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Chapter 1: Basics'

1. General forms
Combustion involves multiple species reacting through multiple chemical reactions. The
Navier-Stokes equations apply for such a multi-species multi-reaction gas but they require

some additional terms. Species are characterized through their mass fractions Y« for k=1 to

N where N is the number of species in the reacting mixture. The mass fractions Y« are
defined by:

1Tl

Yi =

Ik

Where mu is the mass of species k present in a given volume V and m is the total mass of
gas in this volume.

Going from non-reacting flow to combustion requires solving for N+5 variables instead of
5.

For a mixture of N perfect gases, total pressure is the sum of partial pressures:

Al R

=1

Where Wi is the atomic weight of species k. the mean molecular weight of the mixture is
given by:

1 Y,
WS

The enthalpy is assumed by:

.
hy, = [ CondT + ARY,

T,
IN'-—-\-,\‘_,-_"'I \'--bv.-"‘
sensihble chermical

To=298.15 k (reference temperature).

AN
The formation enthalpies ¢+ are the enthalpies needed to form 1 kg of species k at the
reference temperature.
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Molecular | Mass formation | Molar formation
Substance || weight Wy | enthalpy Ahf, | enthalpy Ah?}f
(kg /mole) (k) fkg) (kJ fmole)

C'H, 0.016 —4675 —74.8
(3 Hg 0.044 —2360 —103.8
CsH s 0.114 —1829 —208.5
(04 0.044 —5943 —393.5
Hs0 0.018 —13435 —241.8
Oa 0.032 0 0
Ho 0.002 0 0
Ny 0.028 0 0

Table 1.2: Formation enthalpies {gaseous substances) at Tp = 208.15 I

The heat capacities at constant pressure of species k (Cpx) are

O =35R and Cpe = 3.5R/W,

Scaled molar heat capacity

Temperature (K)

Figure 1.1: Scaled molar heat capacities at constant pressure C7p fR of COy, CO, Ho O, Hy and N
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Figure 1.2: Mass heat capacities (J/ikghi)) at constant pressure Oy ol OOy, OO, M0 and N,

The mass heat capacities O at constant volume are related to the Oy by:



1.1.

Different forms of energy equations

Form ” Energy Enthalpy
Sensible o=l —pfp= _]’f CLdT — RTL /1 e = _]} 1
Sensible+Chemieal e=h—pip=e, +Z,|__| Al LY h=h,+ El‘__l ARG Y
Total Chermiceal gp=hy —plp=e.+ E.'&-=| Al Yi + .'E!r,-!r; e =T, + Z;{_I Al LY+ .'_—,!r; o
Total non Chemical =t —pip=c,+ b H o=y + by
plit = =22 4 o)+ O p iy Yifiiln + Vi)
iy F%—%__ 7 2o Yo Je il + Vi)
‘ e = iL+rI +f-7 +le, Y S iV
;. pr-r—+ et Q4 iliites
e il N e i 5 N - -
€ plie = dr + ) — 2 Dia heg el +U-'J=JT? + Q4P 3 o YefhiVes
h. plpe = oy + B+ 2D = S ny b Vi) + T B+ Qo T Yk Vi
Bl pRE =G 4 F OV - e (p ke B k¥ Vi) Flo) + Qb p T fny YaSiifui 4 Vi)
0| pt D) — e T, ek YiVa) e () + Q4 p R YeSialur + Vi)

Table 1.6:

Jiei's are volume Torees acting on species & in direction .

 Jon ¥ l"r i

= —,"L {.JT Ll "_"\'l

The heat r‘t|hL‘-{ wr s —'\—

1.2.

J':r]ll]élll}\\. ard {'I’l('l","_:'\\ lormms and ('Ul'rl'ﬁlmr]di”g |}c'l|<'l|'11'(! ('{]Uc’ll iUI’lH-.

s Lhe volume source term.,

The Vi, are the dilfusion velocities. The

gi s Lthe enthalpy Hux delined by

: . oy g, oy, Mg
The viscous tensors are delined |n Tij = ’l||l 1;[—"5.'3 --;rl_:J,—"_ : {J_' Jand @i = Tij —Iﬁ.'j .
T E;
I - ihal — LA S Fil
y T e For any energy or enthalpy f: J-'J—br Pl = ot (—,_;‘J ==+

Viscous Tensor

The velocity components are called ui for i=1 to 3. The viscous tensor is defined by:

dhu
9z, " Om

d'u,j.
Ha

Where 0ij is the Kronecker symbol dij =1 if i=j, 0 otherwise.
Viscous and pressure tensors are often combined into:

2 duy Oy

5 du,
2 Oui g
39 90y Jx;

da;

oy = Tij — pli; = —pdi; — + p

1.3. Chemical kinetics

Consider a chemical system ol N species reacting through A reactions:

N N
" " " g
E v M = E My for j =1, M
=1 k=1

For simplicity, only mass reaction rates are used. For species k, this rate is the sum of rates
produced by all M reactions:

8
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A M

. . - - . LL"I; i -
Wy = E Wi = W E M {"2_? with = 1 i
: : Wi

i=1 i=1

Il
I's

The progress rate @5 ol reaction j is written:

- e [ PYE Vi I ) AN
Q= IlfjHJ:;L (W) - IlerJ?:L (W)

Where Kfj and Krj are the forward and reverse rates of reaction j.
They are usually modeled using the empirical Arrhenius law:

K = _#'ijT"si exp (—%) = _»"ijTf";-" BX[ (— 1;‘?)

An example of a kinetic scheme for H2-O2 combustion proposed in the table below. First,
elements and species which have been retained for the scheme listed. For each reaction,
the table then gives Afj in cgs units, $j and Ej in cal/mole. The backwards rates Krj are
computed from the forward rates through the equilibrium constants:

K
Ky = _ {3 - -
( JUC! j Z.‘r:l ¥ J ‘)_\.'5_‘? ‘l}j—j‘
- (Sl — -
BT/ PATR RT
ELEMENTS
H 0 I
END
SPECIES
H2? 02 OH 0 H H20 HOZ2 H202 N N2 NO
END
REACTIONS
H2+02=0H+0H 1.700E13 Q.0 47780,
H2+0H=H20+H 1.170E09 1.30 3626,
H+02=0H+0 5.130E16 -0.816 16507.
0+H2=0H+H 1.800E10 1.0 8826,
H+02+M=HO2+M 2.100E18 =1.0 Q.
Hz/3.3/7 02/0./ N2/0./ H20/21.0/
H+02+402=H02+02 6.T00E19 =1.42 Q.
H+02+N2=H02+N2 6.T00E19 -1.42 0.
OH+HO2=H20+02 5.000E13 0.0 1000.
H+HO2=0H+0H 2.500E14 0.0 1900.
0+HO2=02+0H 4.800E13 0.0 1000,
OH+0H=0+H20 6.000E08 1.3 0.
H2+M=H+H+M 2.2320E12 0.5 A2600.
Ha/3./ H/2./ H20/6.0/
024M=0+0+M 1.850E11 0.5 95560,
H+OH+M=H20+M T.500E23 =2.6 Q.
H20/20.0/
HO2+H=H2+02 2.500E13 0.0 TOO.
HO2+HO2=H202+02 2.000E12 Q.0 Q.
H202+M=0H+0H+M 1.300E17 0.0 45500,
H202+H=H2+H0O2 1.600E12 Q.0 2800.
H202+0H=H20+HO02 1.000E13 Q.0 1800.

END

Table 1.4: Chemical scheme for Ha - O combustion (Miller et al.**). For each reaction, the table
provides respectively Ay, (cgs units), 3; and E; (calfmole).



2. Reacting flow conservation equations

The government conservation equations for reacting flow are shown below:

M ass
ft 11.-'.'::
ot o, =0

Species: for = 1to N — 1 {or A if total mass is not used)
With diffusion veloeities:
‘—“’;::‘r—“+ -;—{ph: + ViV ) =@y

With Fiek's law:

B 4 0 (plus + VEVYE) = g (pDx G5e) + iy and V= 0 Dyl

Momentun

Dpu; + T,“—pn ir Bp oz, T —a—f— —{—;JZ;:”;._ Yl

Energy {sum of sensible and kinetic)

“Lﬁ;r‘ 7 D E) = wr — i;i', r}“_lff'r )+ Q4 p ey Vi fealus + Vis)

with wp = —Z;:”:._ Ahg oy and ¢ = —,E{‘;'—“T +p Z;:”:._ hy Yo Vi

Table 1.7: Conservation equations for reacting flows: the energy equation may be replaced by any
of the equations given in Table 1.6, € is the external heat source term and f; measures the volume
forces applied on species k.

10
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Mass
o Bpu,
it Y ey, T b

Species: For b =110 N — 1 {or NV if total mass is not used]
With diffusion veloeities:

fely |

oe fh. (pluy + Vi) Ye) =

With Fick’s law:

e i) revys oy ik LY ey s qe oy
e+ el £V = (e 555) + e and V] Z,-\_-_ Dy 5

Momentum

Doy 4 oy = —20 g O
g P {Lw,.lr" Y L .

Energy (sum of sensible and kinetic)

okl gy

N :
o "h-. L S = g with o = =3 ) AbG

O!' Lenmperalure

I lF

I |
.Ir"ll'r-.' j_i'r — W

u]" ﬂ]" (Z*___ ll,.;},;'lrj. )

Py N . T N ERY.
with wp = =57, hpwp and g = —J&L:}T: + o3 o YV

Table 1.8: Conseration equations for constant pressure, low Mach number flames.

3. Boundary Conditions

In first step, two classes of boundary conditions must be distinguished:

e Physical boundary conditions.

e Soft or numerical boundary conditions.
Physical boundary conditions specify the known physical behavior of one or more of the
dependent variables at the boundaries. For example, specification of the inlet longitudinal
velocity on a boundary is a physical boundary condition. These conditions are
independent of the numerical method used to solve the relevant equations. The number of

11



necessary and sufficient physical boundary conditions for well-posedness should match
theoretical results as summarized in the table below:

Boundary EULER NAVIER NAVIER

by pe: STOKES STOKES

Non-reacting | Non-reacting | Reacting
Supersonic inflow 5] ] b+ N
Subsonic inflow 4 5 b+ N
Supersonic oublow 0 4 44+ N
Subsonic outflow 1 4 4+ N

Table 9.1: Number of physical boundary conditions requjred for well-posedness {three-dimensional
flow). N is the mumber of reacting species.

A boundary condition is called “numerical” when no explicit physical law fixes one of the
dependent variables, but the numerical implementation requires to specify something
about this variable. Variables which are not imposed by physical boundary conditions
must be computed on the boundaries by solving the same conservation equations as in the
domain.
3.1.  Reacting Navier-Stokes equations near a boundary

The method is first derived using the following assumptions:

e All gases have the same constant heat capacity (Cpx = Cp) and Y is constant.

e Volume forces are neglected (f,=0) like volume heat sources (Q = 0)

e Fick’s law without correction velocity is used for diffusion velocities.
Under these assumptions, the fluid dynamics equations derived before are written:

Lt () =0
B b o o ) = — ) + )
i';?(g?j) n db:, (puiug) + j_i - ‘;‘% for i=1,3
a':;f’*j' 4 i (pu¥) = {%(m] —&p  for k=1,N

where F is the total energy (without chemical term) defined in Table 1.3:

1 r 1 1

E=e, + supu, = CodT + supuy, = OOVT 4 supug
2 Jo 2 2

The molecular {luxes of heat (g;) and of species {M;) in direction 1 are defined by:

Yy

duy

fa T
q; = —A;T and  My; = pDy,

3.2. Comparison between NSCBC implementation for Euler and
Navier-Stocks

12
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Equaliens
used in code

Physical boundary conditions

ECBC conditions: impose one or
more independent variables
Ex: Outlet pressure is fixed

Density

STEP

| pr—— |

STEPY

¥1 momentum

¥2 momentum

X3 momentum
Species (k=1 to N}

Energy

o

- The remnaining conservation equations are used on

- the boundary to time advance density, velocities

= and species. The amplituds of incoming waves is

| estimated by the LODI relation -

- [

- Energy equation is cancelled: not needed on

Lo
relations

the boundary (pressure is fixed)

sz

Uzing the physical conditions and the LODI equations
gives the amplitude varation of incoming waves.

For fixed pressure: Liq = -Lig

Figure 0.3: NSCBC implementation for Fuler equations. Example for a fixed pressure outlet.

Eguations
used in code

Physical boundary conditions

ECBC conditions: impose one ar
more independent variables

Ex: Cutlet pressure is fixed

Viscous condiions: impose weak
conditions on viscous and diffusion
terms.

Ex: constant heat flux, normal
stresses and species flux along x4

STEM

;

Density
¥4 momentum

The remaining conservation equations are used on

the boundary to ime advance density, velocities

*2 momentum

and spacies. The amplitude of incoming waves is
estimated by the LODI relation. The viscous

¥3 momentum

conditions are used to set values to diffusive terms ‘

Species (k=1 to N)

in the conzervation equations.

Energy

Loos
refations

Yy YYYYY

Energy equaticn is cancelled: not needad on the
boundary (pressure is fixed)

Using the physical conditions and the LODI equations
gives the amplitude variation of incoming waves.

For fixed pressure Liq =-Lsg

Fipure 9.4: NSCHBOC implementation for Navier-Stolies equations.  FExample for a fived pressure

outlet.

Step 1 and 2 are the same for Euler and Navier-Stokes equations.
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Fuler Mavier -Stokes with N species
ECRC Total ECBC Viscous Reaction Total
Clonditions Nbr Clonditions Conditions | Condition Nbr
w, T, Yo w;, T, Yy
Mo No
51-1 imposed imposed
44N 44+ 0 0 441
wi, p, Y wi, o, Yi 9t
£ _” =10 No
Sl-2 imposed imposed A,
44N 44+ L 0 4+
T T w — 22—, U, a-
-r I -r I L —p No
S5-3 || us, =, ¥y imposed us, 8, Vi imposed i
44N 44+ L 0 54+
Mo reflected Mo reflected I
Ti1
— =0 No
Sl-4 wave wave oy
44N 44+ L 0 54+

Table 0.2: Physical boundary conditions for three-dimensional reacting flows.

total number of species is N. The boundary is normal to the & axis.

Subsonic mflow. The
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Euler Mavier-Stoles with WV species
ECRC Tkl ECRC Wiseous Renction | Total
Condition | Nhe Conditions | Conditions | Condition | Nl
Prerfect]y Mo M :;L:L =0
Bz non refllecting || refllection relloc tion iI'T_I: =0 % =0
oullow :,"—'I =0
1 1 3 Iy 441
Partially P infinity P oab infinity ‘{;‘f— =10
B3 non refllecting i o] i o % =0 %‘- =0
ok e :+||_ =0
1 1 3 Iy 48T
Subwonic P outlet P outled :;L.l =0
B4 reflecting i o] i rosedd i',_—'l" =10 % =0
ol low :,—"ll- =0
1 1 3 Il 44
lsothermal wi =10 My =0
MEW no slip wall T i possed
1 0 M A4
Adialatic Zero mormal g =10 My =0
ASW slipr wall velocity
3 1 M A4

Table 9.3 Physical boundary conditions Tor three-dimensional reacting Qows: sulsonic oullow ared
wills, The total number of species is V. The boundary is perpendicular bo the oy axis.

