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Abstract

The TChem toolkit is a software library that enables numéstaulations using complex chem-
istry and facilitates the analysis of detailed kinetic med&he toolkit provide capabilities for ther-
modynamic properties based on NASA polynomials and spg@cahuction/consumption rates. It
incorporates methods that can selectively modify reagiemameters for sensitivity analysis. The
library contains several functions that provide analylyceomputed Jacobian matrices necessary
for the efficient time advancement and analysis of detailedtic models.
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Chapter 1

Introduction

Consider the system of stiff ordinary differential equaid®DE’s) that describe the evolution
of a homogenous mixture ddspecSpecies in an open container

oT 1 e

—_— h 1.1
A oy 2 Z KO (1.1)
Ve Gx

E:F k:l...NspeQ

wherep is the densityT the temperaturey the mass fraction of speci&sc, andcp, the specific
heat of the mixture and speciksrespectively andy the reaction rate of speci&sln some cases,
the ODE for select species (usually the most abundant in tkieira) is replaced by an equation
enforcing mass conservation. For example

Nspec
Y =1-— \7 (1.2)
k=TRAL

can substitute the ODE for specie# (1.1).

The system of equations (1.1) can aid in the design of kimetidels for increasingly complex
fuels. It allows the computation of ignition delay times amikture compositions that can be
compared against experimental results from shock tuberiexgets. This system is a canonical
configuration which enables the study of chemical reactathyways and testing of algorithms for
reducing detailed kinetic models for use in more complexXigomnations.

TChem is as an open source software library that facilitdtesanalysis of complex kinetic
models and provides tools for incorporating these modedsimbustion simulations. The example
codes, written in C, C++, and Fortran, that are part of the hbpaovide model solvers for the
system of ODE 1.1. While the library is standalone, the exanaplplications require the open
source libraries CVODE (for the C and C++ models) and DVOBHor the Fortran model).

This report is organized as follows. Chapter 2 contains esgioes for the thermodynamic
properties and chemical composition formulae implemeitdte library. Chapter 3 provides an

Yhttps://conputation.|lnl.gov/casc/sundials
https://conputation.|lnl.gov/casc/software. htn
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overview of the reaction rate expressions. Chapter 4 dexctite derivation and calculation of the
Jacobian matrices. Chapter 5 describes C, C++ and Fortran &xaoges that use TChem. The
user interface for all functions is presented in Chapter 6.

10



Chapter 2

Thermodynamic properties, equation of
state, and mixture formulae

The heat capacity at constant pressg (molar enthalpyKl), and entropy $) for a mixture

are given by :
Nspec Nspec NSPEC

Co= Y XCpo H= Y XHo S= 3 X& (2.2)
72, e 17 3 e 570,

where subscripk stands for species “k” anBspecis the number of species in the mixture. The
standard-state thermodinamic properties for a thermalfept gas are computed based on NASA
polynomials [6] :

% =agk+T <al,k+T (apk+T (33,k+a4,kT))>7 (2.2)
Aot (T (B () e
%: aO,k|nT+T<al7k+T(%+T (%+%T>)) + a5k, (2.4)

Here Xy the mole fraction of specids and] the universal gas constant. The specific thermody-
namic properties in mass units are optained by dividing theva expressions by the molecular
weights:

Cpk = Cpk/\M@ hk = Hk/V\A(a S = Sk/VW (25)
and the mixture properties computed as
Cp= ZYkak’ h= ZYkhk, S= zYkSk (2.6)

whereW andY are the molecular weight and the mass fraction of spéciesspectively.

The ideal gas equation of state is used throught the library,

N,
B spec
P=p—=T= x| OT (2.7)
w (kzl )

whereP is the thermodynamic pressuld, is the molecular weight of the mixturg&, is the tem-
perature, andy is the molar concentration of speciesV is computed as

o (Nspec Y ) B Nspec ( )
W=[S X)) =3 xw 2.8
2w 2

11



Mass and mole fractions can be computed from each other as
X =YW /W, Yie = XWe/W (2.9)
while the molar concentration is given B = pYi/W.

The units for these properties are given in Section 7. Fanstthat perform calculations de-
scribed in this section are contained in file€ mims.cand TC_ thermo.cand are described in
Section 6.

