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From: Scharler et. al. 2004, Advanced CFD analysis of large fixed bed
biomass boilers ..., 2nd World Conf...., Rome, 2004
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d rﬁ.ob,,xj\ Jdms c_ﬂag dt <340\ 3 dm S ens iy ) Al OB dA Aol
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e Ll shll (ol el me O Rglp oAl 2 mosl) & OLl de e
dA=ndA &~ dA =L
dnf= pd\E= pvd A

P9a A ) IS e S 0Ly Jde = g

Lk L") Ol s ats 205

PV = (o> sy (3 AlsSIN) (a8 ) amze) = AlSI) Ol s ame

Ly

p(e+?+ 02V = (lram 34>y (3 BUal) (A8 ) domte) = Bl O ow dos
A

= (B> 0d>g 3 Il LS )(Esd) amte) = Dl LS Ol amie
Q) e xy,z SWLENL G puy, pvy, oy

= A ol pe Bl Ol Jre 00 2L

2

(22) .................................... ﬁA p(e + V? 4+ gz)\_/ . dA

= A ol je Gl 208 0l Jidas



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

28

(The Substantial Derivate)) .5/ jlwsY 2.2

As a model for the flow, we will
adopt the picture shown at the
right of Fig. 1.3.1 (b).

Namely that of an infinitesimally
small fluid element moving with
the flow. The motion of the fluid
element is shown in detail in Fig.
2.2.1.

Here, the fluid element is moving
through Cartesian space. The unit
vectors along the X, y, z axis are

YK

The vector velocity field in this

Cartesian space is given by
% P
V =u P vf)+ wk

Where the components of velocity

are given respectively by
u=u(x,y,zt)
vV=V(X,Y,z,t)
w=w(X,Y,zt)

Note that we are considering in
general an unsteady flow, where u,
v, and w are functions of both
(space and time, t). In addition

the scalar density field is given by
p=pxY,z1).

G e Oge Ol p3seS
131 Sl o e 2oy el 85l
LUl S e e eay YT (D)
paxe S Ol o s sl
JSE 3 il Aogae 0L

221
sladl pe S WU el o La
84>y .Cartesian space g})&a-ﬂ‘

0SS ex, y,z =) Jsb e ol

1 EK

e 3 asd) Olgmze Ji2 sllasl o

Cartesian space <)\Su> L oo JI&

u=u(xy,zt)
v=Vv(X,Y,2zt)
w=w(X,Y,Zz,t)
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At the time t; the fluid element is

located at point 1 in Fig. 2.2.1. At

this point and time, the density of

the fluid element is

P = p(Xl, Yis Zl’tl)

At a later time t, the fluid

element has moved to the point 2

where the

P25 = P(%5, Y5, 2,,1,)

density is

Ol psoslly Jlae¥) cmy do b T Luds
JLB}@W}V U G () pS
celgu - &:—

Jaie las) e 3 ) BLAYL

4 obglly ol

Jb e Bl LS
p=p(XY,z,1)

(2.2.1) IS

([Wendt 2009],
Fig. 2.2)

B sl 080 cm t) 3 G
el e T kil 3 s
BUSH ¢ w3y abidl sda we 2.2.1

P =P Y1 2t) wa i)

Q) U Laml t, Y s

gaas\zgjs;—*?2w
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Since p=p(X,Y,2,t), we can 0, = P(%0s Y Zys1,)

expand this function in a Taylor’s

series about point 1 as follows: A LSe ¢ p=p(X%Y,2,t) Ok
G ele 3 el eds Gls
e 1 2zl Js>= Taylor's series

SLE ]

op op
p2:p1+(6xj (%, _X1)+[ayJ (Y2 =Y+ (5Zj(z _Z)"'( \J(t -t)

+(higher order terms)

With  ignoring the e et &_Q 6193;\ i ol aa fald &

higher order terms we

obtain

pz_plz(apj X; =X, " 87p Yo=Y " Z,— 1 (apj +(6pj
t, -1, ox )\ t, -t oy )\ t, -t t, -t \az ), ot ),

.1.1)

Eq. (2.1.1) is physically the Lo gze o (KB (2-1-1) aslal
average time-rate-of-change in

density of the fluid element as it @ el BUS™ 3 pdl Jusl =341

moves from point 1 to point 2. In 2 szt 4y 1 sk -
the limit, as t, approaches t,, this @ ’ o e <

term becomes e ez 4 = e Lo
cuzaél‘

I|m /02 pl Dp
Loy t —t Dt

Dt Is a symbol for the jwd c3g)l Jume alod o) o %
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instantaneous time rate of change 5 VRVl G 5 L)
of density.

. | Blxay)
By definition, this symbol is D/Dt « J"g Sy

called the substantial derivate,

. . . D
s LS el c3 Jans il
D/Dt. > »* Dt

%/t) is the time rate of change of ‘CELU s & iz Sy e e
density of the given fluid element. sladl 3 2ks s oy
Our eyes are locked with the fluid )

element, not with the point in the &* Losey Wy Caled DF/: s
Dp

Dt

physically and numerically from

space. So is different

PSS S RO T WS P (%Oj
1

0 T atakes 3 B e
P which is physically the = 3 B
at ),

time rate of change of density at

Lo (2.1.1) abld o sasal,

the fixed point 1. £ ¢

C=

Returning to Eq. (2.1.1), note that

. X, — X

Iim| =2 "1 [=u
t, —>t, 't2 _tl

liml|l X2—Y1 |,
t, —>t; t2 _tl

. zZ, —Z

Iim| —=2— "1 (= w
t, —t; t2 _tl

Thus, taking the limit of Eq.(2.1.1) (2.1.1) sl ol dsh Aitey

as t, —t,, we obtain
J.,&;j ¢ t2 —t2 Les

31



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

bp_op %, % P 2.1.2)

Dt ot ox oy oz

From (2.1.2) we obtain an 05 el e M (2.1.2) o

expression for the substantial
derivate in Cartesian coordinates 2\.”5)\&.0\ ;;L;b;-}!\ < jxﬁ‘ Slasy)

D_o 0,00
Dt ot ox oy o Y

In cartesian coordinates the ,_ .| bols G o 15, LY 8

vector operator Vv is )

defined as v
po pPo Po
X

+k =
Jay pe (2.1.4)

VE

Hence Eq.(2.1.3) can be written as 2.1.3) @kl 05§5 of ug; ‘}wbj

S

D
—=—+(V-V
o + (V ) (2.15)

Eq.(2.1.5) represents a definition bl i (2.1.5) Uslall
of the substantial derivative

operator in vector notation; thus RPER BN Jhg-s‘ Syl
it is valid for any coordinate

ol alas oY ~a UL
system. = (Y e GEL

N 15,
% is called the local derivative & sz‘ donodl Olininl! ] a5t

which is physically the time rate  z,(5 alag (3 sl o)l Jaa U

P - -
of change at a fixed point; V -V is '
called the consecutive derivative, dns Llad S/ ‘“}Lﬂ‘ Slasy) Ca

which is physically the time rate
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of cange due to the movement of Bl aidl 8> s i) 3

the fluid element from one
location to another in the flow “=> “')L»’J“J‘ J"’-" 3 A~ J O o
field where the flow properties L. o Ol alas
are spatially different. The i

substantial derivative applies to (3 iz L;T e ek PR AN
any flow-field variable, for .
example, Dp/Dt, DT/Dt¢, ..., where Dp/Dt «Jell JM GL; ¢ gl Ol

p and T are static pressure and i3y o)l T 9 p o (DT/Dt
temperature respectively. )

The substantial derivative is “;\5‘}‘ o )+
essentially the same as the total ey —
differential from calculus. Cagit bl 2 ﬂ?Q\ Sy
Therefore, the substantial . J,.\_{;j\ P J«ﬂw‘ ol o yw\
derivative is nothing more than a .

total derivative with respect to <~ AT S Bl ¢ el

time.

gl pli) s wlinill ¢ gast 52

V.V (divergence of velocity ) dc il Acli o 4l suill wigadl 2.3

[ 4
V -V (divergence of velocity) &, dels

|9
VV is physically S ot ol e j.a:V\y
the time rate of

change of the CL‘ 32 » (control volume)

volume  of a 3 (moving) L (fluid element)
moving fluid )
element, per unit
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volume. per control ) oSoudl wmdl

(volume

(mass conservation) disl bi> 2.4
TN e Glas S Lais 0556 o

Q) S Ol Jine el 4] Blae oSl omdd) s 3T (ST s
e Gl Sl ol
]Eﬁpcﬂ-” = swSsll pxzll Sl aulsl alis
'5‘!
:(control volume) foﬁzﬂ\ ot el S 5Ll Joes
il %,
Jﬁ Pty =fffrav
23 e e Y S s 0Y
oSl et ol 1) 2SI Ol el (2.1) Wslal) e

=ﬁp£.ca’ﬂ
A
ﬂ,}";" IV + ffpy.da=0
A

.(integral form) 2Ll 5ysall (3 S Loi> dsles & (2.4) AU

(2.2 Sty dadl (ol Sy o e
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R4y Wbl 3 JV adl
Olpd) 86 B Jio (ol
L Y (4) 5 (3) Okl
PSS Lgd ey Sy Ll

Trino 2SO aslas 5 L1 AL

18yl UL Al Jp
_”p\_/l'dél"'ﬂ.p\_/z'déz =0
A Ay
oSl o dl )l L] aomny A ) O da> Dl
_”pvl'dAl"'”pvz'dAz =0
A Ay
P VA+ oV, = 0

PVA = alivnroeeeseecesceenreeenss (2.5)

(continuity equation) &, )| ,ei. 3l dbles 2.4.1

Wbl e 2 ol Vo @ A Lis ihla e Lle ooV s gl
e PSS I (el WS g0 o U Wb Lsd S8 24)
Bl OVl e Jsaml (divergence theorem) Aeldl a ki aliscaly
padul ag bl e Ll Ledls (o1l asd

SUSTFAIRONS WO EL U WO VRN W VY- X (R IER S S
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35l 6oLl pead g Bl )l Nolall lsnal (sad) Vs e
So, in our case the physical & Al s e Tl aglnd) Ll 3 ol

principle is: “Mass s )
Conserved”. .(“Mass is Conserved”) "als 44|

c_{ﬁ@dv + ﬁﬂ( (V.pv)dV =0
;

e [ dp

13

o IS5 o S 2 15T L S 2 055 S 1y s

-Jdv =0

b))
r))
— +V.py =0. SIS o2 ) |
ot
rlp . 7, 7, _
——+—(pu)+— (v +—(pW) = O (2.6D)
o ok o TR

YO\&J«A\O\J\:-QJ.z,y,xc»u@wg}aﬁfd\o\-é»gbw,v,udﬁa-

(incompressible flow) bzl
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Divergence Theoreme:

f=1lny,2) asl 1
razoll g f Ulos o8

F. 4. o
Vi —i— =k i 1
X HLTET ]
cole  Z oy X GBSV o8 Py 9y s Py ailhn DLSH0 15 amin @S 15 2
AP el QU8 . sl

do de. o
Viog= 2414 18 L2
22T A ]
a8l  sorbudl JolSl 8 szl Lol el dy s by 3
THv.plav={pdA. .........0@

¥ A

(energy conservation) &thl bis 2.5
2.5 Kl

pokd o e s 1) 2 25

B Bl 0L Jdre L2l 4t Blias oSl k) s Bl (ST Jus”
et s Sl e Wladd) Sudl Jsley A Juask okl ol ol
oSl et s ) 31 Ol Jues s Lo Blae oSl
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2

(9 7 !2 .
gcjﬁp(e? +1T+ gz)dV + ﬁap(e + % +gz)v.dA= ﬁ)(g.g)dA +P+0

v = A = A
o s WU e dodll) 8,0l e Ol 8 A5l ol (3 0L 01
A oy L oSodl ad s ] B Ol Jie Q5 oSdl
10 (stress) sle>xY) 2y (Viscosity)

c=-pn

<-

0 v v .
fif slete 7 + IV + ff ple 5+ g dA=—{f pu-dA+P+Q

\Y

{2 (e+£+gz)]dV+ﬁ e+ P s g dAP 4O (28)
ﬁtp 5 Ap P gz)v-dA=P+Q........... :
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tand] Solol iy Ulpow sle  Suaalos

alisl) Jlasil ¥ g eie Selws (2.8) alslaadl wed Jel ozl of G wlowd| &b,
(M) 5 (3) oVl e

aymall csl| aloleall Jiasd 2Uig

2.5 JS.adl
’ v z Xa Voo -
e, + L I e A e, v 2+ g A, =P+ O
) 2 . 3., 2 ST T
I a
(2.5) 32l wSslot eyl Ol pd) ALS Bas @sless ailewil
Py VA = pavaA: = m
2 2
m{(?l +ﬂ+L+g:|}+P+Q=m(€., +&+L+g:’.ﬂ}
2 2 ) - £ 2 -
I £ v, P 0 e 75 v,
G, A N +Z, +— +_L =&, r N . rvenveneene(2.9)

-

g Pg 2 me mg & P& 28

O=0 8=l Janl el ooy awwaigd] wliolll o S wed
;"1- = :"__5,. ey = &2 EU'J_'.?JI l;-:l_'.?)_‘} P J_ALJ |LEL'.LIJ g
P =pz=p waolaasl Vol el jlic] Seag
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(2.9) alslanll Fonsd

] vl

i v, P i) V.
;—l+% $7 +— = Lk +,f E N 7- 3 17).

JC)]..E "‘g ma J{')E \.[.‘I "'E\F

aaie Jinad adla ilS 15] g dcean o Lild dsgo Pé,oall ol Jls (ad
(2.10) alslzoll feai (2) ¢ (1) cushaodl 0 d6ic g-i azvan 297y olc Jl= nd

7 a

) v D, VW,
B Doy =D v s s caidt (2,11
Prg 2g peg  2g

heall cocw + ac ]l Coocw + 290 cioaw = S sl 1]

Jo
oo slall 2355 fub 819 o sVl e
r8 =l csldel Codl Ll

:2_ am sl
N o A 151/s ozl Olwdl Jase
G 154mm  dzwas)l smes wgnll i
R 102mm ézeanll J8lw sVl Jhe
SR 1000kg\m?* :cloll aslis
S
:L.__JLA.U_'-"*' k,Jg.J.b.QJl

azeanll Jolws sumo acyuwll (1)
|l>|_ ACuaoll —0 ‘:;L_-T_Jt_-.i’_l 6_;.1_15J| (\,ﬁ]
-L,“—'-T}J 4 Uu_.l)_u.l_” Upic

(2.6) Js=adl
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e cablaail Ml byl (2.5) alisdl has alsles (1)

v,. A, =va Az =V =0.015 ar/s

015
v, = %= 0.81m/ s
2(0.154)"

¢ 2(0.102)°
Ageanll Bl wesi @ as=l g asvacdl suse ass @ aasl s

[2.1”} Allzdl aig) aslall alsles {tg‘]

el el
P P pp vy
Prg 2g mg P8 28
2 2
- L — P VT — W
P=mg Prm P 2 7N +{z,—1z)
Pg 2g

s isim g gl Ulogian (2) g (1) vlalhaoll
P: =Pz = Ps
Pz-py =10

Z—Z; =8 ol Les

| yaw ailasi acy,w 1 Ll adaow (1) adasal

V‘f:!)’flA:Vd

&

m alisdl ol Jase

m =p V=1 000(0.015) = 15.0 kg/s
&l slzodl Tleeig

(1.84)°
P=(150)9.81)[ ——~ +8]=1203W
( X )1 2(981) ]

1.2 kW = a= =l 6,15l
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42

(momentum conservation) </, S his 2.6
. 2.6 2

A

iS>U (Second Newtonian Law) L}L'ﬂ\ S Ol e 0gWl 1da ez
oSl el s Sl 308 (ST Jaee” 1 oSl e e Gl
JUsl oSl el )l ) Sl aST Ol Jiae el &) Lz
VW e 335 adll g gazt Jolay WS
T Y - R
EJEH (py Vv +tj ovivdA)= j[fﬁﬁdl- +-‘tfg(£4
iﬁ‘r_ oy WV +ﬁp£{£.d&}=ﬁf§(ﬂ-’ +ﬁgd.4 en(2.12)
Yy or A V A
seall s B ol S . 1 9 - o0 aprnll fonces Ssluw 0 gl of Ls g i

by ole auslzll 8l o8 _,.O\.II«:-LI t”g:.-»:-hl wad lied g duom 8oy elo daoiall

B=—pgk sl do
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&ilsall clolyy/ @overning equations) quuluY/ Xskal yasb 2.7

wlhs o go

QJJLIAJS.” el Wl )b.dl U9 (viscousflow) gs\>)”| ULl).u.l“ odslee 2.7.1

Viscous flow: a flow which

includes  the  dissipative,
transport = phenomena  of
viscosity and thermal

conduction. The additional
transport phenomenon of
mass diffusion is not included
because we are limiting our
considerations to a
homogenous, non-chemically
reacting gas. Combustion for
example is a flow with a
chemical reaction. If diffusion
were to be included, there
be

continuity equations - the

would additional
species continuity equations
involving mass transport of
chemical species i due to a
concentration gradient in the

species.