3.3. Examples of implementation

It is useful to go into more details by presenting the practical implementation of the
NSCBC method in the following typical situations:

e A subsonic inflow with fixed velocities (SI-1)

e A subsonic non-reflecting inflow (SI-4)

e Non-reflecting outflows (B2 and B3)

e A subsonic reflecting outflow (B4)

e Anisothermal no-slip wall (NSW)

e An adiabatic slip wall (ASW)

15



Lt Prossure &t (et s1)= 100 |

TR T,

Figure D.24: Steady state pressure, velocity and temperature fields for the Poiseuille flow with outlet
condition 1.

[tat Pressure _at (cts1)= 200 |
§ - o o Rl £ B L, N =N e B A w S TR U0 s

-f

50T

N e ————
——
0, i 0. —
e =

prese R R T

Figure 9.26: Steady state pressure, velocity and temperature fiekls for the Poiseuille flow with outlet
NSCHO condition B3 (o = 0L15].
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Figure 0.27: Steady state pressure, velocity and temperature fields for the Poiseuille flow with outlet
MSCRC condition T34,

17



Conservation equation Comparison between KIVAIl and Poinsot .4

Government | Computational fluid dynamics KIVA II Program Poinsot
equation
Mass dp . 3 fdp | Opu, _ 0
. — . lIr"r = _p. & T e, T
conservation it +7-pV)=0 at + ¥ -(pu)
Species: for b = 1to A — 1 {or N il total mass is not used)
With diffusion velocities:
l—“?;:,—"— DT(,I’J{?! -{—l;. r\};ﬂ _n.;'
With Fiek's law:
'—hrf,,1:—+;JT(;Jfr: + VYR = 5 {,r;f);.-;—\-[—..,;, and V) = Zf. U;,%““—
Momentum | d(ou) _dp Otk 0Ty e alpu)
+V - (pu uvy = —— + —— +pfx p _ : i) i) o
equation K w Ty o +¥-lpuu)=~=Fp Vo0 + F 4+ pg TPt + gy = l,“ 4 ZA Yo £
d(pv} 7o 1-“:}) _ _@ + de).' + dTJ + dTI)‘ i f
d W=y T Ty TTar TP
0 dp 0ty ar z 0Ty
(St +V- {p}vV}——d—!+ o + d: + +pfz
d(pe) a ( oT a ( oT a ( oT
Ener 5+ V0N =pi 5 (i) + 55 (k55) + 5 () afﬂﬂ Bof |, : Ny .
gy 2 o0 o ov ot | —— + 7. puﬂ )uVu Vo +4 DE'l'Q '1'@ St me i) = o1 — “T i)+ Q+ p 2oy Yafealni + Vi
equation (Gt 5) G n )
M z(a_u) ”(av) ”(aw) el ar N » 73
ax a FZ | = —KVr-pD E h Vi /p) with wp = Z,\__ _‘kh”\w and g = —)&H-.—,r; Doy Y Ve
du  v\* (du  Ow v ow m t
+ora) @+ a) +(5+3)] m
Chemical . - armr b’mr
o =k [Jtomw )™ —k []t /W) _
. . r m [ b Wy = W:;W’H ff:;@;
kinetics R " " Z Z

i=1

pYy

R s T » YN
Q; = Nyl (H;.-) wI\UlI (H;.)
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KIVA 1l 20U ,J alell (83l blbsoChapter 2:

Our diagram is inspired from the KIVA II Diagrams

KIVA ILJu! gl 3t o Ciolt e (B dazned! z3 901 ol

@ PRIMARY SUPPORTING

SUBROUTINES: SUBROUTINES:

[ JOB INITIALIZATION | BEGIN
I
[ READ INPUT, COMPUTE DERIVED QUANTITIES | RINPUT, TAPERD  FUEL, TRAN3D,
I COPY3D
[ CREATE MESH AND CELL VARIABLES | SETUP, TAPERD  VOLUME, PISTON,
I STATE, BC
—={ CALCULATE GAS VISCOSITY | vIsC
|
| CALCULATE AREA PROJECTIONS | APROJ
I
| CALCULATE At FOR NEXT CYCLE TMSTP
I
| NEW CYCLE: OUTPUT, CELL INITIALIZATION NEWCYC DMPOUT, FULOUT,
I plct, print routines
< TME 10 STOP? >——(STOP) TAPEWR
| w
| MOVE PISTON, CALC. ITS NEW VELOCITY | PISTON
I
INJECT FUEL DROPLETS, IF APPROPRIATE INJECT FRAN
|
| DROPLET TRANSPORT AND TURBULENCE | PMOVTV FRAN, PFIND,
T REPACK
| DROPLET BREAKUP | BREAK FRAN
DROPLET COLLISIONS / COALESCENCE COLDE FRAN, REPACK
[
[ DROPLET EVAPORATION | EVAP
| WALL SHEAR STRESSES, HEAT TRANSFER LAWALL BC
I
[[OPTIONAL NODE COUPLER | NODCPL BC
[
| KINETIC CHEMISTRY, IGNITION | CHEM
- e I
| EQULIBRIUM CHEMISTRY CHEMER or (inear system solver)
| CHMAcH
| BODY ACCELERATIONS GRAVITY 8C
[ | |
DROPLET MASS, MOMENTUM, PMOM,
AND ENERGY COUPLING PCOUPL BC
I

19



-DESTROY- AND/OR-SPLIT DROPLETS |-

|

EXPLICIT VISCOUS STRESS, HEAT DIFFUSION” |

INITIALIZE 1st- GUESS-FOR PRESSURE |

ADD PRESSURE ACCELERATION TO VELOCITIES

* IMPLICIT MOMENTUM DIFFUSION

l

| [WPLICIT HEAT DIFFUSION

| MPLICIT PRESSURE SOLUTION. |-

| L
| < ReEPEAT 816 TERATION? >———

| yes.

-RESET- VELOCITY. FIELD-|.

ADD PRESSURE ACCELERATION TO VELOCITEES |

PHASE B DENSIT

IES, ENERGY, |
LAGRANGIAN COORDINATES

MPLICIT DFFUSION OF TKE AND EPS |

[

UPDATE DROPLET VELOCITES |

'CALCULATE GRID VELOCITIES, |-
REZONE GRID COORDINATES |

-CALCULATE NEW CELL VOLUMES |-

-

'SUBCYCLE ADVECTIVE FLUX OF MASS, |
ENERGY; TKE; LENGTH- SCALE -

|

UPDATE CELL T

PRESSURES, AND GAMMAS

20

PRIMARY
SUBROUTINES:

YSOLVE
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Chapter 4: Class Diagram

class Starter Class ciagram /

MIXTURE
+ density_mix: float
MIX + density_S: float
+ fx:float
Fuel + density_mix: float + fy:float
+ density_S: float + fz: float
+ density: float + mu:float + NB:float
+ M:float + NB:float + Pi:float
+ Mk: float - viscositylambda_mix: float + Ti: float
+ Molecular weight: float * ymu_mix: float + Tw:float
+ temperature: float + volume_mix: float + uil: float
+ volume_s: float + ui2: float
4+ compute_massfraction(): flo + ys:float LS
+ com viscosity_lambd 5 D Hoat
+ compute_viscosity_mu(): float + compute_mixdensity{) f\'\T?ﬂ‘ + viscositylambda_mix: float
+ compute_mixviscosity(): float Chesical ey o fioat
compute_mixviscositymu(): float i fast
: j;:ﬂf?:a't + wi2: float
+ bi:float eI at
+ beta: float + compute_characte void
- density_mix: float
+ fuel_massfraction: float
+ HO: float
+ kfj: float
+ krj: float
+ Pi:float
- R:fioat
+ SO: float
+ T:float
+ Ta:float
+ compute_kfj(): float
+ compute_krj(): float
+ compute_reactionrates(): float
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Chapter 5: Code generation

To generate your code from your class diagram, follow the steps below:

Before starting the code generation make sure to choose the language for your classes, in our case
it's C++. First select the class then change the language in: “Element properties 2 Advanced -

Language “. Repeat this on all the classes that you want to generate code from.

Operations. Class Diagram # = x l E|Ement PI"DHEFHES ' > & x

s

1

E

Element Templates Files

General
State
Project
& AT | + Advanced
wall of Scope Public
Q l Language Cs++ l
- CE”’”F_}UTE heat loss : float 1. Filename CiUsers\Lenovo\Desktop\AECE..,
- density ?w: float Multiplicity
- dimensionless wall heat loss: float
- shear speed u*: float
; - specific heat Cp: float j Abstract
- wall heat loss Jw: float Is Leaf
- wall temperatur Tw: float Is Root
+ compute dimensionless wall heat loss(): void Is Specification
+ compute heat loss(): void Persistence
+ compute shear sr:EEEI-_':: void
+ compute shear stress{): void
& T u|

Now that all the classes are ready follow these steps.

Step 1.
Go to “ Code - Source Code - Generate “ as shown in the image below

14032019_1431NLAP-CFDMNC - EA - 30 Day Trial

Start Design Layout Specialize Publish Construct Simulate Code Execute Configure ' Find Command...
= e ]
Paortals | Praject  File DDL X5D HELT Analyzer Options Eclipse
Show Import Schema Configure Build and Run Add-lns

° » / » Model » Basic Class D Attributes and Operationz  »

Proiec‘t Br.. =& x » ?E Basic Class Diagram with Attributes and Operations. Class Diagram

Step 2:

Select the type you want, in our case “Generate all”

14032013_1431MLAP-CFDNC - EA - 30 Day Trial

Start Design Layout Specialize Publish Construct Simulate Code Execute Configure @ Find Command...
TR BEERD EBEEE R o B
P

Portals Project Flle Synchromze Generate Edit DDL XsD 5T AnalyzerOptlons Eclipse

Show Import Enerate Selected EleNG(s) Schema Configure Build and Run Add-Ins
(<) » /v Model » Basic Class Generate Single Element Y
Project Br.. -2 x » s Sl d Operations. Class Diagram « = x E|

23



Step 3:

A dialog box will pop up. Choose the Select All button then Generate

Generate Package Source Code

4
Package: Basic Class Diagram with Attributes and Operations
Synchronize: i -
ynchronize: | Synchronize model and code
Generate:
[[] Auto Generate Files Root Directory: | |
Retain Bxsting File Paths

Select Ohjects to Generate [1Include all Child Packages

Object Type Target File

Chemical Class C:\sersiLenovo\Desktop \ AECEMARNCFDNC. .. o

Class1 Class C:\UsersiLenovo\Desktop\ AECEMARNCFDNC. ..

Droplet Class C:\WsersiLenovo\Deskiop \AECEMARNCFDNC, .,

Fuel Class C:\UsersiLenovo\Desktop\AECEMARNCFDMNC., ..

heat Class C:\UsersiLenovo'\Desktop\AECEMARNCFDOMNC., ..
Interfacel Interface C:\UsersiLenovo'\Desktop\AECEMARNCFDONC., ..
Interface? Interface C:\UsersiLenovo'\Desktop\AECEMARNCFONC. .. -

The code will be generated after you choose the designated folder.
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Chapter 6: Para view Input files?

The type of files we are using to read our solution via Para view is the .csv files (comma separated
variables). In this section we’ll show a simple example (8 points). First start with defining the .csv

tile using notepad++ as shown in the figure bellows.

File Edit Search View Encoding Language Settings Tools Macre Run  Plugins Window 7

cHHBRGE| sBD|oehR 2| BE 1 [EREAa®| @ ED B E

Enew'lml

coord, z coord, scalar

v
0
, 0, 1
2
3
.5

W m =] M o L ke
[
-
o O
-
=]
-

T B Desktop v O Search Desktop

”

9 Favorites
B Desktop Q Homegroup

‘» Autodesk 360
_‘i Downloads
“El Recent places

Homegrou
group
! mohamad abdel

. Libraries
n!—l This PC = Q

File name: |

Save as type: |AII types (*.7)

(= Hide Folders

Now it’s ready to be opened in Para view.

Select the open button and choose your file .csv.

2 https://www.paraview.org/Wiki/ParaView/Data formats

https://www.voutube.com/watch?v=mNR2Vn6r0io
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https://www.paraview.org/Wiki/ParaView/Data_formats
https://www.youtube.com/watch?v=mNR2Vn6r0io

o ParaView 5.5.2 64-bit = =

facros  Help

F G A > PP S| wmep 03
- - SRR T e [cfe] ]
,\; Ay (6 ~ D 08 W O

Pipeline Browser 2 X | Olayout#1X +

B buitin: — pra—— . : B Renderview1 |8 [0]8](x
pen File: (open multiple files with <ctrl> key.) b
Lookin: | Cs/Users/Lenave/Desktop/ 0O 0 WE
| Examples Filename ’ Type
\. My Documents || AECENAR Folder
. Deskiop | arduino Folder
.. Favorites [ Downloads File
LA | english Folder
Properties Information LD\ L family Folder
Information Bl | E L Folder
@ Windows Network |\ krakib projet Folder
Statistics ] received 3052..96850134 jpeg jpeg File
M= LR | testl.csv  csvFile
Number of Cells:  NA |\ Desktop
Mumber of Points: NA
Memory: NA
Data Arrays
Name Data Type Data
< >
File name: testL.csv Navigate
Bounds
Files of type:  Supperted Files (pit™ =.inp *.cgns *.cml %.csv =.tsv *.txt *.CSV =TSV =7 ¥ Cancel
X Range: NA
¥ Range: NA
ZRange: NA
Time:

Index Value ‘

Start Para View, and read in this data. Note that the default settings should be used:
* Detect Numeric Columns ON
» Use String Delimiter ON
» Have Headers ON
= Field Delimiter Characters should be a comma - ',

(See figure below)

] ParaView 5.5.2 64-bit = B

Fi Edit Fi Tools facros  Help

@é @ @@ naE F m@ K qﬁ B I> Pl S e o
T e i E - KmadihddRco BEECG

Pipeline Browser DOlayout #1% | +
] buin: o BN AR EE R A0 R Renderview1 |1 8|08 x

[ Ttesticoy]

Properties | Information
Properties & X

' apply D Reset 9 Delete | 7

Search ... (use Est to dear text)

Detect Numeric Columns
Use String Delimiter
Have Headers

Field Delimiter
Characters "

[ Merge Consecutive Delimiters

e e
= vttt | 8] & 6]

[[] Axes Grid Edit
[[] Center Axes Visibiity

[+] Orientation Axes Visibility ©

Then press apply.
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m ParaView 5.5.2 64-bit - ‘:'
File Edit View Sources Filters Tools Catalyst Macros Help

PpEERO O F k@G a P> DS [imeb AE

D =l é Gt r® - ~ | ¢ Representation i K % B Sl W B0 B Y i3 1 @]
Y il 00 [ O
EROL 02§
Pipeline Browser 2 X O Layout #1 X +

) buitn: 5 %@ L | Renderview1 |[M|[8/[3][&]x

it

Properties | Information

Reset 3 Delete

Y dear text)

= Properties (test | [T @
Detect Mumeric Calumns
Use String Delimiter
Have Headers

Field Delimiter
Characters

["] Add Tab Field Delimiter
[] Merge Consecutive Delimiters

(o B ® B

= view 86 o

Edit Color Map

The data should show up as a table.

o ParaView 5.5.2 64-bit - 0

File Edit View Sources Filters Tools Catalyst Macros Help

Bl BEOwa & k@ 1A > DM B mp o
D - é M ~ | i Representation - X 2 B By e 4ol B r 3 (o @ ‘
[ c® i@ o
Pipeline Browser & x O Layout #1 X +

B buitn: BRI E W S E AR E A o » Rendervien |0 [E]0][8][%

Spreadsheetviewl [0 8|0

@ m'tesmsv‘ |Showing | testl.csv = Attribute:|Row Data  ~ |Precision:| s [+],20 | | H [} @

RowID scalar ycoord zcoord xcoord

Properties Information
Properties 3

0o 0 0 0 0

11 1 0 0 1

Gl J ?
Apply 2 Reset % Delete || ? 22 2 1 0 0

search ... (use Esc to dear text) 3%]

[ = e | 8] @ 0] @

Detect Numeric Columns
Use String Delimiter
Have Headers

Field Delimiter
Characters "

[_] Add Tab Field Delimiter
[] Merge Consecutive Delimiters

= oo | 8] 8 8]

3|3 3 1 0 1

4 4 4 -0.5 1 -0.5
55 5 -0.5 1 03
66 6 0.3 1 -0.5

05

Field Assodiation oy, Data -
= View(spread | [P @ & | |

Cell Font Size 5

Header Font Size o

71 Salarfinn Fink:

Open

1. Displaying data as points

= Run the filter Filters/ Alphabetical/ Table to Points (right click on the table at the left as
shown in the figure below).

