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g Comp.Fluid Dynamics isuor 2

(Lectures+Tutorials), Exam, 4 credits

« Lectures Prof.lng.Rudolf Zitny, CSc. Room 366, first lecture 5.10.2018, 12:30-14:00
 Tutorials ing.Karel Petera, PhD.

« Evaluation

A B C D E F

90+ |80+ |70+ |60+ |50+ |.49

excellent very good good satisfactory sufficient failed

Summary: Lectures are oriented upon fundamentals of CFD and first of all to control
volume methods (application using Fluent)

1. Applications. Aerodynamics. Drag coefficient. Hydraulic systems, Turbomachinery. Chemical engineering reactors, combustion.

2. Implementation CFD in standard software packages Fluent Ansys Gambit. Problem classification: compressible/incompressible. Types of PDE
(hyperbolic, eliptic, parabolic) - examples.

3.Weighted residual Methods (steady state methods, transport equations). Finite differences, finite element, control volume and meshless methods.

4. Mathematical and physical requirements of good numerical methods: stability, boundedness, transportiveness. Order of accuracy. Stability analysis of
selected schemes.

5. Balancing (mass, momentum, energy). Fluid element and fluid particle. Transport equations.

6. Navier Stokes equations. Turbulence. Transition laminar-turbulent. RANS models: gradient diffusion (Boussinesque). Prandtl, Spalart Alamaras, k-
epsilon, RNG, RSM. LES, DNS.

7. Navier Stokes equations solvers. Problems: checkerboard pattern. Control volume methods: SIMPLE, and related techniques for solution of pressure
linked equations. Approximation of convective terms (upwind, QUICK). Techniques implemented in Fluent.

8. Applications: Combustion (PDF models), multiphase flows.


http://www.fsid.cvut.cz/~zitnyrud/
mailto:karel.petera@fs.cvut.cz

- C F D K OS (E181107) Computational Fluid Dynamics / FS

For more information about the CFD
course look at my web pages
http://users.fs.cvut.cz/rudolf.zitny/
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* Books:

Versteeg H.K., Malalasekera W.:An introduction to CFD, Prentice Hall,1995
Date A.W.:Introduction to CFD. Cambridge Univ.Press, 2005
Anderson J.: CFD the basics and applications, McGraw Hill 1995
Tu J.et al: CFD a practical approach. Butterworth Heinemann 2ndEd. 2013

Database of scientific articles:

Students of CTU have direct access to full texts of thousands of papers, at
knihovny.cvut.cz or directly as https://dialog.cvut.cz

Ustiedni knihovna CVUT

R Informaéni zdroje

Brana EIZ

Prosim. vyberte si svou univerzitu: [Ceské vysoké uEeni technické v Praze V]

Piihladovaci idaje:

Uzivatelské jméno:
Helo CVUT:

Piistupujte k informaénim zdrojim i jinym zpiisobem:

* Pfes Shibboleth.
» Pfes VPN CVUT (pro zaméstnance).
+ Ptimo bez piihlaseni. pokud sedite u poéitade zapojeného do IP sits CVUT.


../../../../../rudolf/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/C1RRBYRQ/knihovny.cvut.cz
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- CFD Applica’[ions selected papers from Science Direct

»Aerodynamics. Keywords “Drag coefficient CFD” (126 matches 2011 , 6464 2012, 7526 2013, 10900 2016 )

[] Development and validation of a new drag law using mechanical energy balance approach for DEM-CFD simulation of gas
—solid fluidized bed Criginal Research Aricle
Chemical Engineering Joumal, Volume 302 15 October 2018, Pages 385-405
0.0, Ayeni, C.L. Wu, K. Nandakumar, J.B. Joshi
b Absiract = ® Research highlights Z PDF (2264 K)

[] A following car influences cyclist drag: CFD simulations and wind tunnel measurements Original Research Article
Joumal of Wind Engineanng and industial Aerodynamics, Valume 1448 Ocfober 2075, Fages 178-186
Bert Elocken, Yasin Toparlar

F Abstract | P Graphical abstract | Research highlights Z PDF (4359 K)

_g,a
a-
duction (%)

standard k- model was made based on a previous extensive ?
validation study for the aerodynamics of a single cyclist, including s
he standard, realizable and Re-normalization Group (RNG) k-¢&
modell, the standard k-@ model, the Shear-Stress Transport (SST)
; k- model and Large Eddy Simulation. This study, reported in distance d (m)

AR LR AT YT Tl AL MR R L e

Keywords “Racmg car” (87 matches 2011), October 2015 172 articles for (Racing car CFD)