Moreover the energy equation
would have an additional
term to account for energy

transport due to the diffusion

(without considering chemical reactions )

A bl e gl ga ol 0L
o2 4 B A Jeoslly gl ¢ el
Led WY Sl el sl s
9 dwibmie e oMl ) Wlae) s
s W L de Ol WLaST 58
ook YO8 B L SheST el me Ol
ighezel O¥alee Sla 0,5 o el
S Byleza¥l SVslas plsl —— Wil
i WS e A s e
N S ol

e Bl dslee 0B 5 e 3l
o B & Ol Je 306 0Lo)
Y Las)

¢ oSl STl el lae¥I (3 A1

PR SN el g ey oVslall
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of species. D Q’U\ Ol dly ¢ ‘&M\
With the above restrictions in

mind, the governing

equations for an unsteady,

three-dimensional,

compressible, viscous flow

are:
Continuity equations Ay ez Y las
(Non-conservation form — [Wendt 2009], Eq.2.18)

(s ) el

Dp

—+pV-V =0

Dt P
(Conservation form — [Wendt 2009], Eq. 5 g | lg Al
2.27) i

op p

—+V(p-:V)=0

p (p-V)
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Equation [Wendt 2009], (218) Usles P Wendt 2009]/ (218) Ualell
is the continuity equation in )

non-conservation form. Note 42>>s gs’“"d el Jg..‘d\ QS Bl

that:
Pkl
1. By applying the )
model of an infinitesimal ~ _alza Bl o) Z398 g M e 1

fluid element, we have

obtained Eq. [Wendt Wendt] AR e ‘_}MJ ¢ 2l

partial differential form. ~

2. By choosing the model e
to be moving with the

& Ny sl G.S}AJ\ el gk s 2

flow, we have obtained

the mnon-conservation & |S&I Lo Ula> 48 O

form of the continuity

equation, namely Eq. Al oo ¢ Aylena ) Al &-‘u’d

[Wendt 2009], (2.18). .2.18) 2009 wendt]
Equation [Wendt 2009], (2.27)

is the continuity equation in (2.27) J2009 Wwendt] @stl

conservation form. Note . o
that. b Jadoedl (SN 3 3y eza V) Aslas

1. By applying the P
model of a finite control )
volume, we have v—’*’u adl L C;’}'é Gkl Pl e
obtained Eq. [Wendt
2009], (2.23) directly in
integral form. Only after |Ss 3 5al. (2.23) [2009

some manipulation of

Wendt] .45l Jo Uas o390

the integral form the Slklas an g dm b S
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partial differential form, Wendt] Gl LS Lol <l
namely Eq. [Wendt ) )

2009], (2.27), is obtained. ke Uha> 501.(2.27) ([2009

2. By choosing the model sladll (3 el C"fé S b e 2

to be fixed in space, we

have obtained the ¥kl  Jai=dl JSKa e e

conservation form of the

il pei Yl
continuity equation,
namely Egs. [Wendt
2009], (2.13) and (2.27).
Momentum equations G U P

(Non-conservation form -
[Wendt 2009], Egs. 2.36a-c)

x-component: p—=-—+—+—+—=+pf

y-component: IOE _& R + W + E Py

Dw 6p a‘[xz (%yz or
z-component: p—=-_—+—+—

Dt & ox o a
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[Wendt
2009],
Fig.2.5:
Infinites
imally
small,
moving
fluid
element.
Only

the
forces in
the X
directio
n  are

shown.

u

a7,
b 1,-,*@[1}/) ax dz

Velocity
components :
dy { fzxm}/
o St ===
plydz 4——~ |
S s S N, N
/d
az ,
w4 e

™~ i1,
Ty +——0z | dx dy

Total force in the x-direction:

F

X

[Wendt 2009], S.28 Def. of

body forces

forces:

1. Body forces, which act

directly the

and

on

surface

volumetric mass of the

fluid element. Examples:

gravitational,

and magnetic

Def.: body force on the

forces.

electric

fluid element acting in

(4

dap
/(’PBX

07y
_/ r,uwdx dydz

dx) dy dz

dz

Wendt]
«[2009

Il
8425
gl
el e
NTRPISIIN
3 ol

x ol 3 iy sdl & F

SUaYl e (3 5sd) e nes i

Ao ale Jelis ) dewar OI$ L1
fluid ) b gaall domd) A

dgddl Seall  a alzel 5 . (element

Ablially 2561y

Joozs AU g2al) o dannd) SoRl iy

—x pf, (dxdydz) ..iyr 3
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the x-direction LSLC 5l J.oL,u é)‘ i & }3 P

= pf , (dxdydz) .
o 9;5":\'; j.nj.@j\l\ ﬁ‘é"“ Cﬁw

2. Surface forces, which act

directly on the surface of the 1.zl s (@) @ ezs ond s
fluid element. They are due

to only two sources: (a) o> ik G pledt o Jon

pressure distribution acting P ‘éu\ W alel gbUl 3 C,LU
on the surface, imposed by

the outside fluid surrounding =2 s L;*:-Jﬁ“ basll ol <*(b)

the fluid element, and (b) the o )
o o p LS CM\ e Joms éﬁ\

shear and normal stress
distributions acting on the "Ct,_m” jf "L C"m o g%
surface, also imposed by the
outside fluid “tugging” or A b U C‘b“““ o
“pushing” on the surface by

means of friction.

J y

a b
[Wendt 2009], Fig.2.6: Illustration of - 2.6 Kl ,[Wendt 2009]

shear and normal stresses

(Conservation form - [Wendt _ [Wendt 2009], Egs. —_ PP (A

2009], Egs. 2.42a-c)
2.42a-c))
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b op Or, Oty o1
x-component: pu) V- (puV)= as ~ X + 8yyx aZZX —pf
y-component: M+V~(pv\?) __9op, 07y 4 o7y, + 0T,y _

ot oy ox oy 0z y

0
z-component: MJFV.(/OW\?) __ % 07, Ofy 07y s
ot oz ox oy @

Energy equation Bl Uslae
(Non-conservation form — [Wendt 2009], Eq. 2.52)

it ) S

L %m) LO0 T, 5(kfﬂ)
o 2 )7’ x) oyl oy o
_0(up) _a(vp) _d(wp) , oluz,)

oX oy o oX
o(ur,) o(ur,) ovr,) olr,)
+ + + +
oy o X oy
+ a(Vrly) + a(Wz-xz) + a(WTYZ) n a(W‘[zz) _I_pP\;)
/4 X oy oz

(Conservation form — [Wendt 2009], Eq. 2.64) bamedl Il

sl

P ) Tyl
L0 (k a j _O(up) o(vp) o(wp) , A(uz,,)
oz\ oz 1) oy oz OX
s o(ur,,) .\ o(ur,,) s o(vr,) | o(vr,,)
oy 0z oX oy
s o(vr,) L wr,) | o(wz,,) a(wfzz) P v
0z OX oy
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owlels ol Skl e (inviscous flow) g3l A Glowdl wdsles 2.7.2

(without considering chemical reactions)  4ulasSI

Here are the viscous terms of the ool LY eVslk 74:.-;)1.5\ b;,l“» La
above equations dropped.

Al Asleall wle wlides 2.7.3

Surveying the above governing Jsii O adared ciwla¥l Yslall Ly 151
equations, several comments and

observations can be made: Lt

1. They are coupled system of Vbl e Galge Asged s
non-linear partial differential i
equations, and hence are . ULy dle= 3354 alolidl
very difficult to solve

analytically. To date, there is Ve OV gLkl Ll s |

no general closed-form Vel odd 5 J &l domgs
solution to these equations. i )

2. For the momentum and &4 ¢ @Blally &=l 4.5 VYol 2

energy equations, the . e ¢
bl 4 abad )l JSEY o

difference between the non-

conservation and . O;fy\ O 52 g dslall LﬁJu.c

conservation forms of the

equation is just the left-hand <Y¥sleald | Loisll K of b=y 3

S Lot G e bys geid
3. Note that the conservation

form of the equations contain o ¢ 4aSJl 3 MY 2wy fois

terms on the left-hand side

side.

1, 8]
) . . .
which include the divergence dl by Ve(pV), V-(puV)
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of some quantity, such as

V.(pV), V-(puV), etc.

For this reason, the
conservation form of the
governing  equations  is
sometimes called the
divergence form.

4. The normal and stress terms

in these equations are
functions of the velocity
gradients, as given by

[Wendt 2009], Egs. (2.43a-f).

5. The system contains five

equations in terms of six

unknown flow-field
variables, p, p,u,v,w,e. In
aerodeynamics, it is
generally  reasonable  to
assume the gas is a perfect
gas (which assumes that
intermolecular  forces are

negligible). For a perfect gas,

the equation of state is

p=poRT, where R is the
specific gas constant. This
provides a sixth equation,
but it also introduces a
seventh unknown, namely

temperature, T. A seventh

uﬂ-"-’g}wcw\\v\}awg

Vsl imdl K2l oL
el iy Y

ol (3 (Jorall 9 4ol Jojjx;d\

ol e OV a oVl

[Wendt cow> Jlons LS ¢ de i

2009], Egs. (2.43a-f).
G OVolas e e daghaill (gud
By pe Ol i Ol
Ol it
i Of Jsial) e ¢ igad) Sl
P gl QU e e Sl Legae
(SE Y LSS ol cn ol Of

o Al Al ¢ e Ll aall

3 PPV, We

sdstl el o R G b — ART
eS¢ awslad) Wslal) awy s L
s by ¢ mle e Ll pad
¢ 5L
Mle 055 OF g akesTh aladl

SMEY anll) Al T

1
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equation to close the entire Jow o AW Sl o Ryl
system must be a
thermodynamic relation Q% W 4l e = e(Tp) « Jul
between state variables. For C (042 il ) i Sl
example, e = e(T,p) For a
calorically ~ perfect gas € =CT &y sdn 0SS g
(constant specific heats), this
relation would be e=cT 2ol et Gl B4 O

where c_ is the specific heat
at constant volume.

6. Historically, the momentum U's e el Yol Cf'u bogsad

equations for a viscous flow 3 ¢ el s -(Navier-Stokes)

are called the Navier-Stokes
equations. However, in J> s8 ¢ &uud) CFD JI AN

s dbley sn " Sk 3G
Navier-Stokes solution” Sl e oSFe b

simply means a solution of a Yl Jlenzwls CJ.U\ JECRC 1
viscous flow problem using full

“”

modern CFD literature, “a

governing equations (including Suzs el S5 3 L) Al

continuity as well as energy and (D) 105y Bl e

momentum).

(boundary conditions) &, |x)l o3l 2.7.4

The boundary conditions, and c@ﬂ‘ RN bL.;-\j ¢ agladl oYU
sometimes the initial conditions,

dictate the particular solutions to J* Leds Jﬁ*‘-"L \ J<‘~ g“é-“ Lma Yl u‘u

be obtained from the governing Sew Gl Ln Lo Lng) Al ¥) Yol

equations.  (This makes the

difference for example between the
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flow over a Boing 757 or past a
wind mill, although the equations
are the same). For a viscous fluid,

the

surface

boundary condition on a

assumes no relative
velocity between the surface and
the gas immediately at the surface.
This is called the no-slip condition.
If the surface is stationary, then

u=v=w=0 at the surface (for a

viscous flow).

For an inviscid fluid, the flow slips
over the surface (there is no friction
to promote its ‘sticking’ to the
surface); hence, at the surface, the

flow must be tangent to the

surface. \y R=O at the surface (for a
inviscid flow), where /& is a unit
vector perpendicular (that means
orthogonal) to the surface. The
boundary conditions elsewhere in
the flow depend on the type of
problem being considered, and
usually pertain to inflow and
outflow boundaries at a finite
distance from the surfaces, or an
condition

‘infinity’  boundary

infinitely far from surface.

The boundary conditions discussed

Ly~ o Boing 757 JI e Olyed! o
Vol OF s o2l e o aalldl AL
G ) Al Sl (ks o
phedl Gy Bl de ) ot Y mlad)
ot b My mlld e asle S,
gl 06713 L (n0-slip)y GYFY) pie Al
sl Je U=V=W=01 cb e

(TR T

gl e @i Ll (5 Rl sl
e Tl s o o At as )
Ol bl Je JUly o(ke
e V=0 el dl e 0S5 o
o W S (Y Oy mlldl
e (elaze (om 1ag) (S350 amia By
ol SUE g bl oYW Rl
et G U gy e a0
o1l Ot 3902 33le shasy clgd o)

o sl e 83902 Bl Jo U
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above are physically boundary ;.. L. \: B B sl dl
conditions in nature. )
cide  J glad) oYU .CEMJ\ .
In CFD we have an additional 4 “95 sl N o

concern, namely the proper G ALl aylad) YU L s el
numerical implementation of the )

boundary conditions. el (3lol 38 W CFD & skl

g ylad) oV mus Ladadl dad)

Ll wle olbxdo 2.5 go p Guilwd oXsleal JE2I 2.8
(conservation form ) (biésil/

(conservation form)  Jai| Sl il Vol dsgas (S5 0 e

RN CEATY

[Wendt], Eq. 2.65

U OF 3G H_

+ +—=1J
ot ox oy oz
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C
1l
T s 8o

ple+V212)

P
ptHp-1,
/NU—TXy
P17,

pe+V?I2u+ pu—k(;—l—uax—wxy -wr,

o

puv_Tyx
prEp-T,
p‘NV_Tyz

pe+V22v+ pv—k(?;—wyx -Vr, -Wr,

In [Wendt], Eq. 2.65, the column
vectors F, G, and H are called the
flux terms (or flux vectors), and |
represents a ‘source term’ (which
is zero

if body forces are

negligible). For an unsteady
problem, U is called the solution
vector because the elements in U (
£, ou, pv, etc.) are the dependent
which

solved numerically in steps of

variables are usually
time. Please note that, in this

formalism, it is the elements of U

PUW=T
pVW_sz

2
N +p-T,

pe+V? 12w+ PW—k%Z—Usz -7, -Wr,,

0
A,
J=1p,
Ju

pluf, +upf, + WA )+ pg

@lg>sl ([Wendt], Eq. 2.65 aslall 3
Olgorsll adH 3 G g F Edgasll
VI I R PR P
ek B SIS he e sl
U ol iy pb K2l (ST Y S
S
S s @ 2 Up pu, v,

3 el oY

Olghst (3 Lade sle Ll o Slpria
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that are obtained i 3 &f absd SRR
computationally, i.e. numbers are )
obtained for the products = n,é'“ T U ole OB (LIS

2 z
Of course, once numbers are )
known for these dependent PPNV ol g e Jj«é—’u
ariables (which includes b
) ( P LkedW gk, PE+FVE/2)

itself), obtaining the primitive

variables is simple: il Oyl 0dd 50 Jg¥ pBNI C3)a5

= Jgadl (@ a3 P &

Dl s R Ol

p=p
u=2r4
Yo,
v=2v
Yo
w= 2V
Yo,
e_p(e+V2/2)_u2+v2+w2

o] 2
OV Y (o LS &5 [Wendt et. al. 2009] Eq.(2.65)dslall > ¥ Ol

o) o) B3 galadl ol

O 44 272 Ol & Ao W S¥oleal) Jaisad) (Sl LG 131
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Cc
Il
TRERT

ple+V?/2)

o
UV

G=pv'+p

P
(Ee+V212)+ py

For the numerical solution of
an unsteady inviscid flow,
once again the solution
vector is U, and the
dependent  variables  for
which numbers are directly

obtained  are  products

£, AU, PV, pW and
p(e+V?/2). For a steady

inviscid flow, 86U /6t =0.