» Tell Para View what columns are the X, Y and Z coordinate. Be sure to not skip this

step. Apply.
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] % jew 5.5.2 64-bit - o IEN|
Add Field Arrays
FigffEdit View Sources Fiters Tools Catalyst Macos M, 0.0
@ @ @ ] @ S @ 1 Annotate Time Filter 0 s
B N 2 o Append Attributes { a 2 , -
o ' iy ' |
) Bounding Ruler S & B «=d +a i
1 & & Compute Quartiles
e A x| O lsyout #1% Contingency Statistics
Hébu“ﬁm & @ Descriptive Statistics Rendliviewt1 |0/ E]0][8] X SpreadSheetView1 M 5|[0][& [x
™ HF— § Environment Annotation Showing testl.csv ~ Attribute:RowData v [Precision: 6 2,28 | o |[E] [{.}] &
7' Open /= Extract Bag Plots
oy ey D Baract Sutect RowID scalar ycoord zcoord xcoord
a ide " ract Selection
@ Copy Extract Time Steps 0o o 0 0 0
M | Paste 6@ FFT Of Selection Over Time 11 1 0 0 1
Change Inpu... (9 Group Datasets
20 = 2 22 2 1 0 0
| AddFitter ’ Annotation  * Group Time Steps
Reload Files Common v [ Histogram 33 3 1 o 1
Ignore Time Data Analysis  * K Means 44 4 -0.5 1 0.5
£ Delete Statist] » Multicorrelative Statistics
erties 55 5 05 1 05
Create Custom Filter... Temporal » Pass Amrays
Properties Link with selection Alphabetical Plot Data 66 6 05 1 05
fronesied Plot Data Over Time - > oa |k -
F oty D resst || 3% Delete || 2 Plot Selection Over Time
Principal Component Analysis
Search ... {use Esc to dear text) 683
{.} Programmable Filter
" "
EICNEIE] Python Annctation
Detect Numeric Columns Slice (demand-driven-composite)
Use String Delmiter Table To Points
Have Headers Table To Structured Grid
Field Delmiter Temporal Cache
Characters ’
Add Tab Field Delimiter . Temporal Interpolator
Temporal Shift Scale
nge a Filter's Input Temporal Snap-to-Time-Step J|
— Time Step Progress Bar :
. = 6
Q &2 = Transpose Table [ 91% T
"o ParaView 5.5.2 64-bit = =
File Edit View Sources Filters Tools Catalyst Macros Help

e BEO »c

m testi.csv
:
+ SEEEE

Properties
Properties.

@ Reset

Search ... (use Esc to dear text) 3%}

D rermecaverore | 3] &

TThlumn

- Apply 9 Delete || 2

x coord

Information

scalar
v coord
= coord
x coord
[ 20 Points

Keep All Data Arrays
- D y:

¥ Column

Z Column

QB

= Display (GeometryRep

Representation Point Gaussian
Coloring
@ solid Color hd
s Edt | @2 L |[E| [
Styling v
< >

F R AP IS e e

N % 82 256t e @sddconr - + | [Point Gaussan - oyt O
BO0PRTOTL® 108 r OF ok
Pipeline Browser & %X | Olayout£1X | +
[ buitn: ERIEL EEE T EREEY T Renderviews (D] H|[T [&8][%

Press apply and the points are visible now.

If your points didn’t show up press on “split horizontal” button. And choose the desired view.
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) ParaView 5.5.2 64-bit = =
File Edit View Sources Filters Tools Catalyst Macros Help
PEBEOLE FRG AP DPHES mb e
D (U= é MY ST S = ~ |i Representation M o e I Al .0 i Y s ¥
= ~ = o® o
VPRI | L 58 B o X /
Pipeline Brawser & X | OLayout 1%
8 buitn: EXSE-] SRR R » RendeVien1 @508 mlEN=HE]
Ii‘ testl.csv Split Horizonta
[ JrableToPoints 1 Create View
Render View
Render View (Comparative)
Bag Chart View
Bar Chart View
Properties Information
p— O Bar Chart View (Comparative)
: Bax Chart View
Apply D Reset 9 Delete | 7
FunctionalBiag Chart View
Search ... (use Esc to dear text) 3%} Histogram View
= Properties (Tab D (& E Line Chart View
X Column [ coord = Line Chart View (Comparative)
¥ Column |y coord e Orthographic Slice View
2 Column | 7 coord - Parallel Coordinates View
[[] 20 Points Plot Matrix View
[Jkeep Al Data Arrays Point Chart View
5 ® e W Pyon i
- uartile Chart View
580w “
Slice View
Spreadsheet View

2. Displaying data as structured grid
1. Run the filter Filters/ Alphabetical/ Table to Structured Grid.

2. Tell Para View what extent, or array sizes, your data is in. For instance, the data above
has 8 points, forming a leaning cube. Points arrays are in X == size 2, Y = size 2, and Z
== size 2. In this example we will use C indexing for the arrays, thus they go from 0 to 1

(2 entries).

=  Whole extent is as follows:

= 01
= 01
= 01

3. Tell Para View what columns are the X, Y and Z coordinate. Be sure to not skip this

step. Apply.
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NView 5.5.2 64-bit
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Copy
Paste

Change Input...
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: I i ety [P § 58 SPU P § R M)

Bounding Ruler

=
© - [ |8 Compute Quartiles
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Properties | Add Fiter 5 Recent v Group Time Steps
Properties. Reload Files Annotation  * | . Histogram
Sy lanoreTime Common 3 K Means
®  Delete Data Analysis  * Mutticorrelative Statistics
Search Create Custom Filter... Statistics 8 Pass Arrays
Pro Link with selection Tempam 3 Plot Data
Detect Numeric Columns Alphabetical ¥ EtDa e ghme

Plot Selection Over Time
Principal Component Analysis
Programmiable Filter

Python Annotation

Slice (demand-driven-composite)
Table To Points

Table To Structured Grid

Temporal Cache

Temporal Interpolator

RenderViewl @ H|O |F X

1:11PM

v
1 e Grid = Temporal Shift Scale
N Temporal Snap-to-Time-Step
S | Transpose Table il
wn ParaView 5.5.2 64-bit - O R

MRS é S0 5C Lt S@| @soldcolor

= | 5| TableToStructuredGridl

V

' Properties Information

~Z i

T apply D Reset 9 Delete | 7

File Edit View Sources Filters Tools Catalyst Macros Help

PR BEOwa FRG AP DS mb ot
- | oune Xea il A5G 2

BES ,\'4 =D A ce B O L
Pipeline Browser J X O Layout #1 X +
0 buiti: LT LT T
testl.csv
) TableToPaints1

RenderViewl @ H|O |F X

Search ... (use Esc to clear text) 35]
= Pproperties (TableTostr || [ | % ~
Vihole Extent [y 1
0 1
0 1
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veobmn [y coord
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Representation Outiine
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L ParaView 5.5.2 64-bit

File Edit View Sources Filters Tools Catalyst Macros Help

PEHEREO wa F &k @A P> DD mb —
U % 82558 't e @sidconr ax

Surface With Edges =

E9DRRPOS 2@ 0L ¥k
Pipeline Browser & X Olayout#1X +
1 buitn FENET]

Fltesttasy

: taTab\eTmemsl
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| Sl TableTostructuredGrid 1

Properties | Information
Properties 2%
Apply Dreset | 3 Delete || 2
search ... (use Ese to dear text) &5
= Properties (TableTostr | (| @ | °
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) 1
XComn [ coord
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zcoum [ coord

= oty it | 3

(Er=lEmT Surface With Edges

o

<
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o)
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Now to represent yours results with colors, right click on “table to structure”-> add filter -

Alphabetic>elevation.

L]
File  Edit Filters

e B8O »
Eié [S g )
EO0UR®O

Add Field Arrays
Angular Periodic Filter
Annotate Attribute Data

View Sources Tools  Catalyst Macros

& & @

H

Annotate Time Filter
Append Attributes
Append Datasets

=

Append Reduce

Extract Time Steps
FFT Of Selection Over Time
Force Time

Gaussian Resampling
Generate Ids

Glyph

Glyph With Custom Source

Environment Annotation

Extract Cells By Region
Extract Component
Extract Edges

Extract Location
Extract Region Surface
Extract Selection
Extract Subset

Extract Surface

= veree] 8] & 8

[[] Axes Grid Edit

[[] Center Axes Visibiity

Change a Filter's Input

Pipeline Browser 8 X DOlayout#1x Bounding Ruler Gradient Of Unstructured DataSet
:
[ buitin: & &0 BN Calculator Group Datasets
=H | testicsv Cell Centers Group Time Steps
) TableToPoints1 Cell Size |{ Histogram
o Clean to Grid Integrate Variables
[ test ' Open @ a 5o Vol
& I so Volume
@ Hide All . i 5 o
ompute Derivatives eans
B Copy .
|8 Compute Quartiles Mask Points
Properties | i 0% Paste
= Connectivity Mesh Quality
Properties Change Input... . .
‘ Add Filt D Crmtmgen:y Statistics. Multicorrelative Statistics
itter
Apply (=t @ Contour @ Normal Glyphs
Reload Files TN
S Count Cell Faces Outline
Search .. (use E: P A
ot o Count Cell Vertices Outline Comers
elete
b o oo £ Data Analysis D3 Outline Curvilinear DataSet
reate Custom Filter...
XCoumn [y d CErBIn=l Delaunay 20 Pass Arrays
Link with selection Statistics
YCohumn [ Delaunay 30 Plot Data
[T — - Temporal Descriptive Statistics Plot Data Over Time
- Alphabetical Elevation |2% Plot Global Variables Over Time
= Display B oS-

Plot On Intersection Curves

Plot Over Line
Plot Selection Over Time
Point Data to Cell Data
Point Dataset Interpolator
Point Line Interpolator
Point Plane Interpolator
Point Volume Interpolator

Principal Component Analysis

= Probe Location Time Step Progress Bar

Process |d Scalars Transform

Programmable Filter
Python Annotation
Python Calculator

Warp By Scalar

Random Attributes

Random Vectors

Reflect

Resample To Image
Resample With Dataset

SPH Dataset Interpolator

SPH Line Interpolater

SPH Plane Interpolator

SPH Volume Interpolator
Scatter Plot

Shrink

Slice

Slice (demand-driven-composite)
Slice Along PolyLine

Slice With Plane

Synchronize Time

Temporal Array Operator
Temporal Cache

Temporal Interpolator
Temporal Particles To Pathlines
Temporal Shift Scale
Temporal Snap-to-Time-Step
Temporal Statistics
Tessellate

Tetrahedralize

Texture Map to Cylinder
Texture Map to Plane

Texture Map to Sphere

“0  Threshold

Make sure that you select the elevation button.

ParaView 5.5.2 64-bit

File Edit
2 &
N S

View Sources Filters Tools

BR0»

Catalyst  Macros
& E A > IS e

Outline

Help

g O

Pipeline Browser

Finally choose the desired axis, then apply.
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o ParaView 5.5.2 64-bit

s |

File Edit View Sources Filters Tools Catalyst Macros Help

PP BEOve FEG KADDMS mp

H 8 220t e @sido - - | o witnedges  +
Pipeline Browser B X DOlayout#1X | +
[ buitin: EEIEY] A2 R
[testrcsv
) TableToPoints1
) TableTostructuredGrid 1
|

+ | eZmmm

fnpemes Information
Properties 5 X

D Reset 3 Delete %

Search ... {use Esc to dear text) 3]
Low ~
paint 23 0.5 0

High

Paint * : t

Note: Use 'P' to place alternating points on mesh or 'Ctri+P"
to snap to the dlosest mesh point. Use '1'/"CtrH+1" for point
1and '2'/'Ctrl+2 for point 2.
X Axis ¥ Axis Z Axis
Center on Bounds

Scalar Range [ 1

= D'lsplav(StmcturedGridl\epr(‘ B e oW

Representation Surface With Edges B

Coloring o

adiidAgBC?

RenderViewl M| H O & X

Now it’s ready.
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Chapter 7: Discretization of partial differential equations

1. The continuity equation (mass conservation)

ap N d(pu) 9(pv) N d(pw)
Jt 0x dy 0z
dp ou dp ov ap aw ap
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t+1 t—1 t t t t t t
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Pit jJ;cl - Pit ﬁcl Witjk+1 - Witjk—l ¢ Witj-}-c%l-l - Wit;lrcl—l - Witj7<%+1+Witj7cl—1
BT 24z ~ Pijk 40xAt
wiid = wit  Phker — Phik—1 P — P — ikt
T 24t T 24z Wi 4AzAC

Species k continuity equation
ap Yk apui Yk d d Yk
+ = (P k
at axi axi




ap aY, JdpuY, avak+aprk

Y -
k3t Pt T Tax oy oz
aZYk aYk ap 02Yk (?Yk ap azYk
p k<6x2>+ kox ox T PPR\Gyz ) TPk Gy 5y T PPk 2
aYk ap
+ D + @
k dy dy W
ap aY, JdpuY, OdpvY, JdpwY;
Y -
k3t TPt T Tax oy oz
aZYk (')Yk (')p aZYk aYk ap aZYk
= pDi | —2 ) + Dy ==L + pDy (—2 ) + Dy —= == + pD,, [ —£
p k<6x2)+ * ox 6x+p K\ ay2 *  ay 6y+p k\ 922
(')Yk ap
p, 2tkop
+ k ay ay+(t)k
Yy ap Yy dp Ju Yy ap dv Yy ap
Ky L U= UV = — PV — — PV — — DYy — — PV — — PW — — WY} —
P o ke~ Plax ~ Wy T PkG TPV gy T VkGy, T PlkGy, T PW G, T Wik,
ow OZYk aYk ap aZYk aYk ap aZYk
— pYe— + pDy | —= ) + Dy —=E 4 pD Dy —~=E + pD
p kaz+p k<0x2>+ k ox 6x+p k\ ay2 + k6y6y+p k\ 922
aYk ap
p, 2tkopP
K3y ay‘l'wk
Y t _ Y t t _ At t t
%=_ 0_,0_ y Ki+1jk ki—ljk_u Pivije ~ Piijk Y Uit1jie — Wi-1jk
P o kot P 20x k 20x Py
t t
B vaij+1k ~Vieyi_a _ o, p§j+1k _pfj—lk v, Viis1k — Vij—1k
20y k 20y k 20y
t t
_ Ykijk+1 - Ykijk—l WY, p§jk+1 - pfjk—l _ oy ijk+1 - ijk—1
20z k 20z Pk 20z
t t t t t
+ oD Yki+1jk_Ykijk+Yki—1jk +D Yki+1jk_Yki—ljkp§+1jk_p§—1jk
PZ% Ax? k 2Ax 2Ax
t t t t t
+ oD Yieyrre = Yo+ Yy +D Ykij+1k_Ykij—lkp§j+1k_p§j—1k
PPk Ay2 . 2Ay 2Ay
t t t t t
+ oD Ykijk+1 _Ykijk +Ykijk—1 +D Ykijk+1 _Ykijk—l pfjk+1 _pl?jk—l %
PPk AZ2 k 20z 20z k