12



Chapter 3

Reaction-rate expressions

The reaction rate of speci&sn mass units is written as

Nreac

o = W ZleiQi, Vki = Vi — Vi, (3.1)
i=

whereNreacis the number of reactions ang, andv,; are the stoichiometric coefficients of species
k in reactioni for the reactant and product side of the reaction, respaygtihe rate-of-progress
of reactioni is gj = ¢j®;j, with

1 basic reaction
Xi 34 hody enhanced, no pressure dependence

= %F. unimolecular/recombination fall-off reactions (3.2)
%P”F. chemically activated bimolecular reactions

N vij N Vi . .
and®; = ke, [1;27°X;" —ki[1,27 X;". The above expressions are detailed below :

e Forward rate constant has an Arrhenius expressign: ATR exp(—%), whereA;, (i,

andEg; are the pre-exponential factor, temperature exponentaetihtion energy, respec-
tively, for reactioni.

e Reverse rate constaktj. For reactions with reverse Arrhenius parameters specikied
is computed similar tks;. If the reverse Arrhenius parameters are not specikgdis
computed a%; = Kt; /Kcj, where

Nspec, Nspec, NS ec
([ Patm\2k=1 VK, /Patm) 2k=1 VK (s hy
<a=(g7)"" "Ka=(E7) eXp( > il mr 3.3

k=1
Nspec Nspec
[ Patm) 2k=1 Vi P o S hy
_< = ) exp(kzlvk.( InT-l—Rk _RkT)> (3.4)
Nspec N
3 on Vi Ispec
_ <p§m> =t exp( > vkigk) . (3.5)
k=1



Based on the polynomial expressions in (2.3) and (2449,are computed as

Sk hk
——InT+=X__X 3.6
Ok n +Rk RkT ] ] . (3.6)

Note: If a reaction is irreversiblé, = 0.

e Concentration of the “third-body"}; = zNSpf°a. i Xj, whereaq;; is the efficiency of species
j in reactioni andX;j is the concentratlon of specigs ajj coefficients are set to 1 unless
specified in the kinetic model description.

e Reduced pressuf@;. If expression “(+M)” is used to describe a reaction, tifgn= Ko 36.
For reactions that contain expressions likeY{}” (Ym is the name of specias), Pr, =
R X,
For unimolecular/recombination fall-off reactiortte Arrhenius parameters for the high-
pressure limit rate constaky are given on the reaction line, while the parameters for the
low-pressure limit rate constakg are given on the auxiliary reaction line that contains the
keyword “LOW". For chemically activated bimolecular reactiottse parameters fdg are
given on the reaction line while the parametersifpare given on the auxiliary reaction line
that contains the keyword “HIGH”.

1 Lindemann reaction
F = Fcle/n(tl+(A/B)2) Troe reaction (3.8)

dTe(aexp(—2) Jrexp(—%))X SRI reaction
1. Forthe Troe formFeent, A, andB are

T T T
Feent= (1—a)exp(—_|_***) +aexp<—ﬁ) +exp<— T ) (3.9)

Parameters, T, T*, andT** are provided (in this order) in the kinetic model de-
scription for each Troe-type reaction. Tf* is ommited, only the first two terms are
used to computEcent.

2. For the SRI form exponeit is computed aX = <1+ (IoglOPri)z) . Parameters,

b, c, d, ande are provided in the kinetic model description for each SRktyeaction.
If d ande are ommited, these parameters are set+ol ande = 0.

Note on units for reaction rates
In most cases, the kinetic models input files contain pararsg¢hat are based on calories, cm,

14



moles, kelvin, seconds. The mixture temperature and speaddar concentrations are necessary
to compute the reaction rate. Molar concentrations are coecas

Yk kmol

The molar concentrations are then multiplied by 1@ convert them tc{?—;}f} . The molar reaction
rates computed based on these values a[%%@g} . These molar reaction rates are multiplied by

10° and by the molecular weight of each specﬁg%} to obtain the mass reaction rates{ﬁ%} .

15
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Chapter 4

Jacobian Matrices

Efficient integration and accurate analysis of the stiftegsof ODE’s (1.1) requires the Ja-
cobian matrix of therhs vector. In this chapter we will derive the components of theobian
matrices both for systems which includes equations forpatees as well as for systems of ODE’s
with one eqauation being replaced by the mass conservajioatien (1.2).