2 E CFD study of section characteristics of Formula Mazda race car wings Original Research Art

Mathematical and Computer Modelling, Volume 43, Issues 11-12, June 2008, Pages 1272-128
W. Kieffer, 5. Moujaes, M. Armbya

|__1 Show preview "}" POF (2411 l{i Related articles | Related reference work articles

8 (1 Aeronautical CFD in the age of Petaflops-scale computing: From unstructured to Cartesian meshes = = @ @ i soingsseiocy dsrbionmd
European Journal of Mechanics - B/Fluids, Volume 40, July-August 2013, Pages 75-86 i 3 1 o 52 ol g HA TR
Kazuhiro Nakahashi



- CFD Applications selected papers from Science Direct

»Hydraulic systems (fuel pumps, injectors) Keyword “Automotive magnetorheological brake design”
gives 36 matches (2010), 51 matches (2011,0ctober). 63 matches (2012,0ctober), 74 (2013) , 88 (2015)
Example

17 E Design considerations for an automotive magnetorheological brake Original Research Article
Mechatronics, Volume 18, lssue 8, October 2008, Fages 434-447
Kerem Karakoc, Edward J. Park, Afzal Suleman

[_'T Show preview | Tia| PDF (2785 K) Related articlez | Related reference work articles

Fig. 12 CAD model (L) and prototype (R) of the proposed MRE.

[] Two-dimensional CFD simulation of magnetorheological fluid between two fixed parallel plates applied external magnetic
field Criginal Research Aricle
Computers & Fluids, Folume 63, 30 June 2072 Fages 128-134
Engin Gedik, Hiseyin Kurt, Zivaddin Recebli, Corneliu Balan
b Absiract = » Graphical abstract | 5 PDF (1052 K)



- CFD ApplicatiOnS selected papers from Science Direct

- . Recuperator
» Turbomachinery (gas turbines, turbocompressors) i [
5 g Experimental and numerical investigation of a propane-fueled, catalytic mesoscale Combustion Alr =
combustor Original Research Articls
Catalysiz Today, Volume 155, [ssues 1-2, 1 October 2040, Pages 108-115 — .
Symeon Karagiannidis, Kimon Marketos, John Mantzaras, Rolf Schaeren, Konstantinos Boulouchos e J TN
i__l-.r Show preview ﬂ‘; POF (500 K} Related articles | Related reference work articles Generator Centrifugal Axial

Compressor Turbine

»Chemical engineering (reactors, combustion. Elsevier Direct, keywords “CFD
combustion engine” 3951 papers in 2015. “CFD combustion engine spray injection droplets
emission zone” 162 papers (2010), 262 articles (2011 October), 364 (October 2013). Examples of
cA E Modelling of instabilities in turbulent swirling flames Original Re=zearch Article
Fuel, Volume &89, Issue 1, January 2010, Pages 10-18
K.K.J. Ranga Dinesh, KW, Jenkins, M.FP. Kirkpatrick, W. Malalasekera

[_l‘r Show preview | ) PDF (1681 K) Related articles | Related reference work articles

LES, non-premix, mixture fraction, Smagorinski subgrid scale turbulence model, laminar

flamelets. These topics will be discussed in more details in this course.
Keywords “two-zone combustion model piston engine” 2100 matches (October 2012), 2,385 (October 2013)

17 [E Simulation of a porous medium (PM) engine using a two-zone combustion model Original Research Articl

Applied Thermal Engineering, Volume 29, Issues 14-13, October 2009, Pages 3189-31587 Faelisijected Injector  Tniector o ¢ Velve opens
Hongsheng Liu, Maozhao Xie, Dan Wu “},}J\,J_ ﬂf\;l

rl' Show preview | ™5 PDF (885 K) Related articlez | Related reference work articles __

kinetic mechanism for iso-octane oxidation including 38 species and 69 elementary
reactions was used for the chemistry simulation, which could predict satisfactorily
ignition timing, burn rate and the emissions of HC, CO and NOx for HCCI engine (Homog




- CFD Applications selected papers from Science Direct

»Environmental AGCM (atmospheric Global Circulation) finite differences and spectral methods,
mesh 100 x 100 km, p (surface), 18 vertical layers for horizontal velocities, T, cH,0,CH,,CO,, radiation
modules (short wave-solar, long wave — terrestrial), model of clouds. AGCM must be combined with
OGCM (oceanic, typically 20 vertical layers). FD models have problems with converging grid at poles -
this is avoided by spectral methods. IPCC Intergovernmental Panel Climate Changes established by

WMO World Meteorological Association.