2. The momentum equation for fluid mixture (momentum conservation)
e Velocity u:
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d(pu) N a(pu?) N d(puv) N a(puw)

Jat dx dy 0z
B 6p+ d (/WV+2 au)+ d [ (0v+0u>]+ d [ (au+aW)]
T Tox o\ T ex) Ty 1M \ax T oyl T a2 1M \az T ax
N
+p Z Y fx
k=1
6u+ p+2 6u+ 20 8v+ 8u+ 0p+ d N 6u+ dp
Par Thar TP e T G TPy TPV Gy TG, TP G, TP G, TG
_0p aZuH 0%v N 0w N 62u+ 9%v N 62u+ 62u+ 0w
= Tox " Yoxz T Maxay T "oxaz T Hazx T Hayax THayz T H G2 T Hozax
N
+ 'DZ kax
k=1
ou _ _ua_/? 5 Ufy e — Uik 2 Pivijic = Pi-1jk 3 uvitj+1k — Vi 1k 3 vuitj+1k — Ufj_1k
Pat ot P 20x% 20x P 20y p 20y
t _ At t _ t t _ 4t t _ At
_uvpij+1k Pij-1k uWijk+1 Wijk-1 Wuijk+1 Ujjk-1 _uwpijk+1 Pijk-1
20y p 207 p 207 207
3 pit+1jk - pit—ljk N Auit+1jk - uitjk + uit—ljk
2Ax Ax?
t t t t
4 Avi+1j+1k — Vit1j—1kVi—1j+1k T Vi—1j-1k
4AxAy
¢ ot ot +wt t —ut +ut
+Awi+1jk+1 Wit1jk-1""Wim1jk+1 T Wim1jk-1 +2‘uui+1jk Ujjk T U—1jk
4AxAz Ax?
t _ .t _ .t t t _ 4t t
4 Vivtj+1k — Viv1j-1k Vi-1j+1k T Vi—1j-1k 4 Ujjrak — Uijk T Uij—1k
K 4Axhy # Ay?
ufjk+1 - uitjk + uitjk—l Wit+1jk+1 - Wit+1jk—1_Wit—1jk+1 + Wit—ljk—l - v
il Az? il 4AxAz P Z fx
k=1
e Velocity v:
d(pv) +6(pvu) +6(pv2) +6(va)
at 0x dy 0z
B ap+ d [ <av+au>]+ 0 (/WI7+2 c’)v)+ 0 [ (6v+GW)]
dy 0x H\ox ay ay\ “ay 9z 1" \5z dy
N
+p Z Yiefyk
k=1
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6v+ 6p+ 6v+ 6u+ 6p+2 6v+ 6p+ 6W+ 6v+ dp
Pac TV TP ax TPV ax T W ax T PV Gy v? ay " PV TPV, T VW,
3 0p+ 62v+ 0%u L3 0%u N 0217_|_/1 2 L 92 N 62v+ %w
~ "oy Hoxz T Haxay T Mayax T o2y T Mayaz T Hazy T H a2 T H G20y
N
+ Pz Yiefyk
k=1
6_17 ap Vitajk — Viciji B vu€+1jk —Uf_q i 3 uvpit+1jk —Pi1jk 5 vvitj+1k — vj_11
Pac™ Var 2% 2% 2% P 20y
t _ At t _ t t .t t _ At
_ 2 Pij+1k ~ Pij-1k Wijk+1 ~ Wijk—1 Vijie+1 ~ Vijk-1 Wpijk+1 Pijk-1
2Ay 2Az 2Az 2Az
B Pli+ik — Pli-1k Vir1jk — Vi + Vie1jk
24y Ax?
t t t t
Uip1j+1k — Ui1j—1k Ui-1j+1k T Uim1j-1k
4AxAy
4 Auf+1j+1k — Ufpqjo1e— U1 je1re T Uit j-1k 4 Avfj+1k — Vi + Vi_1k
4AxAy Ay?
t t t t t t t
Wijsik+1 — Wijr1k-1"Wij—1k+1 T Wij—1k-1 Vijsik — Vijk T Vij—1k
+A1 +2u
4AyAz Ay?
t ot t t ot ot t N
4 Vijk+1 Uijk+Vijk—1+ Wijtik+1 — Wij+1k-1 Wij—1k+1+Wij—1k—1+ ny
H Az? 40yAz P L, Tkl
k=1
e Velocity w:
a(pw) a(pwu) a(pvw) 3(pw?)
+ +
at dx dy 0z
_ 6p+ d [ (au GW)] [ (av 6w>]+ a ()IV 742 6w>
- "oz ox|M\az # oz \"" " Ty,
N
+ Pz Yiefak
k=1
6W+ 6p+ 6W+ 6u+ 6p+ 6W+ 6v+ 6p+2 6w+ ,0p
Pt TWar TP g TP o T o TPV Gy TP G, T, TP, TG
_0p 0%u N 62W+ d%v N 62w_|_/1 0%u %v +/162W ) %w
9z Faxaz " Haxz THayaz THayr T M az0x " Mazay T M a2z T H a2
N
+ Pz Yiefzr
k=1
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t t t t t t t t
w ap Witijk — Wi-1jk Uirijre — Ui-1jk Pi+1jk — Pi-1jk Wijt1k — Wij-1k
u — pw —uw — pv

—_— = - ——
at ac P 20x 20x 20x 20y
t t t t t t t t
Vij+1k — Vij-1k Pij+1k — Pij-1k Wijk+1 — Wijk-1 Pijk+1 ~ Pijk-1
— pw —wv — 2pw —w?
2Ay 2Ay 20z 2Az
t t t t t t
_ Pijk+1 ~ Pijk-1 N ‘uui+1jk+1 — Uipgjk-1"Wi-1jk+1 T Ui-1jk—1
2Az 4AxAz
t t t t t t t
Wir1jk — Wijk T Wi1jk Vijik+1 — Vij+1ik—1"Vij—1k+1 T Vij—1k-1
+u > +u
Ax 4AyAz
t t t t t t t
+ Wijtik — Wijk T Wij—1k 4 Aui+1jk+1 —Uip1jk—1"Ui—1jr+1 T Uim1jr—1
H Ay? 4AxDz
t t t t t t t
4 Avij+1k+1 — Vij+1k-1"Vij—1k+1 T Vij—1k-1 4 Awijk+1 — Wijk T Wiji—1
4AyAz Az?
N
t t t
Wi — Wi, + Wi, _
jk+1 ijk ijk—1
+2 + Z Y,
Hu Az2 Pk ’ i fzk

3. The internal energy equation (energy conservation)

N
9(pe) o . 0q; 0 .
ot + V. (peV) = Wr — a_xi + a_JCi(Jijui) +0Q + p kz_lykfki(ui + Vki)
(o) _dpeu, apev dpew
ot ox ay oz
N
= - Z ARS, w, — a_q - a_q _ a_q + a((Tix - P)u) + d ((Tiy - p)v) N a((Tiz _ p)w)
o] fk Wk Ox ay 0z ox ay 57
N
FO+p Y Vifieew+ Vi)
k=1
(o) dpeu , dpev _dpew
Jat ox dy 0z
— iAhO . dq 0dq 0dq n 6u+ 6u+ ou 6u+ av+ ov
) k=1 Wk T ox Ty ez Fox | oy ™oz Pax ' ox ' Way

ov v ow ow ow  ow ul

+sz£_p5+fxza+Tyz@‘l"fzzg_pg‘l'Q +pk_1kaki(u+Vki)
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9] 9] 9] 0
(pe) N peu N pev N pew
Jt d0x dy 0z

6T aT

N —Aget >N, thka,x) d (‘/1@ + Yh=1 thka,y>
Z hfk Wk — -
k=

d0x dy
6 Ty Z =1 hiYieVik z) N 2 Oy N (au N au) ou N (au N 617) ou
3" Ox K dx 0x/ |ox K dy 0dx/|dy
N (6u L ow ) Jv 2 0vg N (2 av) Jdv
g ax T\ 7343 TG )5y
N (6v Lo aw au) ow <0W 4 av) ow
H 92 H U a 9z E

N 2 ZOW) adw (au 6v+aw>+.+ EN:Y W+ V)
SM az 0z/ | oz dx dy 0z ¢ pk—l kfii @+ Vi

ae+ 6p+ 8u+ 6p+ ae+ 6v+ 6p+ ae+ 6w+ 6p+ de
Po; T e treg, Teug +puo+pe ev pv pe ew pwaZ

dy dy ay 0z 0z
L
_;Ahfkwk_lﬁ_akz_lhkykvk'x thYkay a 3.2

+aihYV 2 62u+2 62u+ 62u+ 6v6u+ 62u+ awau+ 0%v
92 ktkVkz 3nu'ax2 'uaxz ‘u'ayz 'u'axay #622 ‘uax 0z Haxz

k=1
oudv 2 0%v o 0%v 62v+ 6W6v+ 62W+ 6u6w+ 2%w
Hayox 3Haz P Haz T Haz THG 5, T Hox “a ax  Hay2

ovow 2 62w+ 262w (au 6v+6W)+ N ZY
Hazay 3Hazz THegz TP G T 57) QP ) Yifut

dy
N N
+p Z YifrxViex + P Z Yefiyv +p Z YifiyViy + P Z Yifizw + p Z YifrzViz
k=1 k=1 k=1 k=1 k=1

aYk
ViiYk = =D =— ax;

38



(’)e+
Pac™¢

dp du dp de dv dp de aw

dp de
E+pea—+eua—+pua—+pe@+ev@+pv@+pea—+ewa—+pwaz
62T aZT 0%T 02%Y,
ZAhkak axz ay 0z? zhk ax2 zhk
D Zh azyk 2 0%u o 62u+ 02u+ 0v6u+ 62u+ 6W6u+ 0%v
*L ™07 3 Raxz T ox2 THGy2 T oxay T H a2 TR ax a2 T Hox2
ou dv 2 0%v 0’v  0*v  odwov  9*w  dudw  O*w

thayax Mt Mg T e TR o TG “EEJ’“ay
ovow 2 09*w 2w

N o (au+av GW)+ D zaYk
Razay 3M 9.2 TH 5,2 "P\5x "5y T 5 Q = Dip

e
+ Pz Yifixt +p Z YiefkyV — kaz 3y fky +p Z Yifizw — kaz
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t t t t t t t t
de ap Uit1jk — Ui-1jk Pi+1jk — Pi-1jk €itv1jk — €i-1jk Vij+1k — Vij-1k
—pe —eu — pu — pe

—te—=
Pac T o 20x 2% 2% 20y
C v Pitj+1k - Pfj—uc ~ oy eitj+1k - eitj—lk ~ e Witjk+1 - Witjk—l Cew pitjk+1 - Pitjk—1
20y P 20y 207 20z
elis—eb i o
ijk+ ijk— 0 .-
2Az
=1
_2 (Tit+1jk — 2T + T 1k N Tk — 2T + Tho1k 4 Tiiesr — 2Tk + Tiig—s
Ax? Ay? Az?
N t t t N t t t
D h YVierrnje = 2Veijie  Yierqji D h Yierjone = 2Yeije + Yieyjoax
- Yk k Ax2 -~ Yk k Ayz
k=1 k=1
N t t t
_p Z b Veiierr = ZVeijie T Yieije—a _l_f Ufpjie — 2Ufj + Ui_q i
L Az? 3 Ax?

t t t t t t t
Uik = 2Uk + Ujjoqk Vivijk — Vi—1jk Wij+1k — Uij-1k
5 +2u
Ay 2Ax 2Ay
t t t
Uijksr — 2Ugj + Wijk—1

+u

t t t t
Wit1jk = Wicgjk Uijk+1 — Uijk-1

+ +2
H Az? K 20x 20z
t t t t t t t t t
+ #vi+1jk — 2V + Vi_qjk _l_f Vijis1k — 2Vijk + Vij_1k Vijk+1 — 2Vijk + Vijk—1
Ax? 3 Ay? Az?
t t t t t t t
42 Wijtik =~ Wij—1k Vijk+1 — Vijk-1 + Wit1jk = 2Wijk + Wi_qjk
K 20y 247 # Ax?
t t t t t t
N Wijst1k = 2Wijk + Wij_1k +f Wiiks1 = 2Wijk + Wijk_1
# Ay? 3 Az?
t t t t t t
Uir1jk — Ui-1jk + Vij+1k — Vij-1k 4 Wijk+1 — Wijk-1 +0
2Ax 2Ay 2Az

Ax

L AL N Nyt =1t

-D ij+1k ij—1k Y -D ijk+1 ijk—1

+ —Dgp E 20y fry +p § kfkzW kP § oAz frz
k=1 k=1 k=1

N Y, t Y, t N N
kiv1jk — "ki-1jk
—kaz > ka+PZ kakxu+PZkakyU
k=1 k=1 k=1

4. Chemical relations

Mass reaction rate:

A A
Lp= ) g = Wiy 1@
=1 i=1

Rate of progress of reaction j:

ooy [(PYED vis C o (pYENTH
Q_; o Jr\fj_”,".zl (H;‘,) - Jr\f.j.”,-‘_:l H_}‘)
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Rate constants:

-

T
K= Ap T =e*<p< j”)m Ap;TH =e*<p< ;3

Ko = N

L W v ol ] il
; ey 3 AST AN
( qu)zﬁ-zx g exp ( i _; )

R RT

Mixture density:®

Pm= (Ve TpeVat . TopVp)/(Vy Vet . FVy)

Mixture viscosity: 4

h."
LS ||'
i=1" Vil
.'['{ga: N
P M,
it

Species viscosity:

He= K, exp {Xpr)_...

(0.00094+ 23 1076 713

K = .
1 (200+ 1984, +7)
X=35 +915.—6+0{}L’l{
= ¥Y=24-02X

» g = gas viscosily, cp

» p=gas density, g/cm®

= = pressure, psia

= T =temperature "R

» Mg = gas molecular weight = 28.967 v,

Pressure:

, y
p=p—1 1_ gl_

W

3 https://www.engineeringtoolbox.com/gas-mixture-properties-d 586.html

¢ https://petrowiki.org/Gas viscosity



https://www.engineeringtoolbox.com/gas-mixture-properties-d_586.html
https://petrowiki.org/Gas_viscosity

Chapter 8: Application

1. Hydrogen combustion characteristics

The global reaction for hydrogen combustion is as follow:

2H, + 0, — 2H,0

3 species are presented: Hz, Oz and H2O. Their characteristics are presented below.

