agsiz, vs...)
» Sayisal Yontemler (Yaklasik ¢c6zim yontemleri)

= Zamanda ilerleme yontemleri (Zamana bagli problem)

= Yinelemeli yontemler (Daimi problem)

= Akl hesaplama yontemleri (Sonlu Fark veya Sonlu Hacim)
» Sinir Kosullari (Duvar veya Uzak sinirlar, Giris Kosullari)
» Cozim Ag1 Olusturma (Hesaplama alani ayriklastirma)
» Gorlntileme (Akis alani Cozumu)

Computational Fluid Dynamics >>> Colored Fluid Dynamics
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Temel Akiskanlar Dinamigi

%fv de+js (F.n)dS—L (F, -n)dS = 0

[ p(u—b)

Denklemleri

Navier-Stokes (NS) Denklemleri

» 3-Boyutlu, zamana bagli,
sikistirilabilir, viskoz akis,
ve haraketli cisim

(P ) ( 0 )
puq pU1 (uf B bj) +Ppoy; Tqj
Q=13PU; F =<{puy(uj—b;)+pdyip Fpj =31 T2j >
pus T3j
Pu3 (uj — bj) + pds;
\P€o ) U T + 4 ) — g,
\pho (u] — b]) + pb] ) L( 1T1j T Uzl U3T3]) q]J
ouy oT 1/0u: Ou. Ideal Gas Eqgn of State:
c=2uS;+A—1; q;=—k|=— =2 J _
tij = o) dx;, Y 9 <0xj> Sy 2 (ax,- * Oxi> p = pRT
Sutherland Law:
1 p T\*?Ty+ S
=W —1Dpe e=e+-u-u hy = eq + — = o (— 0
P i 2 7 3 “°<T0> T+S
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Temel Akiskanlar Dinamigi Denklemleri
Reynolds-Ortalamali NS Denklemleri
6 _ T ;
a—f de+j (F-n)dS—f (F,-n)dS =0 p=¢+¢
Ly S S Ortalama + Sapma
RANS Denklemleri ¢ =0
< ( plw—-b) ) f 0 )
(D) o 3 S
piiy piiy (@L; — by) + péy; U 1
Q=1Plz; F =1piy(j —b;)+ Dby ¢ Foj = t2j = T2
\glefs] ﬁﬁ:; (ﬁ] — b]) + ﬁ63] o 3 ~T3j _~T3j . .
0 \ﬁflo(ﬁ] b]) + ﬁbj ) \(ulle + uZsz + U3T3j) — q] — G)]j
Closure Problem!
N N ol oT . 1(/ow; 01, e o
Ly =2uSy + A=l §; =~k <6_> Sij = §<axf + ax]> Tij = pul;
k Xj J i/ | Reynolds stresses
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Temel Akiskanlar Dinam

oe\Joe

igi

Denklemleri

Large Eddy Simulasyon Denklemleri

%fv de+js (F-n)dS—fS (F, -n)dS = 0

¢=d+9¢"
Cozulen + Artik (SGS)

LES Denklemleri d(x,t) = | ¢y, t)Gax(x — y)dy
(B ( ﬁ(ﬂj - bj) ) ( 0 \
pil ptiy (& — by) + péy; t1j T}IJ
Q=<pl,; F={pu,(i; —bj)+ P&y p Foj = f2j T B >
g piis (T — bj) + b, A A
peo \,O_E()(ﬂ] - b]) + ﬁb] y, \(ulle + uZTZj + uSTSj) - q] — ®] y,
Closure Problem!
_ ou oT _ 1/0u; OJu; A e
Tij = 2US;; +/1a klij g, = —k <O_> = E(a Ly - J> T = WUj — UU;
X Xj Xjo 0% SGS stresses
1 2 "o T —_
p=(@-Dpe &g=e+5u-u A qj =Tu; — T
P 0 = () + Ty, +ay,) — q)
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Turbiulans Modelleme

* Direct Numerical Simulations (DNS)
— Batun olgekler (scales) ¢ozulur

Yiiksek Reynolds sayilari
icin yakin gelecekte pek

muimkiin degil Artan
Fizik
 Large Eddy Simulations (LES) Yakin gelecekte
— Sadece buyuk olgekler ¢ozulur, kuguk olgekler pratikte
modellenir kullanilabilir
==+ Detached Eddy Simulations (DES) | l

— Hibrit LES-RANS yontemleri (DES, FSM,...
* Reynolds Averaged Navier Stokes (RANS)