Let

® = {PT,Y1,Ys..., Yy} and (4.1)
= T

® = {PT,Y5 o, Y1, Yirts - Ynpeo) (4.2)

denote the set of variables for the full and reduced systdn@DdE’s, respectively. Altough we
included pressure as an independent variable, we restirieittention to open containers for which
the thermodynamic pressui,is constant. Then (1.1) can be written in compact form as

[0 T

E = - {SD ST 8{178{27 S{Nspec} and (43)

0P - T

E = f= {s:)vsT?S{l?‘"7S{L—17S{L+17""S{Nspec} ’ (44)
where =0, Sy = —— ZNS”e°hkw,<, andS,, = ax/p.

Let 7 and 7 be the Jacobian matrices correspondirLthgnd f, respectively. In order to
facilitate the derivation of partial derivativéd; /0®; anddf; /0®; that are the elements of these
matrices, it is useful to add density to the state vector.dhbe the extended state vector:

®={p,PT,Y1, Y2, Ygpee > (4.5)

Therhsterm corresponding to the time advancetois

LN Gy e
1 spec} : (46)

h-v_a_f"v
H®) = {SDSP pCpklkwkpp p

with S, ~ WL+ b 51

17



Let 7 be the Jacobian matrix correspondingftdChain-rule differentiation leads to

of,  ofy  0fudp

v ov opav (4.7)
of,  ofy afudp afuov
v T v apov av v (4.8)

Note that each componembf ® is also a component @ and®, and the correspondinysterms
are the same

f, (&:) =Ty (®) = fu (D) (4.9)

In terms of actual components

0 .
]|J—7l+1j+1+7|+110(§ 1,]=1,2,...,Nspect 2 (4.10)
J
~ 0 oY .
Jij= T|+|S,J+JS+T|+|S,16£ + Fitis, L+3(’%TL 1,]=1,2,...,Nspect 1. (4.11)

j j
where

o 1 i,j+1<3+L
us,Js={ J (4.12)

2 otherwise

Analytical expressions for ¥

Analytical for expressions for the matrix components am@viglted line by line below. Note
that, in the expressions below, whenever the summationsliare omitted, the sums are over all
NspecSpecies.

e Line #1: Density equation Density is not currently advanced through an equationter t
time being. Sinceryj = g;,l are not needed, all components on the first ling adire set to

0.
e Line #2: Pressure equation The source term for the pressure equation is assumed otifista
f, = const
92 _Gtorallj = 75 =0, (4.13)
90, I=72i= ‘
e Line #3: Temperature equation #3j = gg , Wherefs = ——zNSpECh wx. Here
Nspec
Cp= 2 YiCpy (T) anddy = ax (T, X1, X2, .., XNgpeo - (4.14)
K=1

18



Xk is the molar concentration of species

PYk
X = —=X, 4.15
<= W (4.15)
The individual components ofs .. are computed as
af3 1 1 amk 1 W 00
=== ——VYhy—=—"SNYh|——— 4.16
731= 3p = 26, 2 e, 2 ap = pe, 2™ < P op ) (4.10)
F32= 0 (4.17)
ofs3 1 dcp : 1 OV
F33= 37 = o aT > it Z Cpbk — — Z U (4.18)
¥ '—%—ic hycGox — h N (4.19)
3.3+ — OYJ = pc% Pj Z kW oCo Z kGYJ , -+, Nspec .

e Line #(3+k), k=1..Nspes Species equations For subsequent lines-8k of the Jacobian
matrix 7 :

_Ofanc 0(6x/p) _ L (0Gx  Gx
F3+k1 = o o _plap p (4.20)
(¢
Faa= 2P g (4.21)
0(0 106
F3+k3= ((gfl./p) = o ao.lj.k (4.22)
d(0 100 .
?3+k,3+j = ((5)‘;1/[)) — Ba(;xj(,j,k: 1,2,...7Nspec (423)

The values for heat capacities and their derivaties are atedpased on the NASA polyno-
mial fits as

ac
S5 = R(auk-+ T (28zk+ T (3aak -+ 4askT)) ). (4.24)
acp dCp,  0Ocp

ar 2T oy, o (4:29)

The partial derivatives of the species reaction ratgéT, X1, X2, . . .), with respect to various
independend variables are computed as

aon| Nieca(bk 0X| Nspeci% (4.26)
G| _Neainan ooy dinod o ooy 27
Y] oTYey 15 0X, dY; 0T 9Y;  0p 9Y] W, 0X]

(4.28)