1.1. Hydrogen characteristics

Values are considered at T=325 K
Density: p=0.07603 kg/m>
Molecular weight: M=2.016 g/mol
Mass: m=1 kg

Volume: V=1 m*

Reaction coefficients: a=2, b=0

1.2.  Oxygen characteristics
Values are considered at T=325 K
Density: p=1.2068 kg/m?>
Molecular weight: M=32 g/mol
Mass: m=1 kg
Volume: V=1 m?
Reaction coefficients: a=1, b=0

1.3. Water characteristics

Values are considered at T=325 K
Density: p=0.6794 kg/m*
Molecular weight: M=18 g/mol
Mass: m=1 kg

Volume: V=1 m*

Reaction coefficients: a=0, b=2

1.4. Mixture characteristics

Entropy differences: AS’=-89 j/mol. k
Enthalpy differences: AH’=-484000 j/mol
Activation energy: E=199911.52 j/mol
Chemical constant: A=1.7 E+13

Temperature constant: =0
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2. Program code

(the program used here isn’t completely correct, an error analysis is needed)
See Annex A.

The geometry adopted in our program is a cube. Each side is divided into 5 parts so it’s a
total of 125 points to be calculated. The fuel entrance is a square fixed at the
following points (2,0,1), (2,0,2), (3,0,1) and (3,0,2). The rest of the points at y=0 are
considered as the oxidizer entrance.

The meshing is shown in the figure below.

The boundary conditions are imposed as shown in the figure below®

Velocity = 0, tempcrature or

i // I
_:;’l-i-]w _F__E:t-ﬂnw
boundary boundary

Flow
—_—
Density,
velocity and
temperature

s \

LU LLLL
Solid wall

V::Ioc:ty = (), temperature or
heat flux given

5 An introduction to computational fluid dynamics” H. K. VERSTEEG & W. MALALASEKERA
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3. Program Input

[ CA\Ot\Tools\QtCreator\bin\gtcreator_process_stub.exe
umber of species >1: 3
Enter Species caracteristics:Species 1:density :
87603
in volume U:
olecular weight:
016
olume U of species:
toechiometric coefficient alll:
toechiometric coefficient bI11:
ass force fx:
ass force fy:

==

Press any key to continue . . .

Bpecies 2:density =
.2868
ass in volume U:
olecular weight:
olume U of species:
toechiometric coefficient al21:
toechiometric coefficient hI21:
ass force Fx:
aszs force fy:

ass force fz:

ass in volume U:

olecular weight:

olume U of species:
toechiometric coefficient al31]1:

toechiometric coefficient bI31]1:

aszs force fy:

aszs force fz:
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[ CAQt\Tools\QtCreator\bin\gtcreator_process_stub.exe

ress any key to continue . . .
ixture mass :

olume U of mixture:
ctivation energy E:
199911 .52

Entropie:

Enthalpi:
48406808

Boundary conditions:
temperature :

fuel Uelocity u component:
fuel Uelocity v component:
fuel Uelocity w component:
oxidizer Uelocity u component:
oxidizer Uelocity v component:

oxidizer Uelocity w component:

Boundary conditions:
pall temperature:
58
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4. Program Results

CAON\Tools\QtCreator\bin\gtcreator_process_stub.exe

any key to continue . . .

,y,n,denalty,ueluc1ty _uw,velocity_ v, velocity_u
1.1.141.575180.1334.83%673.13684. 178711 3319. 248@47
1.2,.229.875534, 2565.?44335,268?.626221.4363.949?8?
1.3,.229.875534.3647.267843 .377/8.892578 ..5943 . 686435
1.4 141 5751808, 4729.168945,4358.921375.4324.661621

621894, 6589827637 .7707.819531

SA62287,.7974.874823 . 9454 . 232617

289551 .9055 . 481367 ,.108535 . 459961
2.4 241 . 354294 2142 .159180,.10136.561523 94171779688
3.1.241 354294 186869 . 498234 18987 . 696289 12228.888672
3.2,.329.654633.11300. 8498085 12293 161133 ,.13773 219727
3.3.329.654633.12378.995117.13372.1086445 ,.14852 . 165839
3.4.241 354294 ,13457.9404308,.14452 . 342773 ,.13732 . 768738
4,.1.182 .487396.14385.271484.14248 139648 ,.16544 669922
4,.2.270.787750,.15615.831855.15631 .6684492 . 18089 . 801753
4,.3.270.787750,.16674. 775371 .16718. 548828 . 12167 . 747266
4.4 182 487396 . 17776326172 .17793.392578.180851 .347656

1.,418.7153602,17495 9980847 ,.19481 . 217969 .. 21718 . 3750008
587.315656,23731.3136?2,28795.736323,23273.133516

L259.3688998. 20983 67773421159 .755857,.23384 . 164062
171 888636, 22067 878125, 22237 _818359,.22263_998234

L278.787758.23087.304688.23978.693357.25349 .8V8312

359 .08881684,24322 318359 ,.25365 322266, 26896994141

359.8881084.254804 42773426447 .431641 . 27979 .183516

278787758, 26487 830078 .27530.832031 . 26863 . 494141

278787758, 27415 . 742188 .28387 1388572 . 29677 .587812

3597.8881084. 2865087558592 .29693 . 759766 . 31225 431641

359.8881684.29732 86523438775 .869141 .32387.541016

278.787758.30816.267578 31859 .269531 .31191 . 931641

211.920837.31745.8410816.31658 .662107 . 348085 . 745312

3BA.221191.32980.854688 .330845 .2890862 . 35553 .8716894

3B8.221191.34057.843750.34123 . 878125 ,.36631 668156

211.920837.35134.917969.35280.152344 . 35589 . 722656

418.7153602 36880, 347656 . 36785 . /500008 . 39815 .148438

587.815656 38029 .835156.38093 . 242188 . 48563 546875

259.38989980.38267.792967 38443 8750008, 40668 . 281258

171 .888636.39344 . 867188 .39515.689375.39541 .781258

278.787758.48358 . 765625 . 41258156258, 42620 .531258

3597.888194. 41587 .453125.42630.457031 . 44162 . 128986

359.8881084. 42663 .234375.43786.238281 .45237.7108156

278.787758.437408. 304688 . 44783 . 308594 . 44115 . 272656

278787758, 44661 . 898625 . 45553 . 281258, 46923 656258

3597.8881084.45898.578125.46933.582031 . 48465 253986

359.8881084 . 46966 .359375 48007 .363281 . 49541 .A35156

278.787758.48043 . 429688 . 49086 . 433594 . 48419 . 8?7656

211.920837.48965 875000848877 .4966094.51226 781258

3BB.221191.58194.5625008. 58252 . 726875 .52768 . 378986

388.221191.51278.343758.51335.578125,.53844 . 1608156

211.920837.52347 . 41796952412 652344, . 52722 222656

141 .575188.52935.367188.53280.851562 55260386717

229 _875534.54164 . 854688 . 54577 . 988281 56801 . 218938

229 87553455236 . 846875 . 55652 . 242188 . 57876 . 992188

1.
1.2,
1.3
1.4.
2.1
2.2,
2.3
2.4
3.1
3.2
3.3
3.4
4,1
4,2
4.3
4.4
1.1
1.2
1.3
1.4
2.1
2.2
2.3
2.4
3.1
3.2
3.3
3.4
4,1
4,2
4.3
4.4
1.1
1.2
1.3

-
-
-
-
-
-
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
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CAOM\Tools\OtCreator\bin\gtcreator_process_stub.exe - =

3.229.875534.55236 .846875 55652 . 242188 . 57876 . 792188
4,141 .575188,.56313.117188,. 56728 .152344 56754 .281258
1.241.354294,.57326.927688 58462 .656250,.59833 .831258
2.329.654633.58555.617188.,.59842 957831 .61374.628786
3.327.654633.57631 .378438,.68718 . 738281 .62458. 418156
4,241 .354274 . 68708 . 47265661975 . 888594.,61328 . 472656
1.241.354294.61630.854688,62765.7812508..64136.156258
2.327.654633.62858.742188 64146 082031 .65677.750008
3.329.654633.,63934.523438, 65221 . 863281 .66753.531258
4,241 .354294.650811 59765666298 237500, 65631 593758
1.182.487376.65936 867188 ,.66074 828125 .68442.109375
2.278.787758,.67178 218738 . 67487 .781258,.69996 . 357375
3.278.787750,. 68266 .648438 68576 . 218758, 71884 . 796875
4.182.487396.67356.382812,.69665.945312.,.69975.515625
any key to continue . . .
—29942%76 . 750880, -3856728076 .A0000A , —22441 4784 . 00A0AA . —1 25281 31448 . ABBAAA
—4899579 .00AEAH . -1683834240 . 9RBRBA . —1224401152 .90B0A6A . —1BEE825856 . BABBEA
4266708 .A0BABA . -1737932416 . 000808 . —2387076076 .90BBHAA . 14785752008 . A0HABH
—-2291173.750000 . -18289896368 . A00BAA . —2873537840 .808008 . 2527458304 . 080008010
7456676 580000 . -4483110400 . 0RBRAE . 2289558016 .0000A6 . —10223842 304 . A0BOPE
—-8@731088.5800080 . -8712872960 . 90000A . —31301 782400 . I0000A . —487661 5424 . BBBAER
7173767 .500080 . -11577544448 . 0080000, -4239934208 . 00000H . 4732786688 . BHBHAA
3275619 250000 .-11151495168 . 000000 . -5236688876 . 00B00H . 141 78667520 . A0BE0BHA
—8886767.00008A,. -13628271616 . 60088A,. 3227327616 .A0B6B0A, —24387378528 . AAA6HA
-8658380.000000 . -22712696832 . 000000 . 4202843392 . 90800 . —859 7416760 . B0BBHEA
—V292427.8080804 . -27237775840 . 008000 . 4787513728 .A000AA . 9452112876 . ABAAHA
-1984248 2568000 .-24874194944 _A0000A . 59445084832 . 000006 . 368233681920 . 000600
—5547210. 0000808, -21486882744 . AA0AAA, 23470704864 . A0APBEA,. —36363505664 . AAABAEA

—372204% . 080080 .. -35244772064 . 980080 .. 32225622160 . 908008, 14586693632 . ABB0OH
—1788837.125080,. -41867778336 . 80HA06 . 44844208128 . ABBA0HA . 15288182656 . 0BA0A
2516511 .508008,. 32416546816 . ABB0GAA,. 37837467676 . AB0B00 . 42982323200 . BHBOEA

—280867786 .8000AA . -53337755648 . A0BAAA . -51633471 488 . A0AAAA . —118751469568 . BAA
—20578214 . 908006, —-6AA7331 2256 . A0A0AA . —781 26674400 . A00B0A . 42417115136 . AA00A
—7252650.580080 ., -71082470112 . ABB0HA . 304627373408 . ABBA0HA . 70864861184 . 00080A
—3815113.250080 ., -756'7226368 . OBB0HA .. 66717780864 . APB0HA . 62028276224 . 000A0A
—12575873 .900800,. 8618821888 . /80060 .. 41542221824 . 0080608 . -113827103360 . A800H

—7252018 . 980080 . -2234143232 . 0BA00A . 468838347676 . A00H0H . —3240726081 72 . 000A0A
—8378575 . 980080 .. -10A56889344 . AA0BB0 .. -35376378624 . HBBBA0 . 33787638272 . 9BB0BOA

782284 .375800, -1085245685088 . 000800 . -37202225888 . 000800, 126766268416 . 00BB0A
-14762243 .900800,.-12642323765 . 900800 .. 22473662464 . A80BB0 .. -156628776728 . 8008

—8287528 . 980080, -12706235808 . 980BB0 .. 25231827856 . ABB0GA . —435741 74744 . ABB0BOH
—5687045 . 580080, -13656201216 . AB0BA6 . 27132487680 .. ABA0HA . 45306441 728 . A0BA0A

4646202 .5080008 . -1413681 7824 . BBB0HA .. 29582311488 . A00H0H ., 171018584064 . 00080Q
—5718368.580080,.-15436273120. 980080 ,.1314615541'76 . B80GBH0 .. —1'78066886656 . BBOA

E\\\\i\\\\\\\\\

[N TL | FL R FLE FE R N N ] i -~ Y Y - SR WU FLY LRI R LY L L Bl el R N R TR I R R LY LY LR

L T T T TR T T TR T T T T T - LT T TR T TN L AL R T T B T B 1
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-
-
-
-
-
-
-
-
-
-
-
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47



CAOt\Tools\OtCreator\bin\gtcreator_process_stub.exe =

2653620.008008,. -166871621376 . 9808006 . 1272877286688 . 080008 . -557258383 36 . B0BBOA

6578786 .580008,. -17134432256 . 9000600 . 204842303488 . 0A000A . 59008507764 . AB0EOA
12965447 . 980080, -17541638144 . 80800600, 163877065472 . A000B0 . 1852837034588 . 0BB6A

—33754572 . 000A0A0 . 185116295168 . ABGAAA,. -184051335168 . 000084 . -382682529792 .00
—18813670.A00AAA . 178547946368 . AAAAAA . -261454331784 . A0A0HA . 129374887736 . AAA
—74582768. 080066, 19766375736 . 880860 . —264778773664 . 000060 .. 275282427984 . BBBHA
—30166108.250080,. 21867385723 . 000000 . -210645386752 . A000B0 .. 1762156825276 . 0BB6A
15674597 .8008006, 22143356728 .900000,.1236035687248 . 000000, -321412169728 . 9804
—6387816 .9008A . 24451802280 800000,.1338847334408. 000008 .. -868820101 76 . B0BB6A
—74A2387 . A8ABAA,. 25743345664 . 80000 .. -26828303360 . 00BABA . 89172312064 . ABROEA
6326517.500008, 28058311168 . A8B00A . 22670078288 . A0080H . 3424723633068 . AB0OBA
—18515686 .800866 ., 27210225664 . 808606068 ,. 58807577104 . A8B0AB .. -38951111 88448 . BB86A
—8664171 .580080,. 29863753728 . 900000 .. 6362548851 2 . 00006 . -184470446 030 . B00B0A
—3218342 250080, 31307406208 . 00000 .. 66687013888 . 900E0H . 1607042463744 . AB0OBA
11747671 . 080086 .. 332478605676 . BB0EE0 .. 7O8B5266432 . 900E0H . 4126563041 28 . 088060
—4731455 .580080. 340883067072 . 900000 . 313941262336 . 000008 . -38541 71427312 . BB6A
8804808 . 0HPBHH . 371874265832 . 08B0H0 .. 444866127552 . 800000, 122242138112 . 90BB6A
14276427 .080080,. 38827012076 . 00060 . 1641443028080 . 0000AB .. 127763373568 . B00B0A
22752110. 980060 . 418522896024 . BBAB0A . 363873776876 . 00B0EA . 488926978048 . BRABAA
—7204224 . 080080, 572271755264 .8080008, -337537361792 . 000000 . -341 710762688 . 804
—7P87865.125008,.7312612392%6 . 080800 . 487761608784 . 000000 . -1 42475262976 . B86A
—2182722.080080,. 384252182528 .9080008, -5871123760656 .800800 . 146635587584 . B86A
6687717.000008,. 260718870016 . 980000 . 382744297472 . AR0OB0 . 357207825840 . 0080A
—-86797864. 080080, 432629746224 . 808606 . —17869745 7664 . 80606 . -578615 789656 . 8OA
74922634 . 008008 . 684571566080 880800 . 177234737200 . 900000 .. -1648551198'72 . B804
157116064 . 980080, 627816240512 .ABB060A,. -183638471136 . 900800, 172745768768 . B80A
26536082 .9900HA. 487013152464 . 9080008, -138024143872 . 000000 .. 669331388224 . B80A

—3829178.250080,. 500858111184 .908000,.114581274624 . 000080, 664072224768 . 98004