16 B MNumerical weather prediction Original Research Artic
Journal of Wind Engineering and nnduEtr.a.Hemdfﬁarr.m Volume 390, Issues 12-15, December 2002, Pages 1403-

1414
Ryuji Kimura
[__'7 Show preview | Tio POF (557 K) Related article= | Related reference work articles

»Biomechanics, blood flow in arteries (structural + fluid problem)
10 5 Steady and unsteady flow within an axisymmetric tube dilatation Original Rezea
Experimental Thermal and Fluid Science, Volume 34, Issue 7, October 2010, F'ag'e-* E'*fﬁ E'.E'F
Ch. Stamatopoulos, Y. Papaharilaou, D.S. Mathioulakis, A. Katsamaouris

..................................

[__" =how preview ‘J"; PDF (2075 K} Helated article= | Related reference work art




- CFD ApplicatiOnS selected papers from Science Direct

» Sport 1 [E] CFD in Sport - a Retrospective; 1992 - 2012 Original Ressarch Article
Procedia Engineering, Volume 34, 2012, Pages 622-627

R. Keith Hanna
F‘v Show preview 'j: PDF (571 K) Related articlez | Related reference work articles

Typical CFD
Si lati 1 Billion Cell Simulation
R a _lon of a Formula 1 Car
Capability : & CFD restrictions!
A Moore's Law
appliedto
CFD:
CPU x2: F1 Cars Overtaking and
RAM XZ" Transient Behaviour
Mesh Size x2;
every 18 mths 100 Mittion Cell Mesh
on 500+ Processor #
HPC Cluster
Benneton F1 30 Million Cell
128 Proc
1 Million cefi,  Hybrid Mesh |
50,000 Cell, 1Proc S8 e . ng"ed :
3d 2d Viscous CFD Tet Mesh of -
Inviscid ©f Rear Wings Full F1 C.a.r.‘
Panel using RAMPANT o
Methods v
200+
F1CFD
! Engineers
~ Worldwide
1F1CFD
1 1 Engineer in World g v v 2 v
| | | | | | | |
2003 2006 2008 2010

1990 1992 1995



CFD Commertial software

Tutorials: ANSYS FLUENT
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- C F D A N SYS Fluent (CVM), CEX, Polyflow (FEM)

Heat transfer & radiation

Single and Multiphase flows

Remark: CFX is in fact CVM but using FE

technology (isoparametric shape functions

v
/ CFX(FEM) ~ Fluent in finite elements)

FLUENT = Control Volume Method

Incompressible/compressible

Laminar/Turbulent flows

POLYFLOW = Finite Element Method
Incompressible flows

Laminar flows

¥

¥

Newtonian fluids (air, water, oils...)

—_
— —

T =2u A
tensor of tensor of rate of
viscous stress deformation

Turbulence models

RANS (Reynolds averaging) 4= u(turbulence)

D7 =z
RSM (Reynolds stress) Dt f (turbulence)

Viscoelastic fluids (polymers, rubbers...)

Differential models oidroyd type (Maxwell,
Oldroyd B, Metzner White), PTT, Leonov (structural

tensors) 53
7
A

S5t

Jaumann time derivative

B

=2

N

+d

Integral models 7 — [m (s) é(t—s) ds
——

Cauchy Green
deformation tensor

O ==y 8




rerequisities: Tensors

—_ ‘:ﬁ.‘.' -

Bailey



BB Prerequisities: Tensors

CFD operates with the following properties of fluids (determining state at point X,y,z):

Scalars T (temperature), P (pressure), O (density), h (enthalpy), C, (concentration), k (kinetic energy)
Vectors U (velocity), T (forces), VT (gradient of scalar)

—_—

Tensors ’Z_: &(Stress), A (rate of deformation), VU (gradient of vector)

Scalars are determined by 1 number.

Vectors are determined by 3 numbers U = (Uy,Uy,U,) = (U;,U,, U;)

Tensors are determined by 9 numbers Ox Oxy Ox 011 O1p Oy
G=|0, Oy O, |=|0y Oyp Oy
sz Gzy Gzz 031 032 633

Scalars, vectors and tensors are independent of coordinate systems (they are objective properties).
However, components of vectors and tensors depend upon the coordinate system. Rotation of axis has no
effect upon vector (its magnitude and arrow direction), but coordinates of the vector are changed
(coordinates u; are projections to coordinate axis).