The steps for the calculation 88 and % "“" are itemized below

19



— Derivatives of reaction rate

N N N
o reac = B reac aql (‘Jk B reac aql
wx =Wk i; Viili = =W Z kigT a%I =W Z Kin~e
— Derivatives of rate-of-progress variables
g ¢ 0% 0qi  0Ci O
ql_C'%jﬁ_ﬁ%—FC@T’ a—%l—(-9—3&7(14—6]0—3€I

— Derivatives of¢;
1. Basic reactiongj = 1: 9Gi — 96 —

oT — oX| —

2. 3%ody-enhanced reactioas= Xi: 9< =0, ggl = aj

3. Unimolecular/recombination fall-off reactions= 1EF'>. F
% o 1 0P Pri E
0T  (1+R)20T ' 1+R;dT

= +
0X) (1+Pri)203€|' 1+PR0X,

i ri |k°°| kok{wl ri __ i
(@ R = &.% = aal?r = kOT:fl, 3% kkgld
(b) P = & ke XM = %PT” = kOikm—L;Oikwixma ‘3% = %&m, where 9 is Kroe-
necker delta symbol.
(c) For Lindemann fornf = 1= %1 = %8 = 0.

x|
(d) For Troe form

OF  OF OFcen  OF 0P
aT N aFcent aT apr aT

oF  oF aFgg{ OF P,  OF OR

0X|  OFoorm 0%, | OB OX, 0P 0X|

oF F FInE (ZA) ArB—BEA
- 2 - cent _3 —2
o @) (o)
oF 2A\ ApB—Bp A
- = F |n Fcent <_) — T
oP, B3 2\ 2
f (1+(8)°)
where
A _ OA 067 0B 11762
- OFcent B Feentln 10° - OFcent B Feentin10
0A 1 GB 0.14
= = — B
Ar op  PRIn10 T 9P P In10

oT T O T ) TP T ) T P T T



(e) For SRI form

oF =F 6_Xa_P|n aex E +ex T
T T TP ot P\7T Pl7¢
b 1 T
+X%29Xp(— )_EeXp(_)E))

b
aexp(—2) +exp(—L

oF —FIn( aex b +ex X R
ox P\ T P FEXCER

oxX x22|091 oP,

P~ 7 PRInl0
4. Chemically activated bimolecular reactions= 1+1P » F
% o 1 0P L 1 E
0T  (1+P)20T ' 1+P;0T
0Ci 1 R 1 0K

X (1+PR;)20%X ' 1+R0X

Partial derivatives oP;; andF; are computed similar to the ones above.

— Derivatives ofg;

a% Nspec / Nspec //

ﬁ:k/fll_l%” /il_l.%]l

I= =1

'Spec i NS ec |
ORj ka|.I'I,p3€’ ~ kevii ] p%J
X, X X

1. ki = = ATP exp( Ea‘) A exp(B. InT — Ta‘) whereTai = Ea/0. The deriva-
tive with respect to temperature can be calculateldr as — (B. + Ta')

2. If reverse Arrhenius parameters are providedis computed similar to above. If
ki is computed based dq, and the equilibrium constak;, then its derivative is

Kii (@ | Tai
_k/fiKCi_kfiKCi/_ Tf(B'+T> Ke; Kef
Kei Kei Kei

(30-1)-8)

Nspec,
SinceK¢; = (patm)Zk 1 VK exp<zks‘)f°vk,gk> = KC' — zks"fCVK,gk It follows that

o () - S e

21




whereg, is computed based on NASA polynomial fits as

ko (e 3 15T (5T (5 )

Efficient evaluation of the ¥ terms

e Step 1:
F31i2=0
160&.} W Nreac 6C Nreac k/ k:
73+|3—pa.|. E Z 5T (‘Kf] ) ZVUCJ Rfjk —‘Krjkr
=
10y 1 9y W [Nee gcy Neae  Rp Vi — RrjVij
7'—3+|3+k paY V\/[<63€k \M< [Z ”63€ (Kfj RIJ>+ ZV”C] X s

k: 1,2,...,Nspec
Hereﬂ(f - andg,; are the forward and reverse parts, respectivei&jotmJ Kt ; |‘|N5pe°3€ i

kr I_lepec% ji.