4.3.4.34114228 . 980080, 560857033000 . 900800, 132321268128 . 008068 . 627785853676 . BBOBH
4.4,.1.9317270.008008 .. 446782275584 . 080080 . 512881227824 . 908800, -615627816760. 80060
4.4,.2.32844768. 980080, 665425736384 . 800800, 738368033280 . 000008, -211618152448 . 0060
‘?4,3,4@@61336.EEBEEE,63?183939264.EEBEEB,?62391363584.EEEEEB,226396782592.EBEEE
4.4,.4.419227180. 980080, 427226824776 . 8008068, 574777271456 . 088000 . 651681 444864 . 80060

rezsz any key to continue . . .
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5. Results viewed on Paraview

First step: open your .csv files

ParaView 5.5.2 64-bit

i) TP ] S vl 2§ SRR

B X Olayoutz1X |+

Pipeiine Bronser
T
o - - RenderViewl M B O |8 X
& buitn: o Open File: (open multiple files with <ctrl> key.) ?
Lookin: | C:/Users/Lenavo/Desktopf | O O N B
|\ Exemples Filename ’ Type
/. My Documents || AECENAR Folder
l. Desktop [ Downloads File
i Favorites | family Folder
Properties Information G\ L Folder
Properties -] LoD | test Folder
- - LB 4 || CFONC.csv Group
= Apply ) Reset % Delete | | AN [[]_croncooo.csv csv File
5 Windows Network —
Search ... (use Esc to dear text) 9] ® Windows er [_| CFDNC0DT.csv i csv File
| density.csv cev File
B e el "+ Desktop | received 3052..96850134,peg jpeg File
5 oW
50 oM
Axes Grid Edit
o File name: | CFDNCDO0. csv;CFDNCDD Lesv; Navigate
[[] Center Axes Visibility
et bion Axec Files of type: | Supparted Files (plt* *.inp *.cgns *.cml *.csv tsv %t €SV =TSV *] v | | Cancel
Orientation Axes Visiblity
[] Hidden Line Removal
[] Camera Parallel Projection v

Second Step: make sure that the correct proprieties are enabled.

o ParaView 5.5.2 64-bit = B -
Fie Edit View Sources Fiters Tools Catalyst Macros Help
o =
EEBROwaFRGE KAP> DS mk o
L 0 ¥ +72 5 S
B a2 o ) - ~ |} Representation - et ey of a2 gz
o] 1 sy - = (o] ] i
DE O Ex cHE
Pipeline Brawser & x| Olyoursix | 4
ﬁbu“ﬁn; F |0 E PR R E W oA L » Renderview1 [@[B]0][@][x SpreadSheetView1 M| 2|08 [x
‘ i croncooo.csv | Showing | CFONCOO1L.csv v |Attribute: Row Data  ~ |Predision: 5 (2291
@ ]croncootey RowlD density  veloctyu veloctyv  veloctyw  x 2 ~
00 200428646 -3.85602e+8 -224415+8 -1.25281e+0 1 |
1 -4.80958e+6 -1.68333e+0 -12284e+0 -108883e+9 1 2
- 22 -42669Te46 173993840 233708649 1490660 1 3
Properties | Information
Properties & x 3 [a 1229117646 -1.8989Te+0  -287354e+9 2.52746e+9 1 4
F aooly || @reset || 9 pelet || P 44 745668646 -448311e+0  -2.280566+9 -1.02238e+10 1 1
Search (o Fec tg clear fet) 5 [5 -BOT3Tex -BTI2B7e+9 -33017e+§ -A.07662e+9 1 2
= Properties(c || (D] @ 6 6 TAT3TTert 1159756+ 10 -4.23083e+9 47327969 1 3
Detect Numeric Columns 7 |7 -327562e+6 -1.11515e+10 -5.23660e+9 1.41787e+10 1 4
Use String Delimiter
LR -3.89677e+6 -136293e+10 3.22033e+0 -2.43804e+10 1 |
Have Headers
Field Delimiter 9 9 -365838e+6 -227127e+10 4.20284e+0 -8.50742e+0 1 2
Characters *
Foaene e 1010 -7.20243e+6 -272378e+10 498951e+9 945211e+d 1 3
L "o -1.98425e+6 -240742e+10 5.0445¢+0  3.02337e+10 1 4
p——
o ek 1212 -5.54727e+6 -2.14868e+10 234909+, 363635410 1 1
Field Assodation | o Data -
1313 -3.72205e+6 -3.50448e+10 3.9225Te+... -145867e+10 1 2
= View (spread ||(D| @ &l v 14 14 170084646 -4.106782+10 44840765 .. 159801210 1 3 i
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Third Step: Add filter for each file and fill with the right parameters: whole extent (0,3) for
each (in our example the X, Y and Z axis are divided to 4 points), don’t forget to define
which columns of your data are the X, Y and Z columns.

Il - ﬂ‘ Pipeline Browser |4
Add Field Arrays T
File Edit View Sources Filters Tools Catalyst Macros H Annotate Attribute Data ﬁ builtin:
o] B
’6 @ @ @ @ n (O] 8‘ - @ Dq Annotate Time Filter = E CFDOMCO00, csy
- Append Attributes L :
- - b
u = é =1l Rl Fe Bounding Ruler .c o m
iz ! ; Compute Quartiles et DCFDNCUULCSV
- - - 1
Pipelne Bronser B % | Otayout#1x Confingency Stafistics o ) TableToStructuredGrid2
ﬁ[ buitin: H W00 % Descriptive Statistics Re
Environment Annotation
@* B Open 5
D & Up {g Extract Bag Plots
@ Hide Al L bxtract Selection Properties | Information
@ Copy Extract Time Steps Properties F X
D Paste B FFT Of Selection Over Time
Ch Input... g - A
angEinny (%9 Group Datasets E;p Apply ) Reset K Delete ?
Properties | Add Filter D Annotation ¥ Group Time Steps -
Fropertes Reoad Files Commen ¥ || Histogram Search ... (use Esc to dlear text) &0
R ool Ignore Time Data Analysis  * K Mezans
= Apply o . = i .
® Delete Statistics > Multicorrelative Statistics = Properties (1 o e il
Search .. (us Create Custom Filter Temporal »
Pass A
) E S Whole Extent |5
= Propel Link with selection Alphabetical  * Plot Data
Detect Numeric Columns Plot Data Over Time 0 3
Use String Delimiter . Plot Selection Qver Time 0 3
Have Headers Principal Component Analysis B
Field Delimiter .} Programmable Filter ] X i
Character !
aracters Python Annotaticn ¥ Column =
[] Add Tab Field Deiimiter ¥
[ 3 . Slice (demand-driven-composite)
lerge Consecutive Delimiters
Table To Points 2 Column z h
g aed Table To Structured Grid ‘ :‘D m i
§ O =
Field Assaciation poy pata - Temporal Cache Display e i
Temporal Interpolator
= View (Spread DB ﬂ u v
Temporal Shift Scale = View (Spread @ m ﬁ u
Temporal Snap-to-Time-Step
Cell Fant Size - v
Time Step Progress Bar
m Transpose Table

Fourth Step: Choose your variable and the desired view

1 ParaView 5.5.2 64-bit - 8

File Edit View Sources Filters Tools Catalyst Macros Help

e BETODa FHG AP DS mp :
FIE T T — ®iE
= -
@ﬁl@@@govelmtyu
Pipeline Browser © velodity v
B builin: 2 _velacity_n EE 'k TEEN Renderview1 [0 208 %

A gyrc 2 Beea

[ croncono.csv

o | TR
-] croncoot.csv
R TabieTostruchurederida

Properties | Information
Properties

H apply D Reset || 3 Delete

Search ... (use Esc to dear text)

(= romm e | 8] ® |+

Vihole Extent [y 3
0 3
5 0o
0 3 —5.1e+0
¥Colmn [,
ol |, 400
zComn [,
= 300
= pisplay (StructuredGric || [P | T4 7
Representation Fae — 200
< — lde+02

You can see your meshing by choosing the “surface with edges” option.
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First time step:
Density:

o ParaView 5.5.2 64-bit

File Edit View Sources Filters Tools Catalyst Macros  Help

PEBEO e &G KA>DHMS mp :

0 =
W R 22 5 o o] | e MG 20 b 1 A8

(4

90

-90

= - 30 Glyphs
VOVRPOEEL 0B L wiRr..
Pipeline Browser B X OLayout=1X ;zir'";m
B buitin: & | o B
[ croncono.csv Vireframe
e TEb\ETuSh’udurEdGndl
[ croncont.csy
= ) TebleTostructurederid2

Properties

# apply @ Reset

Search ... (use Esc to dear text)

= e e 3] ®

Whole Extent [y 3
o 3
0 3

KComn |,
¥ Column v
2 Column B
= Display (StructuredGric o [
Representation Surface With Edges

< >

v

RenderViewl =]

400

300

density

Velocity u:

] ParaView 5.5.2 64-bit

File Edit View Sources Filters Tools Catalyst Macros Help

PEBEO e FERG KA>DBMD imp A
T EEEE ‘
E90PRPOSL200L L2 e

Pipeline Browser Olayout #1X | +

- madbi aiic.?

; .
[ buitin: & % |0 B
[F-] croncono.csv

|
@ | 7| TableTostructuredGrid1

[]croncont.esv
:
) TableTostructuredGrid2

Properties

F Apply @ Reset

Search ... (use Esc to dear text)

e

Whole Extent [ 3
0 3
0 3

xcokmn [,
¥Column [,
zComn [,

o
Representation | gurface With Edges

v
< >

velocity_u
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Second time step:
Density:

o ParaView 5.5.2 64-bit

File Edit View Sources Filters Tools Catalyst Macros  Help

PEBEO e &G KA>DHMS mp oz
Ii‘fﬁ] B2 5 S| o densy - ~ | [Surface with Edges - oMty gtz C

0 -9

EO0UERPOELD g g
Pipeline Browser 8 X | DOlsyout#1X | +

ﬁuunﬁn: & %o @ i R E a2 R
[-] croncono.csv
.ETEE\ETuSh'udurEdGndl
[ croncont.csy

T
» | 7| TableTostructuredGrid2

Properties Information

Properties & %
# apply D Reset 3¢ Delete || ?
Search .. (use Esc to dear text) 8%
= Properties (TableTostr || [J| 1
Vihole Extent [y 3
0 3
0 3
XColmn [,
¥ Comn |,
ZCoumn [,
= pisplay (StructuredGric || [P | T
Representation | gurface with Edges
v
< >

RenderViewl @ BH| O |F X

—4.2e+07

2e+7

density

Velocity u:

" ParaView 5.5.2 64-bit

File Edit View Sources Filters Tools Catalyst Macros  Help

pHBEO 0w FRGE AP DM mb g
TH % & & 52 53 o v 0 | ememes I XKMadbRhd3EC 2 ECEG
EQQURPO=2®0 82wl

Pipeline Browser 8 X Dleyout#1X | +
ﬁhu.nm: & %o @ w e B AN
] croncono.csv
éTEb\ETnStruduredGrldl
[ croncoot.csy

T
» | 7| TableTostructuredGrid2

Properties Information

Properties & X
# apply D Reset 3 Delet= || 2
Search ... (use Esc to dear text) 35
= properties (TableTostr | [| T *
Vihole Extent [y 3
0 3
0 3
XColmn [,
¥ Comn |,
ZCoumn |,
= pisplay (StructuredGric || [P | Ty
Representation Surface With Edges
v
< >

RenderViewl @ B |0 |F X

Fifth Step(Optional): You can also add outline shape for your simulation
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o ParaView 5.5.2 64-bit = B -

File Edit View | Sources  Filters Tools Catalyst Macros Help

& @ @ Search... Ctrl+Space dl BBl o=
R 2D Glyph s . B :
(W] 8] o - b QTP § 2§ b P § SRR
@ @ | AMRGaussianPulse Source il ]

Annotate Time

Pipeline Bronser N n
: rrow
@ ot Axes RenderViewl ==
|:|cr=|:wgl .
1) TableTe —
E‘CFDNC Cylinder
* L rebeTd Data Object Generator
Disk
Properties | Infor Hierarchical Fractal
Properties Hyper Tree Grid
: Line
# appl 2
Y Mandelbrot
Search .. (use Esc t Outline

Y Plane

Whole Extent Point Source
o

Poly Line Source

a

0
Ruler

¥ Column E Sphere

FEND [ SplineSource

2Cobm [, ] Superquadric
Display (Strl Text

—— Time Source

Programmable Source

i Unstructured Cell Types
g Wavelet

Choose the shape then its dimensions

m ParaView 5.5.2 64-bit - o IEN|

File Edit View Sources Filters Toeols Catalyst Macros Help

PEBEO e FRG AP DM S mp o
R Rt eOmes ] [ o XMadBbdd1c

EO0PRTOEL0 LB &K *
Pipeline Browser Oleyout#1X | +
-Ecémcmm NIEEIE):] TLLICCEREENL RenderView1 [=IER
- -ITEb\EToSh'udurEdGndl
[ croncoot.csy
@ ) TebleTostructurederid2
& B Box1

s legm v
proprtes | Informatn |

Properties 3

F Apply @ Reset
Search ... (use Esc to dear text)
= properties (Box2) o ["
XLength [}
¥ Length |1
ZLength [, —4.2e+07

Center 35 o

.25 15
= pisplay (GeometryRep o [
Representation Surface

.
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Annex A

Code used in chapter 8 application 1: Hydrogen combustion

Our program is composed of 4 classes:

1.
2.
3.
4.

File

).f

Projects 7 MIXTURE.cpp

o

Fuel: calculate the characteristics of species used.
Chemical: calculate the chemical constants of the procedure.

Mix: calculate the characteristics of the mixture.

MIXTURE: calculate density, velocity and internal energy of the mixture.