Frequently, the numerical

U

pu’+p

F=1pvu

PWU
pu(e+VZ2/2u+ pu

PV

PUW

H=<pw

W+
ow(e+V212)+ pw

p(uf, gt +wef, )+ pg
Sr ) pdl) DU Ol (s3al Jonl
LY anld Olpadly U sa ) aome o =1
Szl a5l Lde Jpead! o 31 o5
Obdl . p(e+V2/2) 5 p,pu, v, oW

LOUA=0 gl )
odb ool 0B (Ol e S

oba e A=l st
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solution to such problems

takes the form of ‘marching’

the solution is being obtained
by marching in the x-
direction, then [Wendt et. al.
2009], Eq.(2.65)

written as

can be

13 (JEl Jo e c(’marching’)"&gy»"
2 e Gk oo o e dsadl o 08

techniques; for example, if &

[Wendt et. al. 2009], Eq.(2.65) & ¢ x ol£!

QU sl e Lenls” S

X oy

oF oG oH
_:J -
oz

[Wendt], Eq. 2.66

Here, F becomes the ‘solution
vector’, and the dependent
variables for which numbers
are obtained are p, pu, ov, pw
and p(e+V?/2). From these
dependent variables, it is still
possible to obtain the primitive
variables, although the algebra
is more complex than in the

previously discussed case.

the
equations when written in the
form of [Wendt et. al. 2009],
Eq.(2.65),

variables outside the single

Notice that governing

have no flow
x,y,z, and t derivates. Indeed,
the terms in [Wendt et. al.
2009], Eq. (2.65)

everything buried inside these

have
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il lprdl g "Jolsl amis’ muas F s
055 e Jpadt oSs
cp(e+V2[2) 5 £ N oW
Jead! Loty - S& bl Olpill ods o
(primitive variables) iJg¥! lpall e

L onde ST oea pdl OF e W20 e

B &Y

Cidgi éj\ dd g a8
L dwle¥ Yol of LGl
[Wendt et. al. 2009] ;o |2l 3 Lezls
Olte gl ¢ (2.65) Wbl
toliilly Z Y ¢ X ol ol Ol
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derivates. The flow equations
in the form of [Wendt et. al.
2009], Eq.(2.65) are said to be
in strong conservation form. In
contrast, examine the forms
[Wendt et. al. 2009], Eq.(2.42a,b
and c) and [Wendt et. al. 2009],
Eq.(2.64). These

have a number of x,y and z

equations

derivates expliticly appearing
on the right -hand side. These
are the weak conservation form

of the equations.

The form of the governing
equations giving by Eq. (2.65)
is popular in CFD; let us
explain why. In flow fields
involving shock waves, there
are sharp, discontinuous
changes in the primitive flow-
field variables p, p, u, T, etc,,
the

computations of flows with

across shocks. Many

shocks are designed to have

the shock waves appear
naturally within the
computational space as a

direct result of the overall flow

sda Jotls sie s & S el Eq.(2.65)
S 3 Ot oYslee
0sSS[Wendt et. Al 2009], Eq. (2.65)

JE & o) abodll S oy B3

[Wendt et. al. 2009], Eq. JCal awlys

Loolanad)

(242a,b and ¢) [Wendt et. al. 2009],

oo ke g oYslll ods UEq.(2.64)

oo 4 Fz gy o x il
ibaas)l JIKaY! & s 8l Lk

bl (3 e )
RN RV FPOR S IV IRCH NP U L
Uses (CFD & > By & (2.65)
Jois Ol N2 3 Ll s
Sl Gl 065 Sla cada)) Slorge
Jo¥l 0Ll Je olpane (3 dnbeadl
p, p, :(primitive flow-field variables)
Ll s b))y, T, .,
S oobdall o O Slls

ek ISt sl Slge g deeas
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field solution, i.e. as a direct
result of the general algorithm,
without any special treatment
to take care of the shocks
themselves. Such approaches
are called shock capturing
methods. This is in contrast to
the alternate approach, where
shock waves are explicitly
introduced into the flow-field
solution, the exact Rankine-
Hugoniot relations for changes
across a shock are used to
relate the flow immediately
ahead of and behind the shock,
the

equations are used to calculate

and governing  flow
the remainder of the flow field.
This approach is called the
shock-fitting method. These
two different approaches are
illustrated in Figs. 2.8 and 2.9.
In Fig.2.8, the computational
domain for calculating the
supersonic flow over the body
extends both upstream and
downstream of the nose. The

shock wave is allowed to form

within  the computational
domain as a consequence of
the general flow-field

60

Jshe pr 8ol Bz Ll 0928
sole amaS sl el oLl e
JxY ol idles (sl 095 ciala) dusjlgoil]
el e ey ek Slokall e AL
zel Jaddl ga e denal) LU Il
Slrse oy Ja ot o )
plisnl on WOl J2 Jol 3 deiall
Rankine-Hugoniot ~ 4334l UM
Pl §2le Ol ) el e il
LoV Ol udl ¥sles o ¢ Aol clyg o
Ol J e a5 L lad pasald
el ot Cshal mE e Lo Ly
s m2ny . (shock-fitting method)
2.9 5 2.8 . JSKall 3 cpibisd) g
Ol Dl Lkt S (2.8 e 3
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algorithm,

[Wendt o Free-stream boundary conditions [Wendt
et.al.200 = l _% et.al.2009]
9]/ g'pf w” | ¢
Fig.2.8: Pty B[ | T 5

Mesh o =t F ol - s 28
for th : -

or e | Body boundar .

hock. , i‘_// - condons ) bl g
capturi x L)
ng .

approac

h

without any special shock ;i laa) oUYe af Jbs] O

relations being introduced. In
this manner, the shock wave is
captured’ within the domain by
means of the computational
solution of the governing partial
differential equations.
Therefore, Fig. 2.8 is an example
of the shock-capturing method.
In contrast, Fig. 2.9 illustrates
the same flow problem, except
that now the computational
domain is the flow between the
shock and the body. The shock
wave is introduced directly into
the
discontinuity, and the standard
shock (the

solution as an explicit

oblique relations

L}.LW;L\ Mok e Ji J=1s
Uy, V) 2554 BLolid) oY sl
Ll gl Lo Jue 2.8 L e

mox 2.9 UK Bl g aeaal)
gl JL AT Y ¢ g 0Ll AlSCin

dad)) dorgn L) 2 @JE\ oda (3

Jsl L adly Bakall oy Oyl s OV
plli) alis Jold) 3 5,5k dadall s
e P S N
bl asd2l

Rankine- =B M
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Rankine-Hugoniot relations) are
used the free stream supersonic
flow ahead of the shock to the
flow computed by the partial
differential equations
the shock.
Therefore, Fig. 2.9 is an example
of the shock-fitting method.
There
disadvantages of both methods.
the  shock-

capturing method is ideal for

downstream  of

are advantages and

For example,

complex flow problems

involving shock waves for
which we do not know either
the

shocks. Here, the shocks simply

location or number of
form within the computational
domain as nature would have it.
Moreover, this takes place
without requiring any special

treatment of the shock within

the algorithm, and hence
simplifies the computer
programming. However, a

disadvantage of this approach is
that the shocks are generally

smeared over a number of grid

points in the computational
mesh, and hence the
numerically obtained shock
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thickness bears no relation
the
physical shock thickness, and

what-so-ever to actual
the precise location of the shock
discontinuity is uncertain within
a few mesh sizes. In contrast, the

advantage of the shock-fitting

method is

[Wendt

et.al.2009],

Fig.2.9:

Mesh for

the shock- £°L%‘;
fitting foo Moo > p
approach [pitjg|

data
line

that the shock is always treated

as a discontinuity, and its

well-defined

numerically. However, for a

location is
given problem you have to
know in advance approximately
where to put the shock waves,
and how many there are. For
complex flows, this can be a

distinct disadvantage.

P

PSS XU NP PH R
ekl skl e sl ¢ Gl

s (shockfitting) &Ll

Shock bUUﬂdury [Wendt
conditions et.al.2009] :
D 2.9
BOdy dadl)

boundary
FIEIY

conditions

¢ asbaine B Lo Lils madall fuly Of
Apdall Bl e JLL moly Lesds
G O g e AL ¢ S g
Slorgs w25 ol b oy e

OSNE bl wlibdd Lasds g cielial

Mia ¢ MU il Wile s 05 0
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Therefore, there are pros and
cons associated with both shock-
capturing and  shock-fitting
methods, and both have been
employed extensively in CFD.
In fact, a combination of these
two methods is used to predict
the formation and approximate
and then

with

location of shocks,
these shocks

explicitly in those parts of a flow

are fit
field where you know in
advance they occur, and to
employ a  shock-capturing
method for the remainder of the
flow field in order to generate
shocks that you cannot predict

in advance.

Again, what does all of this
discussion have to do with the
the
governing equations as given by
Eq. (2.65)? Simply this. For the
method,

conservation form  of

shock-capturing
experience has shown that the
the

governing equations should be

conservation form  of

used. When the conservation
form is wused, the computed

flow-field results are generally
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smooth and stable. However, o B y”- ui“ ilud| Gﬁw‘

when the non-conservation

form is used for a shock- gs)“‘;' P JQ& (’\""“1""‘ = Ldie ¢ 2l
capturing solution, the Jid il Cfu‘ il LU Syt
computed flow-field results
usually exhibit unsatisfactory & obLhddl LSS ssle gl 0L

spatial oscillations (wiggles) )
upstream and downstream of Bmge olEl 5l o (‘g}:b ) A2

the shock wave, the shocks may T C; )l\ 2 ol WA J_@E 15 ¢ dela)l
appear in the wrong location

and the solution may even QL Aes g L@J xaa Lo 5153:‘)
become unstable. In contrast, for
the shock-fitting method,
satisfactory results are usually o ng L;S[ i e Sl S Jgad o2

obtained for either form of the

L doley ¢ all) dadall sl ¢ L

Gdrisdl b of dbaisd) OVl JICs]

equations-conservation or non-

conservation.

Why is the use of the conservation form of the equations so important
for the shock-capturing method? The answer can be see by considering
the flow across a normal shock wave, as illustrated in Fig. 2.10. Consider
the density distribution across the shock, as sketched in Fig. 2.10(a).
Clearly, there is a discontinuous increase in p across the shock. If the
non-conservation from of the governing equations were used to
calculate this flow, where the primary dependent variables are the
primitive variables such as p and p, then the equations would see a large
discontinuity in the dependent variable p. This in turn would compound
the numerical errors associated with the calculation of p. On the other
hand, recall the continuity equation for a normal shock wave (see
Refs.[1,3]):
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Pl = poU, (2.67)
From Eq. (2.67), the mass flux, pu, is constant across the shock wave, as

illustrated in Fig. 2.10(b). The conservation form of the governing
equations uses the product pu as a dependent variable, and hence the
conservation form of the equations see no discontinuity in this
dependent variable across the shock wave. In turn, the numerical
accuracy and stability of the solution should be greatly enhanced. To
reinforce this discussion, consider the momentum equation across a

normal shock wave [1,3]:
Py pU; = P, + poU; (2.68)
As show in Fig. 2.10(c), the pressure itself is discontinuous across the

shock ; however, from Eq. (2.68) the flux variable (0 + pu?) is constant

across the shock.

66



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

[Wendt et. al.

2009], Fig.2.10:
I, Fig Flow ,

Variation of s
flow properties ! ' 2
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normal shock 0 i
wave
Y —=
X
gid
b pr—
£ *
c r—
X
{p+gu?id
7
d

This is illustrated in Fig. 2.10(d). Examining the inviscid flow equations in
the conservation form given by Eq. (2.65), we clearly see that the quantity (
P+ pu?) is one of the dependent variables. Therefore, the conservation
form of the equations would see no discontinuity in this dependent
variables across the shock. Although this example of the flow across a
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normal shock wave is somewhat simplistic, it serves to explain why the use
of the conservation form of the governing equations are so important for
calculations using the shock-capturing method. Because the conservation
form uses flux variables as the dependent variables, and because the
changes in these flux variables are either zero or small across a shock wave,
the numerical quality of a shock-capturing method will be enhances by the
use of the conservation form in contrast to the non-conservation form,

which uses the primitive variables as dependent variables.

In summary, the previous discussion is one of the primary reasons why
CFD makes a distinction between the two forms of the governing
equations-conservation and non-conservation. And this is why we have
gone to great lengths in this chapter to derive these different forms, and

why we should be aware of the differences between the two forms.
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In [Wendt et. al. 2009 ] there are two methods described which use these

elementary flows:

¢ Non-lifting Flows Over Arbitrary Two-Dimensional Bodies: The Source
Panel Method

e Lifting Flows Over Arbitrary Two-Dimensional Bodies: The Vortex
Panel Method

Also the application “The Aerodynamics of Drooped Leading-Edge Wings
Below and Above Stall” is described.
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flow-) Obudl Oldes > 9 OL I Sals™ Lod 43454l (boundary conditions)
Ch 8 3 sl Jed o g O @ bW S 3 (field
oA b ST e e S des i e 4 OY (simultaneously)
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Well-Posed Problems / s Ky Slaall 2,b 4.4.5

J= Al st QLN am 3 el e s a5 Aloladl oNsladd A
9l i xé (boundary) i, 9 (initial conditions) dJsl Lg)sd Jlerials
Copmi 2 A L (Bg50) 4y 5 U1 Bsle (oo Al T b ssn Slae a3 8

BAup 9 339mmgs A Bkolis Wbk ) OIS b LS e ISCsy g s AlSCs

92



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

el QWL sV aladl by sl e ezl dazmy 4 057131 5 ((unique)

e Sy g e 055
gslall 4.4.6

g ‘(g;‘”«‘;ij\ Slee L o rda) add) aloladl Vsl LB . (1]
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[2] [Wendt et. al. 2009], Chapter 4 (Mathematical Properties of Fluid
Dynamic Equations)

[3] Ferzinger, Peric, "Numerische Stromungsmechanik"”, Springer-Verlag
Berlin Heidelberg 2008
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odng (i +1, ) BL i P o e el ¢ 51 K2 3 P oakdd (index)

AN+ 2 5ok e S did)

96



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

JUly « CFD & ply Slai e (finite differences) 39451 3 al) 4y b oz
finite ) 839 B9l aalall BLA Joo Ladll o (bas pnd .
.(differences

partial ) a3 olaall Jlacal s (finite differences) 8394l 39,4l danls
governing ) sl SOCL awlel oVl (30 gk & (derivatives
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Anderson, D.A. Tannehill, John C. and Pletcher, Richard H.,
Computational Fluid Mechanics and Heat Transfer, McGraw-Hill, New
York, 1984.
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.((parabolic equations) ¢ 3L — oYslal