Azalan
— Batln dlgekler modellenir Is/
Hizh
» Reynolds Stress Models (RSM) (= 7 ek denklem) Coziim

~~

» 2 — denklemli modeller (k-¢, k-0,...) Rutin olarak kullanilir

> 1 — denklemli modeller (Spalart-Almaras,...) >~ fakat birgok akis i¢in
dogru sonug¢ vermez

» Cebirsel Modeller (Baldwin-Lomax,...) _
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HESAPLAMALI AKISKANLAR DINAMIGI

Temel Akiskanlar Dinamigi Denklemleri: Navier-Stokes Denklemleri

e Denklemlerin Siniflandirilmasi:

= Eliptik (denge problemleri) (daimi problemler)
= Parabolik (yayinim problemleri) (zamana bagl)
= Hiperbolik (yayilma problemleri) (zamana bagl)

« Akis Ozellikleri:
= Sikistirlamaz Prx + Bhxy + Cbyy PDE

= Yayinim/difiizyon B*—4AC <0

= Dalga Yayilmasi =0
g y >0

* Akis Hiz Rejimleri:

= Mach=0 Sikistirllamaz
= Mach<1 Subsonik

= Mach=1 Transonik

= Mach>1 Supersonik

= Mach>5 Hipersonik

e Bu farkli akis fizigi problemlerini ¢c6zebilen tek bir sayisal ydontem yok!
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HESAPLAMALI AKISKANLAR DINAMIGI

Sonlu Farklar Euler (Viskoz olmayan NS) Denklemleri
" " I a
Finite Differences a—f +V:-F=0 Diferansiyel Form
FD : lleri Fark Gij+ 1)
BD : Geri Fark

[ 4
(i - 1']) (i'j) (i + 17])

CD : Merkezi Fark

@Gj—-1)
Sonlu Hacim
Finite Volume 0 .
—J QdV _|_j (F-ndS=0 Integral Form
ot J, S
Hicre merkezli a2Q F.m)AS
Kdse nokta merkezli 3 AV Z (F-m)
faces

Dog. Dr. Nilay SEZER UZOL EuroCC@Tiirkiye HAD Yaz Okulu, 9-10 Agustos 2021



HHHHHHHHHHHHHHHHHHHHHHHH

MIDDLE EAST TECHNICAL UNIVERSITY Hrc@opTy ~ ULAKBIM

( METU S Hy PR C ol @

HESAPLAMALI AKISKANLAR DINAMIGI

Sayisal Yontemler

* Richardson Yinelemeli Yontemler (1910) — Laplace denklemi ¢ozimu
» Courant, Friedrichs, and Lewy (CFL) (1928)
» Rahatlama (relaxation) Yontemleri (1940)

» von Neumann (1950)
* SOR (1950)

« ADI (1955) » Hesaplamali yontemler,
o dijital bilgisayarlardan once

Bilgisayarlar gelistirilip kullaniimigtir!

» Abakus

« Analitik Makine, Charies Babbage (1833-1870)
* Delikli Kart (1890)

« Dijital Bilgisayarlar (ENIAC 1945)

» Modern Dijital Bilgisayarlar (1965)

* DUsen Bilgisayar Maaliyeti

* Moore Kanunu
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HESAPLAMALI AKISKANLAR DINAMIGI

Coziim Agi1 Olusturma (Grid Generation)

Geometry «<—  CAD Model <«<—— Definition of Geometry
!

Computational Domain «—— Definition of Boundaries
!

Space Discretization <«—— Dividing the

computational domain
around the geometry
into many grid cells.
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HESAPLAMALI AKISKANLAR DINAMIGI

Coziim Agi1 Olusturma (Grid Generation)
CAD — Points == |[ines == Surfaces == CAD Model

Software

Points,
Curves,
Surfaces

Grid Generation

Grid Generation
Software

Grids &= Volume ¢mmm Surfaces ¢mm Lines &=

Blocks Domains Connectors

Hexa, Quad, Polylines,
Tetra, Tri Polycurves,
Pyramid, faces Conics,
Prism Circles, -
cells Number of Database curves Surface
Faces
Number of on surfaces Number of nodes &
Cells Distribution of nodes
in volume on edges
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HESAPLAMALI AKISKANLAR DINAMIGI
Coziim Agi1 Olusturma (Grid Generation)
Data Hierarchy

» points, curves,

DATABASE  * Create/Input surfaces
ﬂ geometry data
P e T
. g = > polylines, polycurves,
CONNECTORS - Create curve grids . - " conics, circles, database
ﬂ o, curves
e .":‘vk-""