Edit Build Debug Analyze Tools Wi

Projects * T. = H+ =
4| = CFD
|m CFDupro
4 |y Headers
|k chemical.h
b Fuel.h
b mixh
MIXTURE.h

4 . Sources

Ei

[ chemical.cpp
7 Fuel.cpp
7 main.cpp
7 mix.cpp

A.1. Class Fuel:

Fuel.h

#ifndef FUEL H
#define FUEL H

class Fuel

{

public:

Fuel ()
{

}
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virtual ~Fuel()

{

}

float compute viscosity mu(float density,float W, float T);
float compute viscosity lambda (float A3, float mu);

float compute massfraction(float mk, float m);

public:
float density;
float diffusivity;
float enthalpy;
char name;
float specific heat;
float nu_air;
float viscosity mu;
float viscosity lambda;
float k;
float eps;
float Yk;
float mk; //mass of species k in a specific volume V
float m; //total mass of the mixture in the same volume V

bi

#endif // FUEL_H
Fuel.Cpp

#include "Fuel.h"
#include "math.h"

float Fuel::compute viscosity mu(float density,float W, float T)

{ float X;
float Y;
float k;
k=((0.00094+2*pow (10, -6) *W*pow (T, 1.5) )/ (209+19*W+T) ) ;
X=3.5+(986/T)+0.01*W;
Y=2.4-0.2*X;
viscosity mu=k* exp (X*pow(density,Y));

return viscosity mu;

}

float Fuel::compute_viscosity lambda(float A3, float mu)
{

viscosity lambda=A3*mu;

return viscosity lambda;

}

float Fuel::compute massfraction(float mk, float m)
{
Yk=mk/m;

return Yk;
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A.2. Class Chemical:
Chemical.h:

#ifndef CHEMICAL H
#define CHEMICAL H

class Chemical

{
public:
Chemical () {

}

virtual ~Chemical /()

{

}

float compute reaction_rates(float fl,float f2,float al,float bl,float Ws,
float kfj,float krj);

float compute Kfj(float A, float T, float beta,float Ta);

float compute krj(float kfj,float R, float T, float S0,float HO,float
c,float Pi);

}s

#endif // CHEMICAL_H

Chemical.Cpp:

#include "chemical.h"
#include "math.h"

float Chemical::compute_ reaction_rates(float fl,float f2,float al,float bl,float
Ws, float kfj,float krj){
float Qj;

Qj=kfj*fl+kri*£2;

return Qj;
}
float Chemical::compute Kfj (float A, float T, float beta,float Ta) {
float kfj;
kfj=A*pow (T, beta) *exp (-Ta/T) ;
return kfj;

}
float Chemical::compute krj(float kfj,float R, float T, float S0,float HO,float
c,float Pi){

float krj;

krj=(k£j/ (pow ((P1/R*c),1) *exp ((SO/R) - (HO/R*T))));
return krij;
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A.3. Class MIX:
MIX.h:

#ifndef MIX H
#define MIX H

class MIX

{
public:

MIX () {

virtual ~MIX()
{

}

float compute mixdensity(float* density S,float* volume S,float volume mix, int
NB) ;

float compute mixviscositymu(float* mu, float* YS,float* wS, int NB);

float compute mixviscositylambda (float viscositymu mix, float A3);

public:

float density S;
float density mix;
float viscositymu mix=0;

float £1=0;
float £2=0;

bi
#endif // MIX H

MIX.Cpp:

#include "mix.h"

float MIX::compute mixdensity (float* density S,float* volume S,float volume mix,
int NB) {

float density mix=0;
for (int i=1;i<=NB;i++) {

density mix=density mix+ (density S[i]*volume S[i])*volume mix;

return density mix;

}
float MIX::compute mixviscositymu (float* mu, float* YS,float* wS, int NB) {

float viscositymu mix=0;

float £1=0;

float £2=0;

for(int 1=1; 1<=NB;1l++) {
fl1=f1+YS[1l]*mul[l]*wS[1l];
f2=f2+YS[1]1*wS[1];
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viscositymu mix=£f1/£2;
return viscositymu mix;

}

float MIX::compute mixviscositylambda (float viscositymu mix, float A3) {
float viscositylambda mix=0;
viscositylambda mix=A3*viscositymu mix;

return viscositylambda mix;

}
A.4. Class MIXTURE:
MIXTURE.h:

#ifndef MIXTURE H
#define MIXTURE H

#include<iostream>
#include<fstream>
#include<string>

class MIXTURE

{
public:

MIXTURE ()
{

}
virtual ~MIXTURE ()

{
}

void compute_caracteristic(float viscosity mu,
float viscosity lambda,
float density,float* density S,
float uil, float wvil, float wil, float ui2, float vi2, float
wi2, float Ti,float Pi,float Tw, float* Y3, float NB,float* fx, float* fy, float*
fz);

}i

#endif // MIXTURE H

MIXTURE.Cpp:
#include "MIXTURE.h"

void MIXTURE::compute caracteristic(float viscosity mu, float viscosity lambda,
float density,float* density S,float uil,float vil,float wil, float ui2, float
viz2, float wi2, float Ti,float Pi, float Tw, float* YS,float NB,float* fx, float*
fy, float* fz)
{

int delta x=1;

int delta y=1;

int delta z=1;

int delta t=1;

float Fx=0;
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float Fy=0;
float Fz=0;
float factx=0;//energy eqt
float facty=0;//energy eqt
float factz=0;//energy eqt

float Rhomix[10]
float velocity u
float velocity v
float velocity w
float I[10][10][
float dRhomixdt [
float dudt[10] [
float dvdt[10] [
float dwdt[1l

float dIdt([1l
float P[10][1
float T[10][

1
1

1

1

0

0

]

]
01[10]
0][10]
0
0

[
[
[
[
1
1
0
0
0
0
1
1

e e O O O O

1
1
1
1

0]
107 [

for (int t = 0; t < 3; t++){
for (int 1 = 1; 1 < 5; 1i++)
{
for (int j = 1; j < 5; J++)
{
for (int k = 1; k < 5; k++){

// initial conditions

Rhomix[1][]j] [k] [0]=density;
velocity u[i][3][k][0]=10;
velocity v[i][]J][k][0]=20;
velocity w[i][]j][k][0]=30;
I[i1[J1[k][0]=10;
P[i][J]1[k][0]=Pi;
TIi][1][k][0]=T1i;

//fuel inlet
Rhomix[2] [0] [1] [t]=density S[1];
velocity ul2][0][1][t]=uil;
velocity v[2][0][1]([t]=vil;
velocity w[2][0][1][t]=wil;
Rhomix[3][0] [1] [t]=density S[1];
velocity u([3][0][1][t]=uil;
velocity v[3][0][1]([t]=vil;
velocity w[3][0][1][t]=wil;
Rhomix[2] [0] [2] [t]=density S[1];
velocity ul2][0][2][t]=uil;
velocity v[2][0][2][t]=vil;
velocity w([2][0][2][t]l=wil;
Rhomix [3] [0] [2] [t]=density S[1];
velocity u([3][0][2][t]=uil;
velocity v[3][0][2][t]=vil;
velocity w([3][0][2][t]l=wil;

//oxidizer inlet
Rhomix[l][O][l][t]=density_S[2];




velocity u[l][0]
velocity v[1][0]

velocity w[l][0][

Rhomix[1] [
velocity u
velocity v
velocity w

——— O

Rhomix[1] [
velocity u
velocity v
velocity w

——— O

Rhomix[1] [
velocity u
velocity v
velocity w

——— O

Rhomix[2] [0
velocity u
velocity v
velocity w

NN DN —

Rhomix[2] [
velocity u
velocity v
velocity w

——— O

Rhomix [3] [
velocity u
velocity v
velocity w

——— O

Rhomix [3] [
velocity u
velocity v
velocity w

——— O

Rhomix[4] [
velocity u
velocity v
velocity w

——— O

Rhomix[4] [
velocity u
velocity v
velocity w

——— O

Rhomix[4] [
velocity u
velocity v
velocity w

——— O

Rhomix [4] [
velocity u
velocity v
velocity w

——— O

Rhomix [1] [
velocity u
velocity v
velocity w

— — — O
[

[
]
i]
]
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for

//boundary conditions (walls)
Rhomix[0] [J] [k] [t]=density;
Rhomix [5] [J] [k] [t]=density;
velocity ulO0][J][k][t]=0;
velocity v([0][J][k][t]=0;
velocity wl[O][J][k][t]=0;
velocity ul5][]j][k][t]=0;
velocity v[5][3][k][t]=0;
velocity w[5][J][k][t]=0;
TIOI[3][k][t]=Tw;
TIST[3]1[k][t]=Tw;
Rhomix[i] [J] [0] [t]=density;
Rhomix[1i] [J] [5] [t]=density;
velocity uli][J]1[0][t]=0;
velocity v[i][J]1[0][t]=0;
velocity w([i][j][0][t]=0;
velocity u[i][]j][5]1[t]=0;
velocity v[i][3]1[5]([t]=0;
velocity wli][J]1[5]([t]=0;
TIi][3]1[0][t]=Tw;
T[i1[31 (5] [t]=Tw;
(int £t = 0; t < 5; t++){
for (int 1=1;1<= NB;1l++) {
for (int i = 0; 1 <= 5; 1i++)
{
for (int 3 = 0; j <= 5; J++)
{
for (int k = 0; k <= 5; k++){
factx=factx+ (Y *fx[1l]*velocity ul[i]l[]j][k][t]);
facty=facty+ (Y *fy[l]*velocity v[i]l[J][k]l[t]):
factz=factz+ (Y *fz[1]*velocity wlil] [J][k][t]);

’
’
’

Fx=Fx+YS[1l]*fx

Fy=Fy+YS[1l]*fy

Fz=Fz+YS[1l]*fz
IBEES

S[1]
S[1]
S[1]
(117
(117
(117

Rhomix [1i

dRhomixdt[i] [J] [k] [t]=(-

J[t]*(velocity uli+1]1[3j][k][t]

]
11031 [kDI

[
t

J]
1)

[
/

k
(

2*delta x)\

-velocity uli-

-velocity ul

i] (3] [k)[E]™

(Rhomix [1i+1] [j]1 [kl [t]-

Rhomix[1-1]1[j][k][t]

)/ (2*delta_x)\

-Rhomix[i][7] [k][t]*

(velocity v[i

il [J+11 (k] [t]~-

velocity v[i] [J-1]1[

k][t

1)/ (2*delta_y)\

-velocity vI[i][j][k][t]*

(Rhomix [i

1] [J+1] (k] [t]-

Rhomix[1i] [j-1][k][t])

velocity wli] [J] [k-

/(2*delta y)\

1]([t

-Rhomix [i] [J] [k] [t]*

1)/ (2*delta _z)\

(velocity wl[il][j][k+1][t

-velocity w[i] [J][k][t]l™

(Rhomix[1] [J] [k+1] [t

Rhomix [1] [J] [k-1][t])

/(2*delta _z));

dudt[i] [J][k] [t

(velocity ul[i][j] [k

1lt

]/Rhomix[1

1103

1
]

]) *dRhomixdt [1

1031 [k1 el

2*velocity ulil[3j][k

1lt

1*((velocity

[
u

k
[

1[t
i+1

1031 [k]Tt]

-velocity uli-

11031k

velocity ulil[J]I
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t])/(2*delta x))\

kl[t

]J*velocity ul

i] (3] [k [t]™

((Rhomix [i+1][j]1[k][t]

]_

]_

-Rhomix[i-



11091k )/ (2*delta x))-velocity ul[il[j][k][t]*((velocity v[i][§+1]1[k][t]-
veloc1ty v[ 1] [3-11[k][t])/(2*delta y))\

-velocity v[i][J][k][t]l*((velocity uli] [j+1][k][t]-
1)/ (2*delta y))-
*velocity uli][J]]
[k][t])/(2*delta_y

-velocity ul[i
velocity wl[il[3][k-1]1[t])/(2%delta_z))-
velocity wl[i] [§]1[k][t]1*((velocity ulil[j][k+1][t]-velocity ulil[j][k-
111t])/(2*delta_z))\

velocity u[i] [§-1]1[k]I
(velocity vI[i][J][k]I[t
1] [k][t]-Rhomix[i][j-1

t
] k] [t]/Rhomix[1][3][k][t])* (Rhomix[i][j+
] )\

i1 031 [kl [t]l* ((velocity wli] [J] [k+1][t]-

velocity uli] [J] [k]

(( [t]*velOClty wli] [J] [k ][ 1/Rhomix [1] [J] [k][t])* ((Rhomix[i] [
J1[k+1] [t]-Rhomix[i] []]

[k=111[t])/(2*delta z)))\

+(viscosity lambda/Rhomix[i][J][k][t])*(velocity ul[i+1]1[j][k][t]-
velocity ul[i][j] (k] [t]l+velocity u[i-11[3](k][t])/(delta_x*delta_ x)\

1[t]) *(velocity vI[i+1][J+1][k][t

+((viscosity lambda+viscosity mu) ) /Rhomix[i] [J] [k
[J+1]1[k][t]+velocity vI[i-1][]J-

]-velocity v[i+1][Jj-1][k][t]-velocity v[i-1]
11[k][t])/ (4*delta x*delta y)+\

((viscosity lambda+t+viscosity mu) ) /Rhomix[i] [] ][k+1][t]
-velocity w[i+1][]j][k-1][t]-velocity w([i-1][ J1lk

11[t])/ (4*delta x*delta z)\

1[k][t])*(velocity wl[i+1][]
1 [k+1] [t]+velocity w[i-1]]

+(2*viscosity_mu/Rhomix[i][j][k][t])*(velocity_u[i+1][j][k][t]—
velocity uli][j][k][t]+velocity ul[i-1][J]([k][t])/ (delta x*delta x)\

+(viscosity mu/Rhomix[i] [j][k][t])*(velocity uli][j+1]([k][t]-

velocity u[i][j][k][t]l+velocity uli][]j-

l][k][t])/(delta_y*delta_y) (viscosity mu/Rhomlx[ ][ 1 [kl [t])*(velocity uli][]]I
k+l][t]-velocity uli] [J][k][t]+velocity uli][J][k (t1) /¢ delta z*delta z)+Fx;

dvdt[i] [J][k][t]=-
(velocity v[i][J][k][t]/Rhomix[i][3][k][t])*dRhomixdt[i][]][k][t]-
2*velocity vI[i][3][k][t]1*((velocity v[i][3+1][k][t]-velocity v[i][j-
11[k][t])/ (2*delta_y))\
velocity_v[i][j][

k] ]*velocity v[i][J][k][t]* ((Rhomix[i][]j+1][k][t]-
Rhomix[i] [J-1]1[k] [t

k]

))

[t
1)/ (2*delta y))-
velocity v[i][§][k][t]*((velocity w([i][§][k+1][t]-velocity w([i][j][k-
1][t])/(2*delta 4 \
-velocity v[i][j][k][t]*((velocity uli+1][3][k][t]l-
)/ (2*delta x))-

velocity u[i-1]11[3] [t]

[ t]*velocity uli][J][k][t]/Rhomix[i][3][k][t])* (Rhomix[i+1]
J1 [k ) =
1A ]

31 (k]
(velocity vI[i] [J][k]I
J1 [kl [t]-Rhomix[i-1]1[] 1[t])/ (2*delta x
velocity ul[i][J][k][t velocity v[i+1][]

11031 [kl [t])/(2*delta x)\

[k] [t]-velocity v[i-

-velocity wl[i]l [j]1[k][t]1*((velocity vI[i][j][k+1][t]-
velocity v[i][j][k-11[t])/(2*delta_z))\
velocity v[i] [F][k]

(( [ /Rhomix[1][3][k][t])* ((Rhomix[i][
J1[k+1] [t]-Rhomix[i] []

t]*V61001ty wli]l[J][k][t]
1[k=-11[t])/(2*delta Z)))\
+(viscosity mu/Rhomix[1][j][k][t])* (velocity v[i+1]1[3][k][t]-

velocity v[i][j][k][t]l+velocity v[i-11[F]1[k][t])/(delta x*delta x)\

1[t])*(velocity uli+1][Jj+1] [k] [t

+((viscosity lambda+viscosity mu)/Rhomix[i][]] [k
[J+1] [k] [t]+velocity uli-1][]J-

]-velocity ul[i+1]1[j-1][k][t]-velocity u[i-1]
1][k][t])/(4*delta_x*delta_y ) +\

((viscosity lambda+viscosity mu)/Rhomix[i][j][k][t])* (velocity w[i] [§+1] [k+1][t]
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-velocity w([i][j+1][k-1][t]-velocity w([i][j-1][k+1][t]l+velocity w[i][j-1]T[k-
11[t])/ (4*delta y*delta z) \

) * (velocity v[i][j+1][k][t]-

+(2*viscosity mu/Rhomix[i][j][k] [t]
[11[3-11[k][t])/ (delta y*delta y)\

velocity v[i][]j][k][t]l+velocity v

+(viscosity_lambda/Rhomix[i][j][k][t]) (velocity v[i] [J+1][k][t]-

velocity v[i][Jj][k][t]l+velocity v[i][]-

11[k][t])/ (delta y*delta y)+(viscosity mu/Rhomix[i][j][k][t])* (velocity v[i][3F]I
k+1l] [t]-velocity vI[i][J][k][t]l+velocity vI[i][j][k-1]1[t])/(delta z*delta z)+Fy;

det[i][j][k][t]—
1[k][t]/Rhomix[i][J][k] [t
j][ ][ 1*((velocity w([i][
_zZ))N\

) *dRhomixdt [1]1[J]1[k][t]-

(velocity wl[il[] ]
[ J] [k+1][t]-velocity wli][J] [k~

2*velocity wl[i]
11[(t])/ (2*delta
*velocity w([i][J][k][t]* ((Rhomix[1i][]][k+1][t]-

velocity_w[i][ ] t]
)/ (2*delta_z))-
tl*
))