(o) o dad 2e (3 x IS (dependent variable) G el 2w Wl 56
St Ul (55 ((5.24) Wslal 2> 9 .Akall (initial conditions) AN PICY
OS5 ikl sds 5w say ((unknown) Gy pé L J-ly pa s
GfL:J\ oo opela (E+AL) <350 3 (dependent variable) @U\ sl e Jsad

) e sl Ll Jaad o 4l 3 s ot <34l (3 (known results) 2592l
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s3gas) Gl > e Jle g8 M upn 9w, up (known values) gl

.(explicit finite-difference solution) 2L Cp\jl\ JQ&JL;

original partial ) alo¥! 4541 alolidl sl U] 59 slize JlieS LGl
MYl CiSS B L eds L(5.23) Walal) Lgxads &) (differential equation
average ) Jixll obdlag o Uffy\ sl e (spatial differences) Y
9 ldag (n+1) 9n om (properties
ISadl ey (5.26) Wl 3 o) (differencing) VNI e ISEN) g
.(Crank-Nicolson form) O 5l =251 S
terms of ) @ g,ms S s bib we Y urt Oyl xE (5.26) Uslal) il
Lol Sy = umin geumi,um ® 9 — n oLyl dkE 3 (the known quantities
e gurtin & 9 T k] Olall 3B (3 b g Bgme b DlaS e
oS Y (grid) Bl (3 dme dak dis (5.26) Wbl gdas O Wal 131 ¢ LUl
% (5.26) Wslall (23 e Yoy umt J M e Jged) B3 ug dball sds 3
system ) apdl Vsl - plas ) (o35 L A bl =3 Zu,j:iﬂ Ojgi ol
Ll u§£ 9i C‘“;L um™! (unknown) Jsest! O JECRT (of algebraic equations
implicit finite-) 354 G ze> b o Jlo Ma dsly o3y (3 B

Yol s (large systems) 858 o2 > mo é\:u LY . (difference solution

- (5.26)
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Gkl sle 4)Lisy (simultaneous linear algebraic) 41y <39 (3 aldl 4,
.(large matrices) 55l @izl oM (3 (implicit methods) el
4w (disadvantages) <luully (advantages) <lolg¥l oo jrse L Leds
o) b Al

(Explicit approach) s pall zgdl .1

.(program) zsU, (setup) sLisy Luwi Ly (advantage) 4.4 d

At Oj.{g of (e AXJ el JEl smeo s :(disadvantage) ik (o
& -(stability constraints) Y 558 g2 & (limit) el om0 sl
((stability) ;Y Je blisl Ll ales At 055 Of ct (VU o 8
Sl sy ek <y (computer) iU sl o5 of oKs L
0Ll e ime 378 (Ss e (calculations)

(Implicit approach)  geal) z¢l 2

July ¢ At e 2SSV A (stability) Ll EY e bl S8 e (
st Je (calculations) awlwd! ollesa)l |od Jre JET Cdy Olghx alusual
(computer) 5 seSJ) e Lej J=U GLMJ\ ol Lt e Aime o5

.(program)zU cLady 1 das J.iff ce (@
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ole e & (massive matrix)iesiall @il oM O L icA (¢
L S STl Bl IS8 el wdy e e Slex JST 8 g
.(explicit approach)r pall zeed) 3 ade <SlS”

«(truncation error) »S | o Ly ¢ 3x8 At 3 Ko al koo (o
gl Dty paadl ) dnll (implicit methods) ies Gb aldsauly
zd aids 0SS ¥ W ((independent variable) didl olpazd)
-(explicit approach)z ~2

& (steady state) La Y Al ad Co w34l boin > A1 Lol b aay
Aage o o (inaccuracy) g8 n <3l Lol Gl Sy ) Gl

sl e elaadl 2000 08 (1979 ale U= ) 1969 ple e 358 UM
JU 3 JUW s LSy (“marching’) el del> e (gsks g;J‘ ilsll CFD
stz (explicit methods) aeslsll &)l o (oDl

e bl A gl G sk STV CFD J) Slidss e el 0B (23 mng
(regions of the flow) sl sblie 28 (3 lgln ool 448 (grid points)
mall ) gl g Sl ) U5 el ST s o3y g s
.43sllell (marching steps

(implicit methods) ezl 3 L)l odel §,SIU (advantage) 8;b) ods a1

iy 3 i) dedl 3> 35S e Slshas aldsaad e 58l ay YT W0 Bl
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) 92 lasila & (implicit methods) el Glall <318 Cond) 13b o
CFD J! wliks

ale @iy 5.3.1

a5k oliadl Jldaal dmsly Lids g5 ¢ 339adl G sk OF ol u
34 ol (governing equations) awleV) oYl (3 (partial derivatives)
sdd Jol> o sl 3,41 25 4 ((algebraic difference quotients) &3y
oda (2> aay Al bl e akeii ST (3 (algebraic equations) pd) <Yl
Clled) odn oo O ez L Sls ) e G Y allas 5S4
&= Jb 3 ((stable) s > sl «(accurate) i3> Oz (calculations)
ime AL (boundary conditions) 3eid) b s 0l (23 e 50y Loy 2l
¢ (boundary conditions) 3gad) Ly i) bl 3l OB JWly > oD

LAYl 3 J.AT (finite-difference) 3945 G,al Lo Vg (33902 4255 s

(Errors and an Analysis of Stability ) ,/,éiw/ Jisig elbs/ 5.4

At the end of the last section, we stated that no guarantee exists for the

accuracy and stability of a system of finite-difference, equations under all

conditions.

393 Gl a5 Axuly B3 Olaia) sgmg ¥ af USS W) aladll 216 3

However for linear equations there is a formal way of examining the

accuracy and stability and these ideas at least provide guidance for the
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understanding of the behaviour of the more complex non-linear system

that is our governing flow equations.

o YN sy S aneYly Bl amd) ity dlews s bl oVolead) Sy

SVl a0y Idns SVl bl 8 plbadl Sol 1gd 0L gy ol BY)
L edd L)

In this section we introduce some of these ideas, applied to simple linear

equations.
ol 2kt SV o s g SOV ods e s ol s 3

The material in this section is patterned somewhat after section 3—6 of the
excellent book on CFD by Dale Anderson, John Tannehill and Richard

Pletcher (Ref. [1]) which should be consulted for more details. Consider a

partial differential equation, such as for example Eq. (5.23). The numerical

solution of this equation is influenced by two sources of error:

Sl k! CFD oS 0 6-3 ) day Lot 4] QU s (3 516k 0s Lady

3Ly (John Tannehill) J8U Os> ((Dale Anderson) Osw T Sl L3

Joaii Y Leme pledl aw & ([1] a8 ) ((Richard Pletcher) jLas

M STy (5.23) a5kl JU e e e gl kol bl juad Lo
o) slas o ol 8 e dslall 0dd (ool

Discretization error. The difference between the exact analytical .1

solution of the partial differential equation (for example, Eq. (5.23)) and

the exact (round-off free) solution of the corresponding difference
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.equation (for example, Eq. (5.24))

From our previous discussion, the discretization error is simply the

truncation error for the difference equation plus any errors introduced by

the numerical treatment of the boundary conditions.

analytical ) JAd>dl |4\ o 34l . (Discretization error) i) L .1
) (partial differential equation) &i*! aloledl dslaall 3340 (solution
@¥sz U ((round-off free) o, 095) @3 g ((5.23) dslall JUb fo
((5.24) W Jull L ) (difference equation) &) dsles xe
CUQ_:B\ Uox abloy s» (discretization error) &l o> aalldl Lezdls 3
S elaxY) 1) BLSYL (difference equation) &4l &sles (truncation error)
boundary ) 3¢t Lg.z) (numerical treatment) w3l atlll & w5

. (conditions

2 .Round-off error. The numerical error introduced after a repetitive

number of calculations in which the computer is constantly rounding the

numbers to some significant figure.

JAx; (numerical error) sl Lad) =y .(Round-off error) —gidl e 2,

SINERY SeeSdl Sl & 3, (calculations) gled) olleadl - sue
. (significant figure) spall slaeYl ey 1] ) ozl (\3)5}1\ (rounding) &%

LS55 13)
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partial ) 54! aloldl dslall  (analytical solution)  l=dl J&I =A

(differential equation

(difference equation) &, skl (exact solution) g3 |+ =D

ialize 8> o Ad> JeueS jlgx e (numerical solution) (sa4al)l 4 = N
(finite accuracy)

)

A-D = (Discretization error) & Ut

(5:27) N -D =¢ = (Round-off) <3

S5 Of S (5.27) Al s

(5.28) N=D+¢
s (3 Wadls i) ((round-off error) cupidl o sn & 520 80 Co
numerical ) (g4l W os" dbluy 4o Bow g ¢ g
o L}\Jj\-g 9 .(difference equation) &,4 dslxs ‘:;a-{»" O £ N (solution
,(5.24) Wsll

I 1 . i
D"+l - DI — & _ Dy +ely, —2D7 - 267 + DY e (5.29)
r (4x)? o

By definition, D is the exact solution of the difference equation, hence

it exactly satisfies:

difference ) &, aslal (exact solution) 3341 |+ 8 D iyl V‘<'4
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Ll 4 @) WLy ((equation

prl—pn pho 2N 4D
i i i+l i i— 1

5.30
At (Ax)? ( :

Subtracting Eq. (5.30) from (5.29),
,(5.29) o (5.30) Wslal) leg

n+1 n n ANl | oD
T T e
_ _ (5.31)
At (Ax)-

&

From Eq. (5.31), we see that the error ¢ also satisfies the difference

equation.
Gl dsles Ly g& e (error) Lt O &y «(5.31) ALl .

. (difference equation)

Stability Analysis - y! ¥ |l

We now consider aspects of the stability of the difference equation,

Eq. (5.24). If errors ¢; are already present at some stage of the

solution of this equation (as they always are in any real computer

solution), then the solution will be stable if thes,’s shrink, or at best

stay the same, as the solution progresses from step n to n+1; on the

other hand, if the%i’s grow larger during the progression of the

solution from steps n to n+1, then the solution is unstable.

That is, for a solution to be stable,

3,4 Wslas & (aspects of the stability) Lawy¥) Cilex OV jumi o4
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an 3 83gmes & sl SIS L(5.24) @sl | (difference equation)
0B & ((FgeenSd i - (5T 3 Wil or L) el odd 1 1
D1 el 3 ol ki & slaxV) ilST 13 (stabley 1w 055
13 el amb ay Hl ) 1 sbd) e idy A G e A5
S 52 0 06 L DAl e e e 5SS g Sl
(unstable)

(stable) izes 055 J> I Losll o1 a2 o

e/l < 1 (5.32)

For Eq. (5.24), let us examine under what conditions Eq. (5.32) holds.
Assume that the distribution of errors along the x-axis is given by a
Fourier series in x, and that the time-wise variation is exponential in t,

ie.

O oyl (5.32) Wslall  jaxud byyd ol wf & Uses ((5.24) Uslrad)

slaxe O }Q (x-axis) x ys2 Jsb Je (distribution of errors) sUa>Y| &y

MY 3l AU e Mg ¢ x & (Fourier series) 4w)sé ik |3 -
cﬁi ¢ t & (exponential) g;wtﬁ‘ oo

e(x.1) = e Z okmx (5.33)

m

Where knm is the wave number and where the exponential factor a is a
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complex number. Since the difference equation is linear, when Eq.
(5.33) is substituted into Eq. (5.31) the behaviour of each term of the
series is the same as the series itself. Hence, let us deal with just one

term of the series, and write

L“;.«‘E!\ bl 9 (wave number) ol=gll sae ea km o
isles O K .(complex number) S,» >As s a (exponential factor)
el 2 Le ((linear) i * (difference equation) 3,4
Aeded) ods o (term) pllaze |S7 ol (5,31) dslell 3 (5.33) sl
Aty pellaias ma Lalas Uges of (a9 815 (series) dluld! i s (series)

4,y ((series) Akl odn o Loz
e (X, 1) = e'lethm® (5.34)

Substitute Eq. (5.34) into Eq. (5.31),

(5.31) Wslall 3 (5.34) . Alall Jldzn)

e,zl(t+Jt) ()ikmx — ot f_,r'kmx o (,fkm(xﬂi.x) — e e,ik111.1' + ot (_,ikm(x—d.w

= — 5.35
At (4x)? ©-3)

Divide Eq. (5.35) by exeikmx,

. eat gikmx J_\B B (535) sl (DlVlde) v—:‘.“"“-‘t’.

e:LJt -1 _ (,fkmd.l ) +(,7r'kny_']x
At (Ax)?
or,
il At ndx ik
e = |+ —— (effmdx 4 prikmdx _ 9 (5.36)
(Ax)-
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25 (identity) dsles 5S35

(_)ikmjx + e—fkmﬁ.r
cos(kpdx) =
2
oS8
ks y 24
K M= 4 r,, [cos(kmdx)—1] (5.37)
Ul ()
AW S e (5.36)
(trigonometric identity) > Liwgist 5 dslas ST
. | —cos(kmdx
511]2[(]{1111]«’5)/2] = LOS’E )
Sl 16 (3 mnas (5.37) ol
iy 44t .
M= ] - I sin®[(kp4x)/2] (5.38)
(5.34) Wl e
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8;l+] (.)El(t-l-.;i”eikm-‘-

= (5.39)

el N f,at()ikmx
i »dle

Ll e (532) 5(5.38) «(5.39) <N¥slll  (n (Combining) s

8!1+l ‘
i — |€‘1I_’Ir| =11 =

gh
1

L in[(kpd)/2]| < 1 (5.40)

Ax)?

Equation (5.40) must be satisfied to have a stable solution, as dictated
by Eq. (5.32). In Eq. (5.40) the factor

Wi WGy s > L 0 bys IS (5.40) dblall 35 O 4

Lol (5.40) sl 3 .(5.32) L4l

44
(ZI.\‘; Sil’lz[(kmﬁx)/ﬂ =G

is called the amplification factor, and is denoted by G. Evaluating the
inequality in Eq. (5.40), namely G < 1, we have two possible situations

which must hold simultaneously:
=5 .G ) pe 4l ene (amplification factor) v-?'u.'a-ﬂ* Jole o 29
SV e ol Ll (G <1l «(5.40) Wslall 3 (inequality) < gl

(h 1- (4Ar sin?[(kydx)/2] < 1

X

Thus
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44t .
) sin?[(kpdx)/2] = 0

Since At/(Ax)? is always positive, this condition always holds.

Loy jazy boadi s gt Lals a Ab/(AXR O) s

Mo
71— in2l (ko Ax _
(2) 1 (Ax)2 sin”[(kmdx)/2] = -1

Thus
At . 4

(Ax)? sin“[(kpdx)/2]=1<1

For the above condition to hold,
Sl by 2l ez

At
(4x)?

<

(5.41)

b —

Equation (5.41) gives the stability requirement for the solution of

the difference equation, Eq. (5.24), to be stable.

dslas |4 (stability requirement) Lzl ol o 9.41) dstl

Shtes 05SG Ol oS4 (D.24) Wl [ (difference equation) &4l
.(stable)

Clearly, for a given Ax, the allowed value of At must be small enough
to satisfy Eq. (5.41).

Tl aldd A Sk At Rad 055 OF (2 @su2 Ax Y (rpes
(5.41) Wslall

Here is a stunning example of the limitation placed on the marching

variable by stability considerations for explicit finite difference
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models.

& (marching variable) sl aze Je 25dll aod fads Jle sa Ls

explicit ) d=2lgll 3942 34l 3L (stability) &Y wllael b &
.(finite difference models

As long as At/(Ax)?> < 1/2, the error will not grow for subsequent
marching steps in t, and the numerical solution will proceed in a

stable manner.