DOMAINS * Create surface grids

ﬂ

BLOCKS - Create volume grids -

L»  Select boundary L’

conditions .
* Export grid data Pointwise (Gridgen) Software

» Quadrilateral,
triangular faces

kA » tetrahedral,
\ pyramid, prism,
hexahedral cells
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Coziim Agi Olusturma (Grid Generation)
» COzUm Agi Elemanlari:

- = A
4 %
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HESAPLAMALI AKISKANLAR DINAMIGI

Coziim Agi1 Olusturma (Grid Generation)
» COzUm Agi Elemanlari:

Polyhedron

APD DS

Tetrahedron Cube Octahedron Dodecahedron lcosahedron

V+ F - E =2 (Euler teoremi)
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HESAPLAMALI AKISKANLAR DINAMIGI

Coziim Agi1 Olusturma (Grid Generation)
» CozUum Ag Cesitleri:

= 2-boyutlu / 3-boyutlu ¢6ziim aglari 2 Mesh / Grid

" Yapisal ¢ozum agi (Structured grids)

" Yapisal olmayan ¢ozum agi (Unstructured grids)

" Hibrit ¢6zUm aglari: Yapisal ve Yapisal olmayan

" Coklu blok (Multi Block) coztm aglari, Kartezyen ¢6zim aglari
= Uyarlanabilir (Adaptive) c6zim aglari (Soklar, Sinir tabaka, Akis
kopmasi, Girdap)

» Hareketli cozim aglari (Moving grids, Moving bodies)

= Ust Uste binen ¢dziim aglari (Overset grids & Moving
boundaries, parts, objects)

" COozim agsiz yontemler (Gridless, Meshless)
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HESAPLAMALI AKISKANLAR DINAMIGI

Coziim Agi1 Olusturma (Grid Generation)
> Cozim Agi lyilestirme Adimlari:

= CozUm agl hicre sayisi ve dagilimini inceleme

" COozUum agi siklastirma (clustering): Sik veya seyrek
cozum agi bolgeleri olusturma

= Art-islem: Yeniden olusturma / Siklastirma / lyilestirme
= Akis ¢6zUmuU tabanli ¢6zim agi uyarlanabilme

= Otomatik kati modelleme geometri ve otomatik ¢6ziim
agl olusturma

= Kati modelin temizlenmesi / akis alaninin belirlenmesi
" C6zUm agl olusturma olduk¢a uzun zaman alabilir!
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HESAPLAMALI AKISKANLAR DINAMIGI

Paralel Hesaplama:
» Cozum Agi Bolinmesi (Grid Partitioning):

= jslemci Sayisi: Nprocs
= COzim agi hicre sayisi: Ncells

Whole Data Grid

» Ncells_per_procs = Ncells / Nprocs
» Sinir Kosullari
» Komsu islemciler ile sinirlar

Y
A Y 5
> N \ \ Data Grids for Processors

N
_— & \
Decomposition \ B Y

(D

https.//www.archer.ac.uk/training/course-
material/2014/09/InfroToARCHER/Exercises/CFD.pdf
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HESAPLAMALI AKISKANLAR DINAMIGI

Paralel Hesaplama:
> Paralel Hesaplama (Paralel Computation):

= jslemci Sayisi: Nprocs

( ME I U m ﬁ @ TUBITAK @
HHHHHHHHHHHHHHHHHHHHHHHH
! '

= COzim agi hicre sayisi: Ncells

Overlap used by Process B Overlap which is updated by Process A

\ — / > Ncells_per_procs = Ncells / Nprocs

4

/ » Paralel hesaplama
» Komsu islemciler ile mesajlasma (MPI)

A 1 T

/ / = Hizlanma Orani : Speed-up: S=Ts/ Tp

= \Verim : Efficiency: E=S /P

Process A Update Area Process B Update Area

Boundary/Halo

https.//www.archer.ac.uk/training/course-
material/2014/09/InfroToARCHER/Exercises/CFD.pdf
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HESAPLAMALI AKISKANLAR DINAMIGI

Akis Cozumu ve Gorintiileme
» HAD analiz sonugclart ile:

= Akis degiskenleri gorintlileme: hiz konturlari, basing konturlari, basing
katsayisi dagilimlari

* |ntegral degiskenlerin hesaplanmasi: kuvvet ve moment

= Girdap es-yluzey konturlari ile akis gorintiileme

= Sanal gerceklik (VR) ile akis gbruntiileme

= Eszamanli Hesaplama Yonlendirmesi (Computational Steering)