- ROtatiOn of cartesian coordinate system

Three components of a vector represent complete description (length of an arrow and its directions),
but these components depend upon the choice of coordinate system. Rotation of axis of a cartesian
coordinate system is represented by transformation of the vector coordinates by the matrix product

a, =a, cos(l',1)+a, cos(l',2) +a, cos(l', 3)
2 a, =a, cos(2',1)+a, cos(2',2) +a, cos(2',3)
a, = a, cos(3',1) +a, cos(3',2) +a, cos(3",3)
a, cos(1,1) cos(l',2) cos(l',3)
a, |=|cos(2',1) cos(2',2) cos(2',3) |-
a, cos(3',1) cos(3,2) cos(3',3)

[a’]=[[R]][a]

Rotation matrix (r;
is cosine of angle between
axis i'and j')

» P




- ROtatiOn of cartesian coordinate system

2

A

Q|

|

Example: Rotation only along the axis 3 by the angle (P (positive for counter-clockwise direction)

: : : : T : 7T .
Properties of goniometric functions  COS(—¢) = C0S @ COS(E —@)=sing COS(—(E +@))=-sing

alj _ ( cos(l'1)=cosp  cos(l,2)=sing j[al j

a, cos(2',1) =—sing cos(2',2)=cosg ) | a,

[[RI]' [[RT=[01] —[[R1]™ =[[RI]

therefore the rotation matrix is orthogonal and can be inverted just only
by simple transposition (overturning along the main diagonal). Proof:

—

1 cosp —sSing)\( cose Sing
(singo Cos @ ][—sin(p COS(p] )
- B cos® g +sin® @ cosgsing—singpcose |
j ~{sinpcosg—cospsing sin® @ +cos’ @ }_

(10
o 1



- St r eS S eS describe complete stress state at a point x,y,z

Index of plane  index of force component
(cross section) (force acting upon the cross section i)



- TenSOr rotation of cartesian coordinate system

Later on we shall use another tensors of the second order describing
kinematics of deformation (deformation tensors, rate of deformation,...)

Nine components of a tensor represent complete description of state (e.g. distribution of
stresses at a point), but these components depend upon the choice of coordinate system, the
same situation like with vectors. The transformation of components corresponding to the
rotation of the cartesian coordinate system is given by the matrix product

[[o T =[[RI[<TIIRIT

where the rotation matrix [[R]] is the same as previously
cos(1,1) cos(1',2) cos(1',3)
[[R]]=| cos(2',1) cos(2',2) cos(2',3)
cos(3',1) cos(3',2) cos(3',3)



BB Special tensors

Kronecker delta (unit tensor)

o (1 0 0
5ij:0for-|¢-1 §: 0 1 0
oy =1fori=]

kO 0 1/

Levi Civita tensor is antisymmetric unit tensor of the third order (with 3 indices)

Values of the Levi-Civita symbol

(1 if (4,7, k) is (1,2,3),(3,1,2) or (2,3,1),
gije = —1 if (4,5, k) is (1,3, 2),(3,2,1) or (2,1, 3),

C otherwise: 1 =j or j =k or k =1,

In term of epsilon tensor vector product will be defined



http://upload.wikimedia.org/wikipedia/commons/d/d6/Levi-Civita_Symbol_cen.png
http://upload.wikimedia.org/wikipedia/commons/d/d6/Levi-Civita_Symbol_cen.png
http://en.wikipedia.org/wiki/Kronecker_delta
http://en.wikipedia.org/wiki/Levi-Civita_symbol

BB Scalar product

Scalar product (operator ) of two vectors is a scalar

. 3
deb=ab +ab,+ab,=> ab =ab
22 33 221: /

aibi Is abbreviated Einstein notation (repeated indices are summing indices)

Scalar product can be applied also between tensors or
between vector and tensor

. . 3
Neo = f Zniaijzniaij:fj
I-is summation (dummy) index, while j-is
free index

This case explains how it is possible to
calculate internal stresses acting at an
arbitrary cross section (determined by outer
normal vector n) knowing the stress tensor.




BB Scalar product

Derive dot product
of delta tensor!

Define double dot
product!



BB \/ector product

Scalar product (operator ) of two vectors is a scalar. Vector product (operator x) of
two vectors is a vector.

—

=axX

Ol
Ul
M

= (£ob)ed

3 3

j=1 k=1
For example Cy = E1p38,05 + £13,850, = 8,0, —aD,

AC

—

<b
a




B \/ector product

Examples of applications

Moment of force (torque) M =F x F

Coriolis force ~e

—_

F=2mlix®

application: Coriolis flowmeter




BB Differential operator V

GRADIENT

Symbolic operator V represents a vector of first derivatives with respect x,y,z.