2>\ (marching steps) ) Slobd sasy o Ladl (At/(AX)2 < 1/2 Wb

stable )8atms > (3 &usvw (numerical solution) (g4l g ¢ t 3
.(manner

On the other hand, if At/(Ax)?> 1/2, then the error will progressively
become larger, and will eventually cause the numerical marching

solution to ‘blow up” on the computer .
¢ ST lgw o Sy 3 At(AX)? > 172 13) «spl b oy

(numerical marching solution) el (g4 J> OBlbll L8 (3 s

3

S5V Sl (‘blow up’) pomid

The above analysis is an example of a general method called the von
Neuman stability method, which is used frequently to study the

stability properties of linear difference equations.
J\J.E.L.u\ ?u.:?d.}o uA.MJ dele R.LJE le.:« JL:.A P o'))\.cj AJ\jJ\ (analysis) J:.lxﬂ\ ol

sl pdzias L 1S dl ((von Neuman stability method) Oless Osb
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linear ) akd) &4l wNslal (stability properties) Y 2las
.(difference equations

Another Example: Stability analysis of a hyperbolic equation - J
dpabaedl) dslaod) LAz LS 0 2T

Let us quickly examine the stability characteristics of another simple
equation, this time a hyperbolic equation. Consider the first order

wave equation:
dslak (stability characteristics) )Y jailas dulds psd asp Uges
islas yaxd L (hyperbolic equation) aks aslal &Ll oday &l oy

:(first order wave equation) a>-gel! Ja¥ sl

du 1(_'3” _0 (5.42)
ot e Ox o

central ) SV &4 & (spatial derivative) L}LQ.\ gl Juzas Uges
((5.8) Wslll Laly (difference

: n o _.n
Ou Ui — Ui

Ox  24x
JeV il iy 34l & (time derivative) <34l gis Juzad Uses

(5.43)

Uw (average value) Juall ded | o o> (first order difference)

T ¢ (i-1) s(i+1) (grid points) el bl
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1
u(t) = E(”Elﬂ +ul )

Then L
. n+l _ 1,0 n
du _up =50 g )

5.44
ot At ( )

L) enzzc (5.42) 3 (5.44) 5(5.43) Yol Jlal

(5.45)

n n n n
i Wty At (”i+1 _”i—l)

T

(differencing) &,&d Je baf ((5.19) 5 (5.18) Nkl oy e
Giie et Alasies (5.44) Aol o odlel 5 STL Aol 3 pusad)
ASY fw dmy ((Lax) SN b ews @l ((time derivative) <34
S OV Lol J e b e Jgl O el b)) fLe (Peter Lax)

U
@ UKl s Jldaels ile 8 Jsesll em(x, t) = eved™t  (error)

sin ! M\ Jele ,(5,45) sl
G = cos(kmAXx) —iC sin(kmAXx) (5.46)

where C = c.At/Ax . The stability requirement is le*| < 1,which when
applied to Eq. (5.46) yields

s (stability requirement) )z Osllall b 2l C = cAt/Ax G

te Lt (5.46) Aol Lo kot Lie | lel <1
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At
C=c—<1 547
(,ﬂ ( )

X
Js& Wslall sda . (Courant numbery 01)sS 548 C oo ¢ (5.47) Wbl 3

& (numerical solution) (s34l |4 0SS Ol J:.—T o (At < Ax/c) O]
L s (547) Wslll (23 s 3dkey (stable) s (5.45) Wslall
Lses (Courant—Friedrichs—Lewy condition) i — _motdyp — OLsS
ol (stability) Y jlee dl BV ol e (CFL byas
W PES [ W] oo Uses (hyperbolic equations) #skdll Y¥slod
iyl oI5 (wave equation) il Aslee jued (CFL JI b,2) (physical)

L

v bl
o-u o u

— = (C—=
ot 0x2

055 (42 el Lty aslall odd (characteristic lines) sl bshadl

(5.48)

x=ct (right running)

and
x=—ct (left running)

&= 53 Sl e (b) 5 (a) i S G (b) 5 53(a) K & ey
right-) Lus geLYl jaflad (intersection) abli 0sS OF b oakad

left) hlw gBANI aflas 5 oi - 1) 840 2 IS (running
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(i+1) a2 ikt M (running
AN Jlms Jam (5.47) Ablab 3 Lall CFL JV b5 ((5.48) Woled)
Aslall danlsy @il At JI &3 e oy Aten 254 (stability criterion)
(stability criterion) sblad) aki by Atca=Ax/c ¢ .C=1 Lo (5.47)
(b) 5 5.3(a) e @ ouy LS ((x-axis) x ol 3 Atca Bl e b
sl e € .53(a) e 3 oo (case) W mg ,C<1 01 OV o il
5.3(a) JSal (3 e o2 LS cAtca<Atear «(5.47)
3l 3 Snmmsll i il e i) (3 akE a3l d abE) il
lode d d kil we (properties) _2Sledl O K (t+Atca)
S bl plisinls (equation) &4 dsles s (calculated numerically)
055 d 4kid (numerical domain) sdal SUadll (i +1)  s(i-1) (grid)
5.3(a) JSe) 3 eday od)). ade (triangle) il
shaded ) Jll &ldl 4o d akadl (analytical domain) Jd>dl Jis
Lis (characteristics) _afladly ws 5l 53(a) IS2)) (& (triangle
(numerical domain) 34! J&1 53(a) JSadl 3 OF L=y .d kil
A prad Gl & L (analytical domain) dUzJ‘ J fezy d akzdl
WS¢ Ater > At ,(5.47) bkl e 3] C> 1 ca . 5.3(b) JSKadl (3 al)

d adaidl ol 53(b) JSKad) 3 s 5o
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oy 53 Kl d

physical) WY
5458l (significance

CFL b,

O L (t+Atesr) c3gll (3 8o9mshl (i sl 2k me (lis ) 5.3(b) ISl (3
3,4l dsles - (calculated numerically) Usde ot d aaid) 3 2l
SUadl ¢ (i+1) 9 (i-1) (grid points) &us bl el (difference equation)
3 &k ¢ adc (triangle) ) oo d 4eid) (numerical domain) (s34l
Jel eddl s d akid) (analytical domain) >z Jsl .5.3(b) Ul
oAladl P e ae Dy 53() Kl 3 (shaded  triangle)
@l J) 530b) Kl 3 of L .d akadl we  (characteristics)

s My (analytical domain) > J&) IS” Loy ¥ (numerical domain)
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«&Hdg . (unstable behaviour) giws & ek 1) (635 sl (condition) L,
(CFL JV b,z 1) (physical interpretation) Slypdll seddl pdd of s
:condition) CFL

Ol % (computational domain) gt sl ((stability) 1Ay Jol o
& o el 3,55l ) LeeY), (analytical domain) Gkl Jlsl S ey
O am @ LUE il dly c(accuracy) B dlas (stability) iz
LS™ (stable case) &zl 1 juad 5.3 . K2 Lo dgorg o o) of Lay o4
il (analytic domain) Jul>dl J=) Of L= 5.3(a) Kl & e sn
o 5.3(a) U2 (2 (shaded triangle) Ml &Ji) o d akill (dependence)
LGl e Lo dam Gl d deis 3 afladly ((Chap. 4) 4 Lad) 3 Wilsil
dgsdal A L o) s (23 &9-(shaded triangle) bl eldi |1
(of dependence) il 2 o Oﬁ (i+1) s(i-1) (numerical grid points)
iU e .d akadl e (properties) jafledl e 5n ¥ O o Lk WL
ik (3 (properties) ,2fle>ll (numerical calculation) (ssdall ole (s
25 0SS W s (i+1) 5 (i-1) (grid points) Ai) bls o leglas d2b d
w2 e WU ada 3. Atca << Aterdis Bpre Atca kel ox bikis cwdls
) 0SS A5 ((stable) §itws W= (3 (calculations) duled) olleall O e
J&) o c»bi‘ (mismatch) dxdl oo [AF; (inaccurate) 4> & (results)

Ldad)l Lsaal L) &y ¢ 3 ¢« d (domain of dependence) iball aad)
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¢ & .d s (properties) _eSled) Ol dsdseldl (actual numerical data)
05 Of % (Courant number) JUW sdall OF () 2l codlel 83yl azilll
w sl (C <1 (stability) LazeN) Il s (unity) a3 o BT ol (Solun
Bl Jol e S unity) ey J) opl C 00 OF a3 iy

. (accuracy)
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Jsxw 6.1
1) plasianly ciedazll 2Ll SLal we lales CFD cliks |5 «ils13)

Vsl i) o T Bl 0, ) ((uniform, rectangular gridy allaz.l
slad (3 OValll sl gle Wbl LS 5 2 o e ddend) (Sl
D A e sdezad) Bl Lolsd by Vel sda L33gdd) 3, 4lly ((X,Y,Z,1)
san M3 mag Aty Az Ay AX P Samse 13 plasial dim ol
SN ol i Wl 20 e w3y o e ST Lalaal (S 2R Sl
d @ mdl ey e (FIg 0.1 30 moly o0 LS (mad) e clsdl
r ol s s e Sl oy

Bad a3l ol LU BT (ol () rls 802l Bl amy bies (1)
Ll oda ] Lo 01 Sk &) o) jatlas

o W i) el e ai G A B e Aoy O 5 (B sue dla (2)
et e JWby (@) L spud so bb gn il mlaw OV U3y L
(gl S Sy o el Of ot

> olgY il 6 Fig (6.1 (3 allazl) szl QTG:zM; ol Lg L doezS”

o5 s Fig. 6.2a) 3 atlas gl gl aladl (il o il gl JI&
Dsboscll ddr s ikl S WS OUEIVL o5 gl B 5 Rabazis 56 300

Jeaiddl gradla iy (ASM—3904] slaf a5 oy Lo Mg iU =T 5 &
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e b [ b 38 b 0T s degd) akidly | fuadl s 3 GY
il gm 2V o ) iy o8 Log. FigL 6.2(2). 3 a8 LS (il b
anzr &) B B Lol « Fig. 6.2@) 3 o) s 5

s ) Jupd) sladll (3 a3l od sa a Ll (£ L L el
sV sl 8o oy SsFig. 6.2(b) 3.0 M 5 & e e abezs
Lt sy Fig. 6.2(b) 3 e o2 WS albone) 8l My € e

3 amall Dbl 4 sg aCa) oda o Lead) (3 i) (3L La L ggenldh) Lol
@ Coab ya bl JU o Jo SUpd) blesdl L ossFig. 6.2(a)
(@t Llosdl 3C 5 b ya bl we 15 (Fig. 6.22) slpdll lalossd)
Lolosid) U Bt Slaglall & o & Lhilnis AT 5 2ilonze AT ez sl
o0 Y s aadl (SE Vel a5 Q) Bl L Sl
(X, ikl Jpms Ot 6T (Y 5 X n Yoy lpad) Lyl 5 G e
) i) sy (1) ) L)

@y (S g Vbl sl Sl 30 J5Y oy o Jeadl s e 240l
L@l Lol 5 Spdl) Lol o

@ sk ST e Jle a sl ods Lsu2 SGs ae 233k 4z (IS Un

.(grid generation) i.s slail s CFD Ji2
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Fig. 6.1: Airfoil on a ¥
rectangular grid g
i S T S

Fig. 6.2 (a) Physical
plane

a X
(b) Computational . 8
plane
A
4

|
g b |

b 3

General Transformation of the Equations 6.2

«(two-dimensional unsteady flow) sbu¥! JU5 Clite 355 Jas Oy cablu)
iz Sl we ¥l S i 33 5 ¢ (x, y, 1) Adsed) Slpedl

.(terms) Ol ol o e e Sshass Abliny g (AfLEw Y, 2,0
o (T &) 2 ALy, 2) i) A 3 ol Lsf sk
E=E(x ¥, 1) (6.1a)
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n=n(xy,t (6.1b)
T = 1(t) (6.1¢c)

\M.t=TJ§.«f~L5.1&6)wJL»\“)\i§jthwTﬁcoWT);ﬂ\dygﬂ\é
Jsmd) IV e o5 O 2 Bq. (6.10) (23 oy ¢lo d ] (trivial) LB ss

(terms) J.«.;.-\ = Ls“"‘“““ Vlg ((formal) &< iy loy (transformation)

chain rule of differential ) J‘bu:.s\ Clas e dlldll Suel e e,

( d ) _( r?) (r?g‘;‘] +[ i, ] (r’i‘q)
axfy, “\ae prdOX L o Adnf A ax]

+(a) oy O
Oty M0x/,

whdl dis g2 b e aSTl olel adl 3 (subscripts) dkindl oliloY)

Ll ¢(calculus

=W wlpedl 3 . (partial differentiation)  Jr 43l 3 (constant) ez
G i) Ldls Ldll ad (23 ey (subscripts) ddind) SLLLY) blin) o

L«fe}k&i ]3.,&:5\ g',& ; J}«aj c\.lihj Sllae
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a (d 05] i ((’J.‘r}
3~ (e) (52) (35 (5 2
Similarly,
DB RE T o
av ~ \ag )\ ay an I\ av -
Also,
(7)., (@), (3), (7)., (5)
ar oy \aE e ar Xy an £ ar oy
i ar
+[E]E.H(a)n_\' e
O,
a a\(as (ﬁ (ﬂr;) [r?]dr
— == = _ - = 5
a1 [ag](ra;)+ aq) o) \ar) @ (6.3

B Jes O Lt g%,y J el oolizill 3 (0.5) 5(6.2), (6.3) Vsl
(coefficients of the derivatives) izl o ulas . Ty M & J iy wlinia
OE[Oy OE/OX JU L Jo (metrics) sawl@l) oy T 51 & J 2l
o e Jead! (Se gy (metric terms) dwlds L& » On/dy 5 On/Ox
Egs. (6.1a, .o¥sldi clael 13) (Egs. (6.1, b and ¢) < ¥slaed) alall J ol
o4 ¢ «(closed form analytic expressions) gl € JSsls'b and c)
ddl 0 el mey glae S8 3 (metrics) el s Jpad) L
o 2S5 3 o Egs. (6.1a, b, and ¢) w¥slll sl e (transformation)
o ol o S& gl A oda (39 24 (numerical) dads e 54y LYl
S oSy dsle — (finite-difference quotients) 83945 39,4l Lol |3
Olydl ¥olee OF L3 ¢ W 5ad) (3 sazadl (Sl O¥sles Liwys 13)
Lk Uiy . (second derivatives) &l wliadl feis (viscous flow) )
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Al e s W) ) e le Jsad) (S ol old Jemdl ) s
Llxds (6.2)

- (9%, (2 om
T (ﬂf) r'i.l‘)-'_(f}r;)(r?_\'J

Then,

+

- () (5)+ (52) (avae) () (528)+ (o) () o9
“Vae\axz) "\ ax )\ axae) \on/\ 52 ) "\ ax )\ anax 1©-

| | | |
B [

Jyat O{,c_} Eq. (66C) RANPINING C s Bahauls U el alabisd) oolizad)
(chain rule of differential calculus) J-.auJ\ Cla e ddll Suels s e

JU el e

S
T oox0E Ox\og

) (BEqQ. (6.2) dslall caledld) 3usB s dazes

B o i 'Brf)
23 ) (50} (o) o7
Similarly:
a2 P a A V] -
co P (D) (2 ) (7)o o8
dxidy  dx\dy agdn )\ dx an? [\ dx

s3lelg (Eq. (6.6). 4l (3 Leao9s (6.8) 9 Egs. (6.7)¥slall (o C 9 B Jlawlis

R boadl ks s
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s {ael5d) () (30
(a5 (el 53