° Step 2: Oncers, 3. are evaluated for ak, then 7z, 1 is computed as

1 a(.\)i ('Oi > 1 3 Nspec Y a(.\)i 1 0~)k NSpec
Farig= - an —— =2 X Y YeFas
31 <6p 5 ( z W 0 5 5 k; kF3+i,3+k
e Step 3:
N . .
1 spec A 600; 1
= h|—=———")=—=—"XN h .
731 =00, 2 '(p 6p> cp 2173114
F32=0
1 1 an NSpeC NSpeC 1 NSpeC a(‘},}
- h L ]
F33= pCp cpaT Zi - Zlcp' Cpcp & 0T
1 1 an Nspec Nspec Nspec
= hi ¢ hi

Analytical expressions fors
e Line #1:Pressure equation The source term for the pressure equation is assumed otifista

f, = const
71j=0forall | (4.29)

22



e Line #2: Temperature equation:

op
4.30
=32+ 73 1aP ( )
_ ap
4.31
T2 733+‘f'310.|. (4.31)
0
J22+k— F33+k + F3, 16Y (4.32)
e Line #i=3,..,Nspect2: Species equations
0
.7| 1= Fir12+ Fita, 10P (4.33)
0
J|2—7|+13+T|+116T (4.34)
0
jl2+k_ Tl+l3+k+,{}—l+l 165 k= 1,2,...,Nspec (435)

For this case density is a dependent variable, calculateetban the ideal gas equation of state:

P
i ey (4.36)
OT 327w
The partial derivaties of density with respect to the inchefemnt variables are computed as
%_p %_ p o _ W (4.37)

oP P 0T T M W

Analytical expressions for7

e Line #1:Pressure equation The source term for the pressure equation is assumed otifista
fo = const B
J1j=0forall (4.38)

e Line #2: Temperature equatiort

0 oYL
J21—732+731 P

3p T3l gp (4.39)
~ op oYL
22 =F33+ Faigr + FaL+a5y (4.40)
op oYL
— 4.41
T2k 733+ks+f316Y +73|_+36Y (4.41)
k:1,...,L—1,L+l,...,NspeC (442)
where
k k<3+L
ke — <ot (4.43)
k+1 otherwise
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o Line #i=3,..,Nspect1: Species equations

oYL

- ap
i1 =Fitig2 + Fitisl aP+Tu+ls L+33p (4.44)
~ p aYL
912 =Fitis3+ Fitisiar + FirisLi3 5T (4.45)
- ap oYL
Ji, 24k = Fitis,3+ks T Fitis,1 13V + FitigL+330 N (4.46)
k:l,...,L—l,L-i‘l,...,Nspec (447)
whereks is defined above and
. 1 i+1<3+L
T (4.48)
2 otherwise

For this case, density and mass fraction of speciase dependent variables, calculated as

P
p:
0T <m 5% (4 \A—lfL))
Nspec
Y =1- Z Yi
oy

The partial derivaties of density aivd with respect to the independent variables are computed as

op_p Op_ p 6p:_pv_v<1 1)

We WL

P P AT T oY
aYL_aYL_O oY.

® - or > vt
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Chapter 5

Examples

This section presents example C, C++, and Fortran 77 examgksdbat use some of the
functionalities provided by TChem. The C and C++ examplesireguhe CVODE library [2].
The Fortran example requires DVOBHEbrary [1]. All these examples numerically integrate a
0D ignition model (1.1) for a range of parameters that cdrttre initial fuel-oxidizer mixture,
temperature, and pressure.

ign-c

Themainfunction of the C code is contained ign.c. The main function defines the param-
eters, then proceeds to set up the simulation: parametgy §atsetup.§, TChem initialization,
CVODE setugnitcvode.c The time advancement of the sytem of ODE’s (1.1) is impleextin
dolgn.c The function contained idolgnReinit.cis a more compact version of dolgn.c (limited
output) and takes advantage of the re-initialization apttd CVODE to perform a series of time
integrations while the kinetic model parameters are matlifi&n output function is provided in
output.c Functions providing thehs and the Jacobian matrix corresponding to (1.1) are imple-
mented irrhsjac.c

Select sections of the the various components of the C cedeescribed below.

ign.c

e FunctionTC.initChemis used to initalize TChem, while functiorC_setThermoPresends
the thermodynamic pressure to the library.

TC.initChem ( mechfile, thermofile , (int) withTab, 0.2)
pressurex= pfac
TC_setThermoPres(pressure)

The parameters used in these functions are described bebk®tup.c

e FunctionTC getSposeturns the position in of a species in the list of specied bgal Chem
from the kinetic model file.