[k]
Rhomix[i] [J] [k-1] [t
Velocity_v[i][j][k]
11[k][t])/ (2*delta

[
]
[ ((velocity wli] [J+1][k][t]-velocity wl[i][]J-
v\
-velocity wl[i][§]1[k][t]* ((velocity uli+1][3][k][t]-
/(2*delta _x))-
elocity ul[i][3]([k][t]/Rhomix([i]([J][k][t])* (Rhomix [i+1]
) -
]

velocity u[i-1] )
v
k]l [t])/(2*delta x
v
)\

[
(velocity wlil[j
31 [k] [t]-Rhomix|[
velocity ul[i][J][k]I
l][j][k][t])/(Z*delta X)

Jl[k][t]
I[k]l[tl™*
i-171[311
tl*(velocity w[i+1][Jj][k][t]-velocity w[i-

-velocity w([i][j][k][t]*((velocity v[i][j+1][k][t]l-
velocity v[i][j-1]1[k][t])/(2*delta y))\
((velocity vI[i][jl[k][t]l*velocity wl[i][]j][k][t]/Rhomix[i][3][k][t])* ((Rhomix[i]][
j+11[k] [t]-Rhomix[i1] [j-1]1[k][t])/ (2*delta y )\

+(viscosity mu/Rhomix[i] [j][k] [t])*(velocity w([i+1][j][k][t]-
velocity w[il [j][k][t]l+velocity w[i-1]1[F]1[k][t])/(delta x*delta x)\

+((viscosity lambdatviscosity mu) /Rhomix[i] [] ][k+1][
]-velocity ul[i+1]1[j][k-1][t]-velocity ul[i-1]] 311k

11[t])/ (4*delta x*delta z)+\

J[k][t])*(velocity uli+1] []
1 [k+1] [t)+velocity ul[i-1]]

((viscosity lambda+viscosity mu)/Rhomix [i] [j] [k] [t])* (velocity v [i] [jJ+1] [k+1] [t]
—velocity v[i][§+1]1[k-1][t]-velocity v[i][§-1][k+1][t]+velocity v[i][j-1] [k-
11[t])/(4*delta y*delta z)\

) *(velocity wli] [J][k+1][t]-

+(2*viscosity mu/Rhomix[i][j] [k] [t]
[11[31[k-1]1[t ])/(delta_z*delta_z)\

velocity w([i] [J][k][t]+velocity w

+(viscosity lambda/Rhomix[1i][J][k][t])*(velocity w[i] [j+1][k][t]-
velocity w([i][j][k][t]l+velocity w[i][]j-
1][k][t])/(delta_y*delta_y) (viscosity mu/Rhomix [1 ][ J[k1[t])*(velocity w[i]l[J]I

k+l] [t]-velocity wli] [J][k][t]+velocity w[i] [J][k- [t])/ (delta z*delta z)+Fz;

AdIdt[i] [J1[k][t]l=(-I[41]1[J][k][t]/Rhomix[i][]j]([k][t])*dRhomixdt[i][]j][k][t]-

I[i1 0310kl [t]1*((velocity uli+1][j][k][t]l-velocity uli-1]1[j]1[k][t])/(2*delta x))
(T[i1 031 [kl [tl*velocity ulil[J]1[k][t]/Rhomix[i][J][k][t])* ((Rhomix[i+1][]][k][t]

-Rhole[l-ll[j][ 1[t])/(2*delta_x))-velocity ulil[3]1[kI[EI*((T[i+11[3]1[kI[t]-
T[1i-11[31[k]1[t])/(2*delta_x))-T[1]1[J]1[k]l[t]*((velocity v[i]l[J+1]1[k]l[t]l-

velocity v[i][j-1]1[k][t])/(2*delta y))-

(T[i1[J1[k]l[tl*velocity v[i][J]1[k][t]/Rhomix[i][J][k][t])* ((Rhomix[i][j+1][k][t]

-Rhole[l][j 111kl [t])/(2*delta_y)) -velocity v[i][31[kI[E]I*((T[1]1[3+1]1[k]I[t]~-

T[1103-11[k1[t])/(2*delta_y))-T[i]1[J1[k][t]* ((velocity wl[il[J][k+1]1[t]-
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velocity wl[i]l[j][k-11[t])/(2*delta_z))~-

T[i][3] (k] [t]*velocity w[i] [§][k][t]/Rhomix[1][F][k][t])*(
-Rhomix[1] [J] [k-1][t])/(2*delta z)) -velocity w([i][J][k][t]
I[1i]1[3][k-11[t])/(2*delta _z))~-

(viscosity lambda/Rhomix[1][3][k][t])* ((
11[31[k][t])/ (delta x*delta x) (T[1][j+1
l][k][t])/(delta_y*delta_y) T[i]1[J] [k+1
11[t])/(2*delta _z)) -

((4/3)*viscosity mu/Rhomix[i][J][k][t])* ((velocity uli+1][]j][k][t]l-
2*velocity ul[i] [J][k][t]+velocity uli-

11031 [k][t])/ (delta x*delta x)+(velocity vI[i][j+1][k][t]-
2*velocity v[i] [J][k][t]+velocity v[i][]-

11[k][t])/ (delta y*delta y)+(velocity wl[i][] ][ ][ ]1-

2*velocity wl[i] [J][k][t]+velocity w[i][]][k-1] )/ (delta_z*delta z))\

T[1+1][j
]
]

+(viscosity mu/Rhomix[i][J] [k][t])*(velocity u[i] [J+1][k][t]-

2*velocity uli][j][k][t]+velocity uli][]-

11[k][t])/ (delta y*delta y)+(2*viscosity mu/Rhomix[i] [J][k][t])* ((velocity v[i+1
1031 [k][t]l-velocity v[i-11[j][k][t])/(2*delta x))* ((velocity ul[i] [J+1]1[k][t]-
velocity ulil[3-11[k][t])/(2*delta y))\

+(viscosity mu/Rhomix[i][J][k][t])*(velocity u[i][]][k+1][t]-

2*velocity ul[il[j][k][tl+velocity ulil[j] [k~

11[t])/ (delta z*delta z)+(2*viscosity mu/Rhomix[i][j][k][t])*((velocity w[i+1][]
] [k][t]-velocity W[l 1][]][ ][t ])/(Z*delta_x)) ((velocity ufli] [J][k+1][t]-
velocity ul[i] [J][k- 1)/ (2xdelta_z))\

+(viscosity mu/Rhomix[i][§][k][t])* ((velocity v[i+1][3][k][t]-
2*velocity v[i][J][k][t]+velocity v[i-

11[J1[k][t])/ (delta x*delta x))+(viscosity mu/Rhomix[i] [j][k][t])* ((velocity vI[i
1031 [k+1] [t]-2*velocity v[i][3][k] [t]l+velocity v[i][3] [k-
11[t])/ (delta z*delta z))\

+(2*viscosity mu/Rhomix[1][j][k] [t])* ((velocity w([i][Jj+1][k][t]-velocity w[i][]j-
11 [kl [t])/(2*delta y))*((velocity v[i][j][k+1][t]-velocity vI[i][]][k-
l][t])/(Z*delta_z))+(Viscosity_mu/RhomiX[i][j][k][t])*((velocity_w[i+1][j][k][t]
—2*velocity_w[i][j][k][t]+velocity_w[i—1][j][k][t])/(delta_x*delta_x))\

+(viscosity mu/Rhomix[i] [J] [k] [t])* ((

2*velocity w([i] [J][k][t]l+velocity w[i][j-1][k][t])/(delta y*delta y))-
(P11 [J]1 [kl [t]/Rhomix[1i] [J][k][t])*((velocity ul[i+1][3][k][t]-velocity uli-
1031 0k1[t])/ (2*delta x)+(velocity v[i]l[j+1][k][t]-velocity v[i][j-

11[k]1[t])/ (2*delta YTt (V€lOClty wli]l [] ][k+1][ ] V61001ty_w[1][j][k—

11[t])/(2*delta z)) +factx+facty+factz

velocity w[i] [jJ+1][k][t]-

T[i][J][k][t+delta t]=T[i][j][k][t]l+dIdt[i][J][k][t]*delta t;
Rhomix[i][j][k][t+delta_t]=Rhom1X[1][ ] [k] [t]+dRhomixdt [i ][j][k][t]*delta_t;
velocity u[i][]j][k][t+delta t]l=velocity uli][j][k][t]l+dudt[i][j][k][t]*delta t;
velocity v[i][j][k][t+delta tl=velocity vI[i][j][k][t]l+dvdt[i][j][k][t]*delta t;
velocity w([i] [J] [k] [t+delta t]l=velocity wli][j][k][t]l+dwdt[i][j][k][t]*delta t;

printf ("sd, %d, %d, $f, %£,%£,%f\n",1,J,k,Rhomix[1i] [J] [k] [t+delta t],velocity uli][]
] [k] [t+delta t],velocity v[i][J][k][t+delta t],velocity w[i][J][k][t+delta t]);
}
}
}
system ("pause") ;
}
}
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A.5. Main program:

#include <QCoreApplication>
#include<iostream>
#include<fstream>
#include<string>
#include<math.h>

#include "Fuel.h"

#include "mix.h"

#include "MIXTURE.h"
#include "chemical.h"

int main(int argc, char *argvl[])

{
QCoreApplication a(argc, argv);
float NB; // nb of species
float density S[100];// density for each species
float density mix;// mix density
float volume S[100];//volume of species S
float volume mix;//mixture volume
float wS[100];//molecular weight for each species
float w;//mix molecular weight
float Ti;//initial fuel temp
float uil;//initial fuel velocity
float vil;//initial fuel velocity
float wil;//initial fuel velocity
float ui2;//initial fuel velocity
float vi2;//initial fuel velocity
float wi2;//initial fuel velocity
float Tw;// wall temp
float mS[100];// mass of each species
float m;// total mass
float R;
float Pi;//initial pressur
float wl;// ys/ws
float al[100],b1[100];//stoeciometric coefficient
float A; // chemical constant
float beta;// temp. constant
float Ta;//activation temperature
float E;//activation energy
float SO,HO;//entropie, enthalpie
float mu[100]; //viscosity of species
float viscositymu mix;
float lambda[l00];//viscosity of species
float viscositylambda mix;
float YS[100];//mass fraction
float fx[100],fy[100],fz[100];//mass forces

//Input

printf ("Number of species >1: ");
scanf ("%f", &NB) ;

printf ("Enter Species caracteristics:");
for (int i=1;i<=NB;i++) {
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printf ("Species %d:",1);

printf ("density : \n");

scanf ("$f", &density S[i]);

printf ("mass in volume V:\n");

scanf ("$f",&mS[1]) ;

printf ("molecular weight:\n");

scanf ("%f",&wS[1]);

printf ("volume V of species:\n");

scanf ("$f", &volume S[i]);

printf ("stoechiometric coefficient al[%d]:\n
scanf ("%f",&al[i]);

printf ("stoechiometric coefficient b[%d]:\n
scanf ("%$f",&b1[1]);

printf ("mass force fx:\n");

scanf ("S$f",&fx[1]);

printf ("mass force fy:\n");

scanf ("Sf",&fy[1i]);

printf ("mass force fz:\n");

scanf ("S$f",&fz[1]);

system ("pause") ;

}

printf ("Mixture mass :\n ");
scanf ("%$f", &m) ;

printf ("volume V of mixture:\n");
scanf ("$f", &volume mix) ;

printf ("activation energy E:\n");
scanf ("$f", &E) ;

printf ("Entropie:\n");

scanf ("%f", &S0) ;

printf ("Enthalpi:\n");

scanf ("%f", &HO) ;

printf ("Rx constant A:\n");

scanf ("%$f", &A);

printf ("Temp constant beta:\n");
scanf ("%f", &beta) ;

// Boundary conditions
printf ("Enter Boundary conditions:\n");

printf ("Inlet temperature:\n");

scanf ("$f",&T1i) ;

printf ("inlet fuel Velocity u component:\n");
scanf ("$f", &uil) ;

printf ("inlet fuel Velocity v component:\n");
scanf ("$f", &vil) ;

printf ("inlet fuel Velocity w component:\n");
scanf ("$f", &wil) ;

"1

", 1)

printf ("inlet oxidizer Velocity u component:\n");

scanf ("$f", &ui2) ;

printf ("inlet oxidizer Velocity v component:\n");

scanf ("S$f",&vi2) ;

printf("inlet oxidizer Velocity w component:\n");

scanf ("%$f", &wi2) ;
printf ("Enter Boundary conditions:\n");
printf ("wall temperature:\n");

scanf ("%$f", &Tw) ;
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//Species caracteristics

Fuel fuel[100];
R=8.314;//j/mole.K

for (int 1=1;i<=NB;i++) {

mu[i] = fuel[i].compute viscosity mu(density S[i],wS[i],Ti);

printf ("viscosity mul[%d]: %$f\n",i,muli]);

lambda[i]= fuel[i].compute viscosity lambda(0.067,muli]);
printf ("viscosity lambdal[%d]: %f\n",1i,lambdalil]);
YS[i]=fuel[i].compute massfraction(mS[i],m);
printf ("Species %d mass fraction : $f\n",i,YS[i]);

}

system ("pause") ;

//mixture caracteristics

/7

MIX mix1;

density mix=mixl.compute mixdensity(density S,volume S,volume mix,NB);
viscositymu mix=mixl.compute mixviscositymu (mu,¥YS,wS,NB);

viscositylambda mix=mixl.compute mixviscositylambda (viscositymu mix, 0.067);
wl=0;

for (int i=1;i<=NB;i++) {

wl=wl+(YS[1i]/wS[i]);

}

w=1/wl;
// Pi=density mix*R/(w*Ti);

Pi=1;

Chemical kinetics

Chemical chem;

float Wk[100];//mass reaction rate

float kfj;//forward rate

float krj;//reverse rate

float Qj;//rate of progress

float cl;//molar stoechiometric coefficients
float fl=1;//chemical factor

float f2=1;//chemical factor

float ¢c=0;//chemical factor

for (int 1i=1;i<=NB;i++) {
fl=fl*pow((densityimix*YS[i]/w),al[i]);
f2=f2*pow ((density mix*YS[i]/w),bl[i]);
c=c+(bl[i]-alli]);

Ta=E/R;
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kfj=chem.compute Kfj (A,Ti,beta,Ta);

krj=chem.compute krj(kfj,R,Ti,S0,HO,c,Pi);

Qj=chem.compute reaction rates(fl,f2,al[i],bl[i],wS[i],kf],kr]);
cl=bl[i]-alli];

Wk[i]l=wS[i]l*cl*Qj;

//mixture variables u,v,w,density,energy

MIXTURE MIX;
printf("x,y,z,density,velocity u,velocity v,velocity w\n");

MIX.compute caracteristic(viscositymu mix,viscositylambda mix,density mix,densit
y S,uil,vil,wil,ui2,vi2,wi2,Ti,Pi,Tw,YS,NB, fx, fy, fz);

return 0;
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