= Blylk veri dosyalari: cok bliylik cozim aglari ve/veya cok sayida zamana
bagh analizlerin ¢6zim dosyalari

= Art-islemler icin paralel hesaplama ihtiyaci

= Ticari veya Acik art-islem yazilimlari: Tecplot, Ensight, Fieldview,
Paraview, Vislt
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YUKSEK BASARIMLI HESAPLAMA (YBH)
Yiuksek Basarimli Hesaplama
* Paralel Hesaplama
* Paralel Bilgisayar
e Paralel Performans:
= @Giga: 109 Tera: 10M12 Peta: 10715 Exa: 10718
« Olceklenebilir Hesaplama
e Paralel Hesaplama Performansi:

* Hizlanma Orani: Speed-up:S=T./ T,
= \Verim: Efficiency: E=S /P (Load Balance & Communication!)

* Superbilgisayarlar
e Paralel Programlama Dilleri ve Kitiphaneleri
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YUKSEK BASARIMLI HESAPLAMA (YBH)

TOP500 Super Bilgisayarlar http://www.top500.org/
June 2020: TOP500 List

Rmax Rpeak Power 1 998 1 TFLO PS
Rank System Cores (TFlop/s)  (TFlop/s) (kW)
1 Supercomputer Fugaku - Supercomputer 7,299,072  415,530.0 513,854.7 28,335 2008 1 L) 026 TF LO PS
Fugaku, A64FX 48C 2.2GHz, Tofu 201 8 122 300 TFLOPS
interconnect D, Fujitsu H

RIKEN Center for Computational Science
Japan

2 Summit - IBM Power System AC922, IBM 2,414592  148,600.0 2007949 10,096
POWERY 22C 3.07GHz, NVIDIA Volta GV100, . T AL : 2000 5 TF LO PS
Dual-rail Mellanox EDR Infiniband, IBM A yi/ IBM
DOE/SC/0ak Ridge National Laboratory [+ 7 20 1 O 2 , 566 TFLOPS
2020 415,530 TFLOPS

United States

3 Sierra - IBM Power System AC922, IBM 1,572,480
POWER9 22C 3.1GHz, NVIDIA Volta GV100,
Dual-rail Mellanox EDR Infiniband, IBM /
NVIDIA / Mellanox
DOE/NNSA/LLNL
United States

415.5 petaflops

4 Sunway TaihuLight - Sunway MPP, Sunway 10,649,600 93,014.6  125,435.9 15371
SW26010 260C 1.45GHz, Sunway, NRCPC

National Supercomputing Center in Wuxi .
chin Green500 List:
5 Tianhe-2A - TH-IVB-FEP Cluster. Intel Xeon 4,981,760 61,4445 100,678.7 18,482 MN-3 Japan (June 2020)

E5-2692v2 12C 2.2GHz, TH Express-2, .

Matrix-2000, NUDT 21.1 glgaflops/watt
National Super Computer Center in

cumgzhou 1.62 petaflops

China
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YUKSEK BASARIMLI HESAPLAMA (YBH)
TRUBA Super Bilgisayarlar https://ulakbim.tubitak.gov.tr

Servers (Sunucular):

Levrek (Intel Xeon E5-2690 V1) (single, short, mid1, mid2, long)

Mercan (AMD Opteron 6176) (mercan)

Levrekv2 (Intel Xeon E5-2680 V3) (levrekv2)

Sardalya (Intel Xeon E5-2690 V4) (sardalya)

Orkinos (Intel Xeon E7-4580 V3) (smp)

Barbun (Intel Xeon Scalable GOLD 6148) (barbun, barbun-cuda) (2xNvidia
P100 GPU)

Akya (Intel Xeon Scalable GOLD 6148) (akya-cuda) (4xNvidia V100 GPU)

Hamsi (Intel Xeon Gold 6258R ) (hamsi)
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YUKSEK BASARIMLI HESAPLAMA (YBH)
TRUBA Super Bilgisayarlar https://ulakbim.tubitak.gov.tr

Truba Hesaplari:

http://portal.truba.gov.tr/

OpenVPN TRUBA-genel.ovpn
Putty, WinScp, MobaXterm

S ssh username@levrek.ulakbim.gov.tr
S ssh username@172.16.7.1

o levrekl :levrekl.ulakbim.gov.tr /172.16.7.1
e sardalyal :sardalyal.ulakbim.gov.tr /172.16.10.1

e https://docs.truba.gov.tr/education/CFD/index.html
e https://indico.truba.gov.tr/event/44/timetable/?view=standard
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YUKSEK BASARIMLI HESAPLAMA (YBH)