LoV olmall com e x o b b W Akl olial) ke (6.9) Wl

(6.9)

sl 3 jazud OV Uses 2l glig Ly ae (Mg & slany Lad Laloslly (a5l

g3 BqQ. (6.3) il oy o alean L il asd) e

Then,
o=l 5] ()
ay* vy avl\ag/\ay an J\ dy
EE AR
_(ﬂf)({'}_}-z)+ ay [\ dEdy * AV e + ay \ anay (6.10)
I L
E F
Using Eq. (6.3),
_afa\ _(&\[foe 3 aq) .
E_J_y(a_f)_(@)(d_y]Jr(aqag)(@ 6.11)
and
SO (O) (%), (2 )
F—0.\-(6)1!)_(0:‘:0&')(@,}+(E]U2)(ay (6.12)

Ju e bt (6.10) 3 (6.12) Egs. 6.11) Jlazat

v (el ) ) () )
()3 ) 33

(6.13)
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WY e ey @ ke L B Ak ol L (6.13) dsll
el OV Jolsi Ladli eplig dyg e s § han Lad alaleslly (il olizalls
Yoo X shay Lo il agdl e Jgamll

e

r? 5
E)E:;) i ( P ) _
~\ae (3‘5‘) (‘9‘)(3'55‘)+(5ﬁ‘)(3T3}‘ +(EJ i (6.14)
L]
-

s s ((6.14) a3 e e C, BJJ 6.8y 5 (6.7) Jdzus

sl

s~ e ) 5 s ) 52 5
) e e M ]

BV e e Vs X aedy B agh) oleill e (6.15) Al

(6.15)

A ol e )y § o sl Lo bl ) el

F 33l (S OVl Lo (59,0 52 L ST 1k odel B3l SVl
Ty m & J il ls(x, yt) oo (Ch. 2) LUl 55 & e Jsad
OWE Y $v] L_g‘ QYJ\.&L\) cJ.gy;:j\ i 4 Ledis ccy.'a}g Lyl anass QW
j«.ccCJU\ Bl emg (dany Jlie (3 b Uges Lo\.cyxb}bcmejcn &_,

v.<.4» L;'“ dslal < oMY dslas Eo (bl J.gLE.S\ 5 9 cealdl c@\)j.U\

Fo 8o
Laplace’s Equation: —+—= =10 (6.16)
: . ax?  A?
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M y) =N 3 &xy) =& o M & Al X, y) o (6.16) Do) L2
:(6.13y s Egs. (6.9) Je slaeYl

(as )(ﬁ&) " (afan](aﬂ)(%)+(§:: (g]
(a5 (GG (G)(5)
(el (33 (5)(3)
()5 () (53)

Rearranging terms, we obtain
o8 (3
agt [\ dx iy

2 (2%

ap | e e &q&[ﬂzu c’]:ﬂ_ﬂ

+—= |+ =
ax2 vt | dn

(6.17)

+
Axt 2

&,
sladll 3 4l (Laplace)y LY doles ¢ (6.17) 5 (6.16) Yol o)
Woladl 5 (1 ) gl sliadll 3 ALY Wslan 2 51 5 ¢ (xy) Sl
6.1y, 6.2y, 6.3y, 6.5y, (6.9), OF &S5 51 5,09 . 1g,2)l o Al T2
Sl Ll e gl (SE G SVl g pasnns (6.15) 5 (6.13),
CFD ikl vlne (3 domdl o Bbl 05 ¢, §) Lol ool ] (x, )

dl (Fig. 6.2a & (e 3o WS Jro) JLpd) b (3 Samge o 800 Lsd oo
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Sl SVl (Fig. 6.2b 3 e 52 b o) gl S 3 Sase 2
AE sy o (gled) Ll 3 B —isgis 05T Al a5 3 Lol
Older Wlpiae Slua) oz Fig. 6.2b (3 (rae 38 LS ciliilonze AN 5 Ailonzs
Fig. 3¢ 32, b b o (gsuldl Llosdl 3 802l b o @ 33
bl 3 SLpdd) Lbsdl 3 dsg ) @l J8 Sl i » oda .6.2(b)
JSad s S i ol e U] by Fig. 6.2@) 3 ¢ 5 b ca Gl
Aane Al > dad (JUH ey (Egs. 6.1a, b, and € 3 e pl
—% U Eqgs. (6.1a, b, and ¢y <Nl 15 o0 ale (Siy asd Yol
ela O 2 a3 3 Baue OVl el Al cllae) onw Balo Laddd

\
w

Yy

Metrics and Jacobians 6.3

Egs. (6.2, (6.3), (6.4), (6.5), (6.6), (6.7), (6.8), 6.9y, (6.10y, (6.11), (6.12), 2
OEJOY « OEJOX Joo 2l wdin (55 ) Ly ily (6.13), (6.14), (6.15)
6.1a, band ) exd (Jemd) OSI3] L unlill tland (203 U] Loy «ON/OY On/Ox
el edd Al 3 e Jsad) (S bl 2 W) e (e

Nl el « (6.12, band c.) (CFD wliledl o dtadt 3 23 ang

8351 By 4 LS ikl o QUL ceste Sy
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oS Jgmdll Ll e 8 1Aay(6. 12, by,
x =x(En,T) (6.18a)

y=y(En) (6.18b)
t= 1t (6.18¢)

SNl (3 s may alind) oladl 2 T 5N & (6183, band ) &
Yol Lgzas gl aazl
Egs. (6.2), (6.3), 6.4y, (6.5, (6.6), (6.7), (6.8), (6.9), (6.10y, (6.11),
6.12), 6.13, (6.14, (6.15)
E3X, Y, S o df Sliie Y] 2 L «ON/OY ,08/0X eplill Ly sy
or OVolll sde (3 Ll by s Cla Il e (2l Lalinad) olad) Wslasl,
Jl Ly (ON/OY « OEJOX L) il (3 4 (6183, band ¢) & Sl S5
e A il sSan SIS sda A1 OY/OM « OE/Ox Il S ells
Uses .(6.18a, b and ¢) pe S Sl 0 3,500 Lede Jpadd) S 3
LA ada e sty L iak
Ay o X paie o (gpd) (SIS SV @ (Jraill) il
&Ey =y, xn&=x,618ab)ydd . axx, yy= e~ .u

e U] S Lol ym,
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Ju  Oudx  Oudy

— =t —— {620}
J&E  ox 08 Oy dE

et ol WLzl Legdl by of o (6.21) 46.20)  obYsll
oulox) (6.21y 5 (6.20) <Nsbl sl |~ . OulOy,0u/0X i)

L «Cramer IS 346 plisnly

du dy
€ 0&
du dy
(6.22) ou |on on

ax  |ox dy
o€
dx dy

Jacobian determinant 3sS\> 4siaeS Slsasl e Ol vz ((6.22) Aokl 3

Iéwbuy)g\jc

i iy
J= d(x.y) _ e 0é
S aEn) o |ox dy

on on

S50l Ke (6.22) Wlall QUL

du 1|{ou\{dy\ [ou\[dy .
duw_ 1[0 ,__~H,_ ,_-) (6.23)
dx J\aEN\an] \on)\oé,

0ul0y J J>s « Egs. (6.20y and (6.21) ) s4x Uses OV
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dx du
¢ o€
ax du
du @ ﬁ
ay  |ox Oy
e oe
dx dy

an on

ou 1 (r‘)u)(f')x‘ r'm)(r‘ix‘
ay J |\, _.:)5) 0é f'h,r)

or,

‘ (6.24)

@ @ J Slpane e Slizal) e e 3N EQS. (6.23) and (6.24) J1 L)
Ll ) @ sl s lsee ) olial) G e U da
Eqgs. e LS amsll oV¥emdl i s (0.24) 5 (6.23) Vsl
¢ OEJOX 2wl byl e (6.3) 5 Egs. (6.2) (K. (6.3)5(6.2)
Sl il 62 (6.24y 5 (16.23) suadt SNl 5 41 On/0y
dsian Jazs(6.24) 5 Egs. (6.23) of Laf LSy 41 0y/ON « OX/OE
Eqs. Ko 3 Jam Jof L 05 LIS I . Je=dl o» Jacobian 8
ISCa 3 il e s Jpadl WS 0 U 30 5 (6,183, band ¢
G o SVslan o pndl (S6 ) (S5 U il F1OX/OM < OE[OX
J Jacobian S1x dgiany 2Kl Guglall ods
) N Jsd 8 Lede Jpad) (S ) e ST sk 5 Al degen (S
el 2a3ls . feolid) o b [1] b pliael (e &) W (X, Y, 2) oo
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RSN G O O [ 2= W = g B R PTG (N OC Ot
.J.,.a\.é.ﬂ\

Coordinate Stretching 6.4

A ONsE e eIl B )i Ggmn ¢ uadl) s e 2l ) SLLSYI 3
SU=Y By ST ol susly (3 aSCad) uaE s Ling s Gy las Bbley ST

RO PAY

Fig. 6.3@, by & il gladly SUpd) Labosdl Jo slzeYly (JE o e
Bambe S 535 de) L s e o ) B e eles T el
Supdl Bl & ey B m Gl 3 moge o2 LS mhdl e AL
& el s e e ladl O adl s Lol oled (Fig. 6.3a)
any (M3 oy SLpdl) Lokl (3 ey LS aaSGa)) psns of R eaN]

b ST oS of aal) (S e e
Lol el g bglos e ol 3 8ty 2l 02l 05 OF ot (U
Blmge 808 o foladl (3 b5 F (ol Bl e el e Ll LS S ue L
s Of 55 akadl 3 Fig. 6.3b) JSa) 3 e sn WS (gled Lalosdl 3
DBlall o el e sy ddge 120 B ) ST Mol 8 Ll S
@ kel s diy OF de 3B b U JsZ Y oEV) (3 Iogns il 3y

Al
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i U2

(i j) —
i
J _’S’

a X [ 3

Fig. 6.3 Example of grid stretching. (a) Physical plane. (b) Computational plane

E=x (6.25a)
1= In(y+1) (6.25b)
2 S

x=£ (6.26a)
y=en-1 (6.26b)

AU sl e e Jgadt o 2 Sl ol

@S shae SdmaS ol obaz Je Ol v (6.22) bl G
J=en ribuly b el Jacobian determinant

ST OF (86 (6.22) L4l (L

dx . .f_"Jx_D_ dy . dy

—=1; —=0 =0; ——=¢ 6.27
il dn o€ an E (6:27)

DY S 3300, (2.27) sl sl codgs @l i eze Yl doles (3 o Uses

Apu)  dpv)

=0 6.28
dx T dy (6.28)
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Aslall ada L Jlpdl) Lalasd) G e 5550 Ahera V) Asles 2 (6.27) dslall
Jl «Egs. (6.23) and (6.24) Less &) bl i) 13 e Sy OF S

1

J

1

7 -0 (6.29)

dlpu) (dv\  dpu) [dy )
a& \an an \oE,

dpv) (dx\  dpv) {dx
on \o& ac \an

1(0.27) aslal) e i SAl enlil) (3 (6.29) L alslall Jlizaly

&N Npu) N dpv) _0 (6.30)
o0& an

Lode Jsad) Ko ST L gawldl Lol (3 3yl eze¥l Wslee 2 (6.30) aslal

t o olills s (Egs. (6.25a and b) aweds ) aUL Jgmdl e

i/ i '
tgf'_]_ {5—0' @—D' an

1
—=1: =0 =0 =— 6.31
dx ay dx dy y+1 (631)

: W7 (6.28) Wslall muai ((6.3) 5 Egs. (6.2) el &) Vgl pluszaly

d(pu) 6_6 +ﬁ{pﬁ) (@ +ﬂ{p1:) ( ﬁ_{_- +f?(,ﬂ‘-!} @ o 632)
aE \dx an \ox) a& \ay] ong \dy

(Lyd 22 «(6.31) bl (3 Bl (36,32 LAl Jla

i 1 dlpv
E(pu}+ r_(,m}:n

6.33
ag - (y+1) dn (633)

: (6.33) Wslal) 25 .y+l =en «6.26b) aslal) -
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rj ]
d(pu) . L{}(p‘l.} _0
a& en dn

or

o d(pu) N dlpv) 0

= 6.34
i3 an (6-34)

G dpad BaS m g s g L3 L IS .(6.30) (Ableal) dillas (6.34) Wslal
s o e e 2 ) Se S o Al o L e oYl
e [3 2] e 32y ST iy 5 X SN e ST 3 odes ke ST
Sl mogy Bl el e osall B e g U Gl
SNoZ I a el LG (Sl OLFig. 6.4, @ Galedly 2554

[4] Holst wudsa 3 - pdsezas

x= %[sinh((gf—-‘fo)ﬁx)"'/jl]
where
A = sinh(fy xp)
and
NI Gt )
T |1 (e P o

) ga By cbladl LasVl o) e Gl Ll 3 aBl ga &) o

S0 3 Sblad) e ey e oy )
Ry i Bty UL s AL Rkl (3 2850 BGE 35 B r ST o o
W A 3 (2) 5 st sds sy sl A (1) opnd () Sl Lo
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o U e Bl Gl e Jgmdl M iy LBslasdl (il Ll glg)

M e Jaais ([5] Roberts

Uniform grid

Il
1l

Compressed grid

Fig. 6.4 Comparison of uniform and compressed grid

By +1)—(By— 1)e-cm-1-a)/(1-0)
- 2o+ 1)1 +g—u{q—1—a)jtl—m}

where

By+ 1"

By=1)
el Lenad ¢l el e Gy calisea AL eyl Bysa

c=log

Fig. 6.4 (3 (e 32 LS 30 30 8 s oMlel 83,151 aypd) Ysed)

Boundary-Fitted Coordinate Systems 6.5
o de s> (Fig. 6.5 ) 3 e 32 LS Aol 53 M= (5,4 31 OF jums OV
ol aldona ) Al L 3l 1AL Caanl) Lax ga fg Jasty (3L e (salall lud
(Sect. 6.1) 6.1 paill 3 LUSS & CLed cwlin o SLpd)) L)

9l de o I eans 3 (Fig. 6.5 ) (3 Aol 3201 st (M3 0 Yoy
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(JE 3 2gad ode Lol oy s s bglex 0555 O Cananl) £ g Ulal)
G b e U e OF 4 (Fig. 6.5 3 aedl bobd) s 0B
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Fig. 6.10 Adapted grid for the rearward-facing step problem (from Corda, Ref. [8])
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Association for Economical and Technological Cooperation LAseR_/ % &
in the Furo-Asian and North-African Region 7 Yog _ 4®
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(5] 1 MEAE - A member of AECENAR Applied Research Center

h % www.aecenar.com/institutes/meae

Ras Nhache/Batroun - Tripoli, 11" Jan 2015

TEMO-IPP Incineration Demonstration Plant Ras Nhache/Batroun, Lebanon

7 ) Upscaled
- / vaporizer train
element (TEMO-
IPP has to be
upscaled in such
a way) (picture
is from Dr.-Ing.
M. Franz,
“Dampferzeuger
", WWW.axpo-
holz.ch/Dampfer
zeuger.pdf)

Vaporizer of TEMO-IPP incineration demonstration plant at Ras
Nhache/Batroun

CFD Analysis step 1: Upscaling CAD Model of
vaporizer (to be done by student working on Master
Thesis Mechanical Analysis of an upscaled version of
the Vaporizer (pressure vessel and circulation tubes)
of the incineration pilot power plant TEMO-IPP)

CFD Analysis step 2: Grid
generation

CFD Analysis
step 3: Calculated water/steam flow

Master Thesis

Computational Fluid Dynamics (CFD) Analysis for Water/Steam flow in an

upscaled version of the vaporizer of incineration power plant TEMO-IPP

To be able to upscale the TEMO-IPP incineration plant to a commercial incineration plant (about 40 MW) in Tripoli or
otherwhere in North Lebanon critical components shall be verified by Computational Fluid Dynamics with the tool
Abaqus. The main critical component is the pressure vessel with about 100 bar pressure difference. Working packages:

1. CAD Modeling 2. Mesh Generation 3. Solver 4.Visualization | 5.Documen-
tation

Upscaling CAD Model | A mesh generation C++ code shall | A finite difference and a finite volume Shall be done

with ProE (to be done | be taken from the open source C++ code shall be taken from the open | with the tool
by other student —see | code OpenFoam and migrated to source code OpenFoam and migrated Paraview
above) TEMO_IPP-CFD tool. to TEMO_IPP-CFD tool.
4 weeks 6 weeks 4 weeks 3 weeks

Keywords: Alternative Energy, Steam Generation in power plant, Computational Fluid Dynamics (CFD), OpenFoam, C++

Contact: Samir Mourad, Email: samir.mourad@aecenar.com
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Chain of tools 1 used in TEMO-IPP_CFD

FreeCAD >

R A

v

Paraview OpenFOAM

lll OpenNVFOAM

Chain 1: Q‘j-"ﬂ udu 1 e\.\ﬁu’_} OPenFOAM

(gmsh-2.6.1-source.tgzy a4 Gmsh ixei famz o
:gmsh Lazs
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-rw-rw-r-- 1 iap iap 1668585 May 6 09:56 Re_El_raoun_05052015.pdfF
~rw-rw-r-- 1 ilap Llap ® Mar 27 2014 touch6517
Lap@lap -HP-G62-Notebook -PC: - /DownloadsS cd CMakeFlles/
fap@iap-HP-GC62-Notebook-PC: - /Downloads /CMakeFilesS 11
total 12

druxrwxr-x 2 iap iap 4696 May 25 11:06 /

druxr-xr-x 6 iap Lap 4096 May 25 11:09 [

~rw-rw-r-- 1 Lap Lap 85 May 25 11:09 cnake.check_cache
Lap@lap-HP-C62-Notebook -PC: - /Downloads /CHakeFilesS cd ..
iap@iap-HP-C62-Notebook-PC: - /DownloadsS crmake -i gmsh
gnsh_2.8.5+dfsg-1.lubuntul.dsc gnsh-2.9.3-Linux64.tgz
gnsh_2.8.5+dfsg.orig.tar.xz gnsh-build/
gnsh-2.9.3-Linux/

Lap@lap-HP-G62-Notebook -PC:~/DownloadsS cmake -1 gmsh
gnsh_2.8.5+dfsg-1.1ubuntul.dsc gnsh-2.9.3-Linux64.tgz
gnsh_2.8.5+dfsg.orig.-tar.xz gnsh-buildy
gnsh-2.9.3-Linux/
1ap@lap-HP-G62-Notebook-PC:~/DownloadsS cmake -1 gmsh-

gnsh-2.9.3-Linux/ gmsh-2.9.3-Linux64.tgz gnsh butldy
Lap@lap-HP-G62 -Notebook -PC: - /DownloadsS cmake -1 gmsh-2.9.3-Linux
Would you like to see advanced options? [Nojl: b

Please wait while cnake processes CMakeLists.txt files....

CMake Error: The source directory “/hone/iap/Downloads/gnsh-2.9.3-Linux" does no
t appear to contaln CMakeilsts.ixt.
Specify --help for usage, or press the help button on the CMake CUI.

1iap@lap-HP-G62-Notebook-PC:~/DownloadsS cd gmsh-2.9.3-Linux/
Lapglap-HP-G62-Notebook-PC:~/Downloads/gnsh-2.9.3-LinuxS 11
total 16

druxrwxr-x 4 iap ifap 4696 May 25 11:88 /

druxr-xr-x 6 iap iap 4696 May 25 12:42 J

druxrwxr-x 2 iap iap 4696 May 25 10:39 Lo/

druxrwxr-x 4 1ap Lap 4096 May 25 19:3% hare/f
Lap@lap-HP-G62-Notebook -PC:~/Downloads/gnsh-2.9.3-LilnuxS cd bin/
Lap@tlap-HP-G62-Notebook -PC: - /Downloads fgnsh-2.9.3-Linux/bins 11
total 66488

druxrwxr-x 2 iap iap 4996 May 2S 16:39 /

druxrwxr-x 4 iap iap 4896 May 25 11:08 ./

~rWxr-%xr-x 1 Lap Lap 67972688 Apr 18 10:45 -

~rw-r--r-- 1 tap Lap 196859 Mar 17 18:03 onelab.py
iamq-w-“z-uotebook-K:—Imloadslg!sh-z.o.S-Llnu:[btns - fgmsh

Figure 11.1.3-2: Jxas3 Gmsh Jaddl) a3 e Linux- Ubuntu 14.04
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{apiiap-HP-G62-Notebook-PC:~/Downloads/gnsh-2.9.3-Linux§ cd bin/
{apiiap-HP-G62-Notebook-PC:~/Downloads /gnsh-2.9.3-Linux/bing 11
total 66408

drwxrwxr-x 2 iap lap 4096 May 25 18:39 ./

drwxrwxr-x 4 ap tap 4696 May 25 11:68 ../

-rwxr-xr-x 1 iap iap 67972608 Apr 18 10:45 *

<rW-r--r-- 1 iap {ap 19659 Mar 17 18:63 onelab.py
1apiap-HP-G62-Notebook-PC:~/Downloads /gnsh-2.9.3-Linux/bin$ . /gnsh
A2

&=

Figure 11.1.3-3: &3 44319 Gmsh Jdal) allsi e Linux_Ubuntu 14.04

:FreeCAD CAL»JJ L} LBJ'L\ Bllal) dbe M

Figure 11.1.3-4: FreeCAD paaill

250



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-5: FreeCAD psasaill

:Gmsh slaal, s e Lad

il

Uil
Tl

|
|

Figure 11.1.3-6: s apaaill clnlill Gmsh
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

:OpenFOAM s Ja Jol£ oW A

e Y :gmshToFoam .1

Cp —r 2
$FOAM_TUTORIALS/incompressible/icoFoam/cavity

e Y /¥ [{files.msh name}

;93 o OpenFOAM 5™ g .msh il gmsh 5.3 B
Gmsh main.geo -3 0 file.msh .1

case-vaporisor gmshToFoam file.msh .2

blockMesh .3

icoFoam .4

paraFoam .5

Sa Y S,

Y «Jy snappyMesh st @t file STL ) file.msh % .C
i

HEEAR IR = .D
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

icoFoam 3 wus Wz fa .1

enebad) oAbl ey 2T e S s (3 251 g )l s 2

A \de 3 file.msh o 3

fluentMeshToFoam file. msh wus™ .4

icoFoam .5

paraFoam .6

o(oe. 095 (o (39d>) M\ 4ud JajfiJ\ J,«u- Lde ol Sy L:.:Q)

Places

|
O recent e L
™ Home sets blockMeshDict
[ Desktop

1= =
[ Documents I 1%

W RN
< Downloads cellLevel cellzones
dd Music ” &

= =
B Pictures oy Y
Hvideos faceZones

@ trash

Devices

LIS Y
[@ 476 GB Volume owner pointLevel

[® computer s =
Network [N RN

& Browse Network pointZones refinementHistory

B connect ko Server

Places

O Recent 1 R R
A Home boundary cellZones faces
by [ Desktop
- I Y ke
beundar [ Documents RN [N R

¥ Downloads faceZones

dd Music
1 Pictures

iap@iap-S5000VSA: ~/OpenFOAM/iap-2.4.0/run/vaporisorfvaporisor

: 4739

: /home/iap/OpenFOAM/iap-2.4.0/run/vaporisor /vaporisor

i1

e : Enabling floating point exception trapping (FOAM_SIGFPE).

fileModificationChecking : Monitoring run-time modified files using timeStampMas|
ter
allowSystemOperations

neighbour owner

: Allowing user-supplied system call operations

[/ * % % % x %k kA K x K X K K KK X KKK KK KKK KA KKK XX KA K []

Create time

--> FOAM FATAL ERROR:
cannot open mesh description File
" /home/iap/OpenFOAM/iap-2.4.0/run/vaporisor /vaporisor/system/blockMeshDict"

From function blockMesh

in file blockMeshApp.C at line 149.

FOAM exiting

OpenFOAM/iap-2.4.0/run/vaporisor/vaporisors$

Figure 11.1.3-7: 415 Linux-Ubuntu

aSead) jT GmSh L} Gl ﬁle.geo e JJJ\;-\ ol L5L° )ji'x.“ Jj@ u’”’ﬁ
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text

zuzuweisen, der hier angezeigt werden soll.

Lzf Gmsh e file.msh

1S’ sl we Ty Gmsh (Gmish 2.3y s suas asens 031 gl 44

Figure 11.1.3-8: & gad¥) il Jiall Gmsh

& sl olile e fad test.mesh e Gile o gmshToFoam ag)

Lol an s gl pladly O Cale olias] s eoenail] 2530 by 201 e

o constant
system Allclean
I &
| |
ity i
log.refineHexMesh log.simpleFoam
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-9: gmshToFOAM Jsudid aay Lgale Uluas Al clilal)

Figure 11.1.3-9 gl Je Loty test. msh J gmshToFoam gk

Allclean Allrun tem test.msh test.stp
iap@iap-S55000VSA:~/OpenFOAM/1ap-2.4.0/run/vaporisorfcylindreS gmshToFoam test.ms
h

| OpenFOAI The Open Source CFD Toolbox
0 peration | Version: 2.4.0
A nd 3 H wWww.0penFOAM.org
M anipulation

: 2.4.0-f0842aeabe?7
: gmshToFoam test.msh
: Jul 13 2015
12:38:51
1ap-S5000VSA™
: 3535
: [/home/iap/OpenFOAM/iap-2.4.0/run/vaporisor/cylindre
i1
: Enabling floating point exception trapping (FOAM_SIGFPE).
fileModificationChecking : Monitoring run-time modified files using timeStampMas
ter
allowSystemOperations : Allowing user-supplied system call operatiens

J] R R E Rk Rk X K Xk X R K K E KR A KK K K KX KX KKK XX A K E X K% ]

Create time

Starting to read mesh format at line 2
Read format version 2 ascii @

Starting to read points at line 5
Vertices to be read:122
Vertices read:122

Starting to read cells at line 130
Cells to be read:631

Unhandled element 15 at line 132
Unhandled element 15 at line 133
unhandled element 15 at line 134
Unhandled element 15 at line 135
Unhandled element 1 at line 136

Figure 11.1.3-10: (s gmshToFOAM 1 4.l
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Unhandled
Unhandled
Unhandled
Unhandled line 159
Unhandled line 160

1 line 156
1
1
1
1
Unhandled e 1 at line 161
ent 1
1
1
1
1
1

line 157
line 158

Unhandled at line 162
Unhandled at line 163
Unhandled at line 164
Unhandled at line 165
Unhandled at line 166
Unhandled at line 167

Mapping region @ to Foam patch @
Mapping region © to Foam cellZone @
Cell:

total:365
hex :0
prism:@
pyr :@
tet :365

CellZones:
Zone Size
] 365

skipping tag at line 764
Patch @ gets name patch®

--> FOAM Warning :
From function polyMesh::polyMesh(... construct from shapes...)
in file meshes/polyMesh/polyMeshFromShapeMesh.C at line 627
Found 230 undefined faces in mesh; adding to default patch.
Finding faces of patch @

FaceZones:
Zone Size

Writing zone @ to cellZone cellZone_0 and cellSet
End

p-S5000VSA:~/0penFOAM/iap-2.4.0/run/vaporisor/cylindre$ icoFoam

Figure 11.1.3-11: (xki gmshToFOAM 2 4aiil)

:1coFoam gl Lie w34 M wlagall s fad Y LS

|
ield | OpenFOAM: The Open Source CFD Toolbox
peration | version: 2.4.0
nd | Web: WWW.0penFOAM.org
anipulation

: 2.4.0-foB42aeade?7

: icoFoam

Jul e8 2015

10:22:34

"iap-55000VSA”

4476
/home/iap/OpenFOAM/iap-2.4.8/run/vaporisor/test
1

: Enabling floating point exception trapping (FOAM_SIGFPE).
fileModificationChecking : Monitoring run-time modified files using timeStampMaster
allowsystemOperations : Allowing user-supplied system call operations

JI %R Rk ok kR ok ok ok kR R % ok kK R K K Kk K K Kk R K KKk kKK * k k]

Create time
Create mesh for time = 0
Reading transportProperties

Reading field p

--> FOAM FATAL IO ERROR:
cannot find patchField entry for patche

file: /home/iap/OpenFOAM/iap-2.4.0/run/vaporisor/test/@/p.boundaryField from line 11 to line 39.
From function GeometricField<Type, PatchField, GeoMesh>::GeometricBoundaryField::readField(const DimensionedField<Type, GeoMesh>&, const dic

tionary&)
in file /home/openfoam/OpenFOAM/OpenFOAN-2.4.0/src/OpenFOAM/InInclude/GeonetricBoundaryField.c at line 209.

4
FOAM exiting

iap@iap-S5000VSA:~/OpenFOAM/iap-2.4.0/run/vaporisor/testsS I

Figure 11.1.3-12: (23 gmshToFOAM 4.l 3
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

¢ Kl gmsh e 03 LS Y 4y (Comiw Y OpenFOAM,
U oLl els 0SS s .OpenFAOM

3 poiiey aY Likn o e Sy il e OpenFOAM il e
RORFIN SO VS WL oy

oo el Wl WY aglaie T s glly OV an command L1 s Y 0
(% s B Yy eV Gaded Bl

o S ped pdsis Y s bl e e s Sy e ¥ Gmish ase @
.Gmsh
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Elmer @oli ;s alasuial

11.1.3.2

Chain of tools 2 used in TEMO-IPP_CFD

EresCAD >

e A
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

1055 el Ol 3513 abry Elmer of e g 27 bz 0% L

Figure 11.1.3-13: (& ws:¥! Elmer

file. msh o oo si55 gmsh e stdl o (oY) pooas

PPN

Navier-Stokes .Sy U dsles Lo

iglel Lo ilindly (s ads il aga ol (@) Bl dmps el sl i) ad
(... Ao

39kl STal- Jlts] L3 penadl (3 2904l Ll @

M sty Jerzs

ElmerVTK ;i ElImerPost 2y sa ¢ ©

IV byl e et (aS e O Lide ot ) iz OF 48
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Dy s 30.2 Wy bl e fow By ) Bl 3 2

G Jdae o ctgte 23 520 w5yl L 120 s tiyedl ) ot ) A olivlys
A g58 Sl Ll

o 3 e O gz OF LS LS i 3 [ 3871000 ggbes BLSIG () paszas 2
T 2% sl = 2Ll e P ALl = el [ eV T el = el [ ot = Q
&2 1944 golus a1y

:(ElmerPosty e jsaily (start solvery pejseld as, i 3 Jo Jad

Figure 11.1.3-14: 4 ) ad
Lt Cbﬁ“*j‘ o= A8l i
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

9.6e+020 1.9e+021 2.9e+021
T

Velocity_abs

Figure 11.1.3-15: 43 a3 5554 00 4 ) ad

Sl I a Condly Gl s o2 ) e i il (3 V) A

SLLYI e el iz L gl e sl B e

9.6e+020 1.9e+021 2.9e+021
|

Bl s 0 . |

Velocity_abs

Figure 11.1.3-16: <lsiaY) il




Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Jiw ol Ul e Sy Elmer gty slal abe oas J= 8 OV

P SN (3 el o o s ol 1l et

Figure 11.1.3-17: The studied design

ol an 2 OF s

Figure 11.1.3-18: £ 5S g sail

262



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

U

Figure 11.1.3-19: Noted drump
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-20: Noted design

el @ Ll el f AL pass eSSl 3 R Laal
il Jiy pal) 3 auhl) Jad A el Wiesl 3 by,s quadcore

el 35S By (a1, oLl

(C) L}Lé‘ uajw L} Lbjﬁl\ Elmer olile uaj,d
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

=

@.\Jv\;v v Computer + Lacal Disk (C3 ~ [ 4| [ Search tocal Disk (€]