0 0 O V@

V — ( y y ) | - —
OX 0y OX OX;
V applied to scalar is a vector (gradient of scalar)
V_I_:((?T’aT,c’iT) ViT:a—T
OX oy 0z OX.
V applied to vector is a tensor (for example gradient of velocity is a tensor)
ou, Ou, Qu,
oX OX  OX
ou ou.,
vi=| & B M gy T
oy oy oy X,
ou, Ou, Qu,
oz 07 oz




BB Differential operator V

DIVERGENCY

Scalar product Ve represents intensity of source/sink of a vector quantity at a point

ou 3 Ay |
V.U:aux-F y+auzzzau|:au|
oXx oy 07 ‘ZOX OX

l. . .
I-dummy index, result is a scalar

Vel >0 source Vel <0 sink Ve =0 conservation

Scalar product Ve can be applied also to a tensor giving a vector (e.g. source/sink
of momentum in the direction x,y,z)

Qu

]?_ V. _(8Gxx + aO-YX + aO-zx 8O-Xy 80'yy aO-Zy 8(sz aO-)/Z 80

, + + : + +—= f=Vio;
OX oy 0z  OX oy 0z  OX oy 0z



BB Differential operator V

DIVERGENCY of stress tensor

(special case with only one non zero component c,, )

Oo.. AX
do.. AX (O +—= 7)AyAz

Ves =%« AXAYAZ | AXAYAZ

aX e

~ - volume of
resulting surface force cube
acting to small cube



BBl | aplace operator V2

Scalar product VeV=V? is the operator of second derivatives (when applied to scalar
it gives a scalar, applied to a vector gives a vector,...). Laplace operator is
divergence of a gradient (gradient temperature, gradient of velocity...)

o°T 0T 0T o7

VeVT =V T =—S+—+—=
OX® oy° 0z° OXOX
\ - -
I-dummy index
2 2 2, 0°u, ©o°u, 0%, Qo2 2 2 3.0°u. 0°u,
V.Vl]:(auzx+auzx'|'auzx’ 2y+ 2y+ 2y’au22+6u22+auzz): ZJ\:A J
OX oy oz oX oy oz  oX oy 0z i1 OX™ 7 OX,0%;

Laplace operator describes diffusion processes, dispersion of temperature,
concentration, effects of viscous forces.



B | aplace operator V2

Positive value of V2T
tries to enhance the
decreasing part

oT

—=VT

T(x) = op(-x)

-2.5 -

Negative value of V2T
tries to suppress the peak
of the temperature profile

2.5




cFDL SymbO“C — Indicial notation

General procedure how to rewrite symbolic formula to index
notation

»Replace each arrow by an empty place for index
»Replace each vector operator by -ec e
»Replace each dot e by a pair of dummy indices in the first free position left and right

»Write free indices into remaining positions

Practice examples!!



BB Orthogonal coordinates

Previous formula hold only in a cartesian coordinate systems

Cylindrical and spherical systems require transformations

A

X3
c s O
(3 X2 Xs) x,=rc (dx) (c -rs 0)(dr) (dr . dx,
S
r (1 ¢.2) X, =TIS dX2 ={s rc 0]/ de do |= F —F 0 dx,

where S=SIN@ C=COSQ

Using this it is possible to express the same derivatives in different coordinate
systems, forexample o1 a7 o LT op T a2 _aoT  aTs

X, or 0% 8(p OX az OX, ar agoF

or _ar or 8T agp oT oz _aTS_aTE

OX, Or OX, 8(p OX, 62 oX, or o@r

or _oT or aT ago ol oz 8TS
OX;  OF OX, 8(0 OXq az OX, 0Oz




BB Orthogonal coordinates

Transformation of unit vectors

|

g c s O E I, c —S O0)(¢€
€, |=|-s ¢ 0] L |=|s ¢ O0]¢,
e 0 0 1){i, Iy 0 0 1){¢g

Example: gradient of temperature can written in any of the following ways

VT =i e =g +s T J8 + (5 re )8 4T e -
X

1
0%~ OX, ax3
8T 1 6T GT
r Z follows from transformatlon of unit
6[’ r 6¢ az vectors

follows from transformation of
derivatives (previous slide)




BB |ntegral theorems

s [[v-tdQ= [fi-adr

Ai=(0,1
0 T Tﬁ’-ﬁ=uy
ou auy fi=(-1,0) | i = (1,0)
[ ¢ i+ 5 ydxdy = [ (u,n, +u,n, )dr T S o
o ] lﬁ:(o,—l)
n-u=-u

Green (generalised per partes integration)

” (Vu)vdQ = _” (Vu)-(Vv)dQ+ j (N-Vu)vdI'

Q) Q r