Paralel Programlama

Programlama Dilleri:
* Fortran (F90, HPF)

 C/C++

Paralel Mesajlasma Kitiliphaneleri:
e MPI (CPU, distributed memory)
« OpenMP (CPU, shared memory)

* CUDA (GPGPU) (GPU)

Paralel Mimari ve Algoritmalar:
 SIMD
« MIMD
e Master/Slave model
* Hybrid Architecture

HAD Hesaplama Alani Boliinmesi (Domain Decomposition / Partitioning):
e Graph Partitioning
* METIS

Dog. Dr. Nilay SEZER UZOL EuroCC@Tiirkiye HAD Yaz Okulu, 9-10 Agustos 2021




HHHHHHHHHHHHHHHHHHHHHHHH

MIDDLE EAST TECHNICAL UNIVERSITY Hrc@opTy ~ ULAKBIM

( METU G-~

HAD Yazilimlari
Ticari / Acik / Ozgiin HAD Yazilimlari

Q Universite: CFL3D, TURNS, PUMA, PMB3D Euler code, HELIFP
Full potential code, Vorticity Confinement, YALES2

O ODTU/METU: AeroSIM, FlowSIM, METUDES, In-house codes, efc.

O Arastirma Enstituleri (USA): Q Ticari HAD yazilimlari
» OVERFLOW (NASA) > Ansys Fluent, CFX
» FUN3D (NASA) > Star-CCM+

O Endustri (EU): » CFD++
> elsA (Eurocopter S.A.S.) O Acik Kaynakli HAD
» FLOWer (Eurocopter Deutschland GmbH) yazilimlari
> HMB (Westland Helicopters Ltd) and »OpenFoam
» ROSITA (Agusta S.p.a.) » SU2
» Discontinuous Galerkin MTMG approach » Code Saturne
combined with ENSOLV (NLR) » Basilisk
» Onera: WAVES » Nektar++

Dog. Dr. Nilay SEZER UZOL EuroCC@Tiirkiye HAD Yaz Okulu, 9-10 Agustos 2021



HHHHHHHHHHHHHHHHHHHHHHHH

MIDDLE EAST TECHNICAL UNIVERSITY Hrc@opTy ~ ULAKBIM

( METU S Hy PR C ol

Coziim Ag1 / Gorlintiileme Yazilimlari
Ticari / Acik / Ozgiin Yazilimlar

O Commercial

> Pointwise > T(?Cplqt

> Ansys Mesher > Fieldview

> ... > Ensight

O Open source |

> Salome > Pgrawew

» Gmsh > Vislt

> .. » Gnuplot
> pgfplots

Dog. Dr. Nilay SEZER UZOL EuroCC@Tiirkiye HAD Yaz Okulu, 9-10 Agustos 2021



HHHHHHHHHHHHHHHHHHHHHHHH

MIDDLE EAST TECHNICAL UNIVERSITY Hrc@opTy ~ ULAKBIM

( METU G-~ Q,

Referanslar — Bazi Kitaplar

* Computational Fluid Mechanics and Heat Transfer, 2. Baski, 1997 (1. Baski
1984), J.C. Tannehill, D.A. Anderson, and R.H. Pletcher.

* Numerical Computation of Internal and External Flows: The Fundamentals of
Computational Fluid Dynamics, 2. Baski, 2007 (1. Baski, 1988), C. Hirsch.

 Computational Fluid Dynamics (Vol 1 & Vol 2), 4. Baski, 2000 (1. Baski 1989),
K.A. Hoffmann & S.T. Chiang.

 Computational Fluid Dynamics, 1. Baski, 1995, J. Anderson.

* Large Eddy Simulation for Incompressible Flows: An Introduction, 1. Baski,
2006, P. Sagaut.

e Large Eddy Simulation for Compressible Flows, 1. Baski, 2009, E. Garnier,
N. Adams, P. Sagaut.
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MIDDLE EAST TECHNICAL UNIVERSITY Hrc@opTy ~ ULAKBIM
Referanslar
* AEE 544 “Advanced Airfoil and Propeller Theory” Course Notes, METU AEE,
Spring 2020.
« MAK 488/563 “Computational Fluid Dynamics” Course Notes, TOBB ETU ME,
Summer 2015.

* Computational Fluid Mechanics and Heat Transfer, J.C. Tannehill, D.A.
Anderson, and R.H. Pletcher, 2. Baski, 1980.

Dog. Dr. Nilay Sezer Uzol
nuzol@metu.edu.tr
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