Qrganize * Share with = Bum New folder
4 7Y Favorites it MName B Date modified Type

Bl Desktop cfd 8/14/2015 11:26 AW File falder

& Downloads Elmer 8/18/2015 216 PM File folder

=l Recent Places Perflogs T/14/2009 f:20 AM File falder
Program Files T/14/2009 10:46 AW File folder

3 Libraries Program Files (xBf) 8/14/2015 9:22 AM File falder

< Documents Users 8/13/2015 5:47 PM File falder

@ Music Windows 8/14/2015 3:22 AM  File folder

=] Pictures

B8 videos

4 8 Computer
» £, Local Disk (C:)
. MEGEL (DY)
ca Local Disk (E)
o 18P (R
w Local Disk (G
DD RW Drive (H

7 items

Figure 11.1.3-21: 1 a3&l) 442l

) gt el Gl ul k2 & Blmer widy ) ¢ (G 1 o8 ) Js
:MEGBI (D) 3 0s” Elmer, Gmsh o,
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

("_;“ ‘\_J‘v‘l—"‘ » Computer » MEGEI(D) » h ‘ 49 || seareh i 10

Organize « Include in library « Share with « Burn New folder

Mame Date modified Type

O Faworites

B Desktop gmsh-svn-Windowst4-dynamic 8/14/2015 9:09 M File folder
&8 Downloads (3 elmerfern-8.0_Windows-AMD 64 6/16/2015 8:52 AW Application 102,599 KB
=, Recent Places 1) grsh-svn-Windows§4-dynarmic 7/28/2015 00 PM Corpressed izipp.. 20616 KB

3 Libraries
5 Dacuments
& Music

=] Pictures

B videos

M Computer

&, Lacal Disk ()

(— MEGEL (D3}

—a Lacal Disk (E)

18P (F)

i Local Disk (G

DD RW Drive (H

3 iterms

»

Figure 11.1.3-22: 2 aslill 4galy
A e bl Sy U o ¢ o5 Gmish y FreeCAD ol 5 LS
g5 IS alz ez e Gmsh f FreeCAD s 0 Sead pls A2
Ul
Sl gy s e Dyl s Y ol i s ey ke il Joi OF vgld e

1088 ezl AU EImer walsy 3 (314 )0 Wty
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-23: J1&) jlua

26 ¢ BElmer .Sy (Elmer of gmsh ity vz (554 0 Lle 0V

:gmSh pusrs G 18 onas 154 e
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-24: (& Bl jlua elpnds

Jajff'dj cg&JMJ\ QYJW} c@jiﬂ .bjfi\j\ - Elmer cﬁbf L;l M\ J:-.,b

:Elmer z35¢ 3 bsad gl 55ud
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-25: skl Jis Elmer

Figure Ll ol Je lad Gogadl ol ai bl Wy mebipl Lass dx
:11.1.1.3-26
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Name Date modified Type Size

|| caseep 18/8/201511:46 AM EP File 1,564 KB
7] casesif 207820151151 PM - SIFFile 3KB
| egproject 17/8/201511:02 AM - XMLFile 9 KB
|| ELMERSOLVER_STARTINFO 20/8/201511:51 M File 1KB
| mesh.boundary 18/8/201511:44 AM BOUNDARY File 322KB
|| mesh.elements 18/8/201511:44 AM  ELEMENTS File 431 KB
|| mesh.header 18/8/201511:44 AM HEADER File 1KB
| mesh.nodes 18/8/201511:44 AM  NODES File 161 KB
L netgen.prof 20/8/201511:57PM PROF File 1KB
&) water,FCStd 17/8/201511:02 AM FCSTD File 11KB
E| water.msh 17/8/201511:02 AM MSH File 1,028 KB
| waterstp 17/8/201511:02 AM STP File Ta KB

Figure 11.1.3-26: 7=t (4 Wle Juaaad Al clild) Elmer
arally de ) o8 e gt ) Gl s Caseep
) @ b s g by 2d) e syt sl all) sa Case sif
o 348y dedl olall e sae e st s Ll o2 Mesh.boundary
oo Ay oliall ey g g agtol] Bl olially o9 L exs G ol
. oial
La Slie 2Ll (3 dedsendl 3l g5 (594 s Gl 5» Mesh.elements
el s e e
oo 208y aolall e sds (i) sas s et ) Ll s Mesh header
oyl ols
S5ty (Sl dadl s (i) sus e syt @l Ll sa Mesh.node

REV:ES I Wk
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

FreeCAD o Gile 5o Water FCStd
.gmsh a5 Cile oo Water.stp

Elmer ¢z (als 42 water.msh,

oA g briall (3w e e OV

Velocity_x
-4.77e+021 -1.79e+021 1.20e+021 4.18e+021 7.17e+02]
[ D I .

Figure 11.1.3-27: s judl i3 ad
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AN O 3 ek ) ead ded
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Pressure
-2.40e+041 -1.23e+041 -5.08e+039 1.12e+041 2.30e+041
[ [

Figure 11.1.3-28: kil i a8
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-29: (SN b A ) s

sy

—/

Figure 11.1.3-30: qsai¥) (b de yul) s
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

s el sV L E b I bl Ol e ol s Laie JoY) L

fewUY 4

Figure 11.1.3-31: Js¥) ) (b de s b

ol O ) call e 6T oS L s gl L
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

LN .
Figure 11.1.3-32: G jlall B Ao ) add
Cyie $LiE) die Lariall Ol (39 (S (3 el oa Aol OF g OF LSK
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

B I
Figure 11.1.3-33: (S 3 bl s
‘i) 8
T B
Figure 11.1.3-34: J¥) Jluall 8 baial) 5
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

ot U OV AL bV @ baall Ol e sl s Lie oY1 L)

(madl) bV

Figure 11.1.3-35: J¥) Jluall 8 Liual) p5

thiall Ol ) ¢ Y ] cnall e sl s Lie U1 L

277



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.1.3-36: (Sl Juaal) (b baiulal) ys3

Bime Slynyla) Lke M tomad) o s 73 adse Janiall QTG:;:MJ ol LS
e eSl Agi b 3 balll salle uLz-JaJA.Z‘- e 8,06
Lad (bl wdlly 25 0) pemad) Slaghas e @ Ul OF st OF vl 0

-http://www.aecenar.com/publications @35l e

gl 11.1.4

e Introduction to Finite Element Analysis (FEA) or Finite Element
Method (FEM)

¢ Finite Element Analysis
(MCEN 4173/5173)
Fall, 2006

Instructor: Dr. H. “Jerry” Qi

278



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

s goliy £lzdl 11.2
ol 8 lo Wluo
&lsall Sl
(&) Wl

Vbl 0dd Bl Jolbl dr @ iy ol AL (SE S SVl 2L T
J=s (OpenFOAM b, (3 53505l 28U Jlanzaly) Gt by 5
S galinll Ly 13889 5led! ) se))
2 13 OpenFoam 7 gall alipd) plasuanl S
OpenFOAM alussl dgly (S Obpd! Comss 1121
sy el FreeCAD ¢ oY 2 & =l 2l e
.OpenFOAM

s 3 adiae it ) oY) Linux @ OpenFOAM e s OF 4 ¢V

qepREd
Command Description
cd Changes Directory to dirname
cp Copy source file into destination
mkdir Create a new directory dirname
mv Move (Rename) an oldname to newname.
pwd Print current working directory.
rm Remove (Delete) filename
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.

rmdir Delete an existing directory provided it is empty.

vi Opens vi text editor
Table 11.2.1-1; Judall aUa3 2 el ¥ Linux

I @l e fad alain ook Liie OpenFOAM . e abpd) (S5
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

ast login: Sat Mar 28 1
@ 15 pwd

bkerdi bkerdi 4096

fchaar fchaar 4096

fhamed fhamed 4096&

-—— 32 iap iap 4096
IWEr-xr-x 31 meae meae 4096
17 megbhi megbi 4096

e

[ RS R Y

=
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home]§ meae
¢ command not found
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Figure 11.2.1-1:1 OpenFOAM giLi




Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 1 dem Text
zuzuweisen, der hier angezeigt werden soll.
[fhamed@zerver meae]

total 75488
-IWXr-xr-x 1 root

e T e R
L
T O L
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I
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[fhamed@server m cd CpenFCAM/
[fhamed@server OpenFORM]S 11
total 366500

010 Installation Notes
010 Installation Notes~

drwxrwxr-x 11 010
-rw¥r-xr-x 1

drwxrwxr-x 15 m ! Jun
-IWXr-xr-x 1m ! 133110883 Jun
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[fhamed@server

total 81260
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[ T R R ]
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Figure 11.2.1-2: 2 OpenFOAM z=Li




Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.2.1-3:3 OpenFOAM zilii

Figure 11.2.1-4: 4 OpenFOAM ziLii
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Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text

zuzuweisen, der hier angezeigt werden soll.

Figure 11.2.1-5: 5 OpenFOAM gt
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Fehler! Verwenden Sie die Registerkarte 'Start’, um Heading 2 dem Text
zuzuweisen, der hier angezeigt werden soll.

Figure 11.2.1-6: ( Wl Ulaa (Al adll OpenFAOM
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(Numerical Combustion) gulus)l § 2l e wlbsa) 12

o
Peter Gerlinger, Numerische Verbrennungssimulation - Effiziente
numerische Simulation turbulenter Verbrennung, 2008
Teil 1 Turbulente Striomung und Verbrennung
1 Einleitung ... ... . e e 3
1.1 Bemerkungen zur Verbrenmungssimulation . ... ... .o ... L. 5
1.1.1 Brutto-Reaktionen und Flame-Sheet-Modell ..., ... .. G
1.1.2  Eddy-Breakup- und Eddy-Dissipation-Modell ... ... ... G
1.1.3 Chemisches Gleichgewicht .. ... ... ... .. ... ... ... ¥
1.1.4 Tabellierungstechniken . ... ... oo o oo oL T
Il 668l Guuily s Xo b2 12. 1
(Flame Sheet Model) ¢ (brutto reactions) 12.1.1

The flame-sheet model allows a complete decoupling of the modeling of
the formation and destruction of species from the modeling of the flow an

mixing process.
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Fig. 11.1: The flame sheet model. From [Akinyemi 1997]

el OV o574 (Flame sheet model) oY) dmiw 3 o G4 axdd 3
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From [Strauss], 111-112:

Bei der Verbrennung handelt es sich um die Hochtemperatur-Oxidation eines Brennstoffes,
bei der im wesentlichen Kohlenstoff und Wasserstoff, die in verschiedener Form im
Brennstoff enthalten sind, mit Sauerstoff exotherm reagieren. Eine Verbrennung heif3t
vollstdndig oder vollkommen, wenn alle brennbaren Bestandteile in ihre hochste
Oxidationsstufe tberfiihrt werden.

Jede Verbrennung wird durch eine Ziindung eingeleitet. Unter der Ziindtemperatur versteht
man diejenige Temperatur, bei der mehr Warme durch die Reaktion freigesetzt als durch
Strahlung an die Umgebung abgegeben wird, so dal sich die Verbrennung von selbst erhalt.
Die Zundtemperatur ist im strengen Sinn kein Stoffparameter, sie wird aber als
Erfahrungswert bei der Auslegung von Feuerungen und Sicherheitseinrichtungen immer
wieder herangezogen. Die Ziindtemperaturen der verschiedenen Brennstoffe weisen
erhebliche Unterschiede auf und sind dartiber hinaus abhéngig von der
Brennkammerbeschaffenheit sowie den Reaktionsparametern Druck,
Sauerstoffpartialdruck, der katalytischen Wirksamkeit organischer Bestandteile und der
spezifischen Oberflache des Brennstoffes.

‘o
Peter Gerlinger, Numerische Verbrennungssimulation - Effiziente
numerische Simulation turbulenter Verbrennung, 2008
2 Grundlagen der Verbrennung ............................. 11
2.1 Bilanzgleichungen reaktiver Strémungen .. .................. 11
2.1.1 Wahl des Gleichungssystems ........................ 14
2.1.2 Vernachldssigung unbedeutender Terme .............. 16
2.1.3 Koampressibilitdt ......... . ... .. . . 17
2.2 Thermodynamische Beziehung ............... ............. 19
2.3 Diffusiver Transport .. ... .. ... . . ... .. 20
2.4 Stoffwerte . .. ... .. e 23
241 ReineStoffe ... ... ... . . . 24
242 Gasgemische . ... . ... ... 24
2.5 Chemische Kinetik. ... ... .. ... . . . i i, 25
2.5.1 Chemische Umsatzraten.............. ... ..o, 25
2.5.2 Reaktionsmechanismen............... ... ............ 30

From Theroretical and Numerical Combustion (Thierry Poinsot, Denis

Veynante)
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1 Conservation equations for reacting Hows

LD Greneral Tormas o 0 0 0 0 0
1.1.1  Chowe of primative vartables 0 0 0 0 0 00 0 000000000000
L2 Conservation of momentam - . 0 00 0 0 00 0000
Ll Copservation of mass and species 0 00 00 0 0000000000
1.1.4  Diffusion velocities and Fick'slaw . . . . . . . . ... .. ... .. ..
1.1.5  Global mass conservation and correction velocity
1.1

B Conservation of energy . . 0 0 0 0 L. L Lo

20 Usoal simphfied forms 0 0 0 000 00 0000
1.2.1 Copstant pressure flames . 0 0 0 00 00 0000000000000 oL
1.2.2  Fqgual heat capacities for all species . 0 0 0 0 00 0000000000
1.2.3  Constant heat capacity for the mixture only . . . . 0 .. .. ... .. ..

A Summary of conservation equations . . . . . L L L L0 Lo

A Ll Sl
mass transfer’ e
(Conservation equations for reacting flows) Aleldl Gl yul &y ) patu¥l EValee @
Some Important Chemical Mechanisms (e.g. the H2-02 System)°® o
Laminar premixed flames and Laminar Diffusion flames e
Droplet Evaporation and Burning e
Introduction to Turbulent Flows e
Turbulent Premixed and Nonpremixed flames o
Burning of solids e
Free Numerical Combustion Codes (e.g. KIVA) e

5 From [Turns], pp. 83-105
6 From [Turns], 148-152
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el
Fluid Dynamics
1. [Ganzer 1987] Uwe Ganzer, Gasdynamik, Springer-Verlag 1987
2. [Wendt 2009] John F. Wendt, Computational Fluid Dynamics — an
Introduction (a von Karman Institute Book), Third Edition, 2009,
Springer Verlag
3. [Siddiq]

A / RS Al and il sal) Aadia Foms Ll JEY1) ol adla Sana [(Gaeal]

3laal) @l sall dilSia ((msiddig@yahoo.comea skl Aada 3 jleall 5 dusnigl)

2006 AUl

Computational Fluid Dynamics

1.

4.

[Anderson 1991] Anderson, John D., Jr, Fundamentals of
Aerodynamics, 2" Edition McGraw-Hill, New York, 1991

[Ferziger, Peric] J. Ferziger und M. Peric, Numerische

Stromungsmechanik, 2008, Springer Verlag.

[Wessling] Pieter Wesseling, Principles of Computational Fluid Dynamics,
2000, Springer Verlag.

http://en.wikipedia.org/wiki/Computational fluid dynamics

Numerical Combustion

1.

[Strauss] K. Strauss, Kraftwerkstechnik - zur Nutzung fossiler, nuklearer
und regenerativer Energiequellen, Springer-Verlag, 2006

[Poinsot, Veynante] Thierry Poinsot, Denis Veynante; Theroretical
and Numerical Combustion

[Turns] Stephen R. Turns; Introduction to Combustion — Concepts and
Applications, 2n edition

[Akinyemi 1997] O. Akinyemi, A flame Sheet Model of Combustion an
NO Formation in Diesel Engines, PhD thesis, MIT, June 1997
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