Yhttps://conputation.|lnl.gov/casc/sundials
https://conputation.|lnl.gov/casc/software. htn
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for (i =0 ; i < specinno ; i++)
{
int ispec = TCgetSpos (\&SpecName [ kLENGTHOFSPECNAME] ,
strlen (\&SpecName[ kLENGTHOFSPECNAME]) ) ;
scal[ispec+1l] = SpecMsFrJ[i]
}

e The ignition code expects mole fractions for the specieseahter the fresh mixture. It the
converts these values to mass fractions u3i@gyetMI2Ms

/+ convert mole to mass fractions:/

double xmsfr = (double x) malloc(Nspecx* sizeof(double))
TC_getMI2Ms ( \&(scal[1]), Nspec, msfr )

for (i =1 ; i < Nspec+l ; i++) scal[i] = msfr[i1];

e Before the end of the execution the main function @&l resetto clear all internal TChem
arrays.

setup.c

The function contained in this filesetup initializes parameters with default values, the reads
from a setup file custom values for the paramters the usersvamhange.

Below, NiterMax is the maximum number of time stepsfreqis the frequency of solution
output to disk;Tini is the initial mixture temperaturdempid is the temperature threshold for the
ignition delay time deltatis the initial time step size in secondfeltatMaxis the maximum time
step size in second#:ndis the end time for the time advancemetgjtaTemps the maximum
allowed temperature change per time step. The thermodynaressure is given by the product
pfacx 1.01325x 10PPa. CVreltandCVsmallare tolerances for the CVODE library. The kinetic
model file name is stored imechfileand the name of the file with the NASA polynomials for the
thermodynamic properties is storedtirermofile withTabis a flag that specifies whether TChem
should use interpolation tables to compute various pragsenvhilegetignDelis a flag allows the
user to stop the integration once the ignition take place.

«NiterMax = 100000 ; & Maximum no. of iterationsx/

x0Freq = 10 ; k& Output frequency x/

*Tini = 1000.0 ; Kk Initial temperature [K] =/

«Temp.id = 1500.0 ; Kk Threshold temperature for ignition delay [K]x/
xdeltat = 1.e-10 ; I+ Initial time step size [s] x/

xdeltatMax = 1l.e4 ; /x Maximum time step size [s] x/

«tEnd = 2.0e0 ; # End integration time [s] =/

xdeltaTemp = 1.0 ; 4 Maximum temperature change per time step [K}k/
xpressure = 1.01325e5 ;x/ Pressure [Pa]x/

xpfac = 1.0 ; k Pressure scale factor [ ] */

«xCVrelt = l.e12 ;

xCVsmall = 1.e-20 ;

xCVmaxord =5

x*CVmaxnumsteps = 10000
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Figure 5.1. Left Frame: variation of the ignition delay times
with the equivalence ratio¥) for iso-octane/air mixtures at vari-
ous pressures and initial temperature of 1000K. Right Frame: Vari-
ation of ignition delay time with initial temperature for a stoichio-
metric iso-octane/mixtures at various pressures. The kinetic model
involves 874 species and 3796 reactions [5]

strcpy (mechfile ,”chem.inp” )
strcpy (thermofile ,”therm. dat”)

xwithTab = 0 ; /A& no tabulation x/
xgetlgnDel = 0 ;& no ignition delay stopx/
rhsjac.c

1.6

The functions that computdas source terms and Jacobian matrices can be used for both full
systems (temperature and all species) or restricted sggtemperature + all species - one species).
In the later case, the mass fraction of the negelected spis@et to ensure mass conservation. The
user should specify at compile time “-DALLSPEC” for the fonnmase. If this flag is neglected,

the code will compiled for restricted systems.
The algorithms areolgn.c, dolgnReinit.candoutput.care straigthforward.

Sample results

Sample simulations are provided éxample/ign-c/run These simulations can be replicated
using the bash scripts located in the corresponding diriestoAll script files have the extension
X. These scripts can also be used to generate the ignitiog tela results for iso-Octane and

Primary Reference Fuel (PRF) mixtures shown in Figs. 5.1 ahdé&spectively.
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Figure 5.2. Left Frame: Variation of the ignition delay times with
the initial mixture temperature for 100 ON, 80 ON and 60 ON at 15
atm and 45 atm. Right Frame: Variation of ignition delay time for
50 ON at 15 atm, 30 atm, and 45 atm. The kinetic model involves
1034 species and 4236 reactions [4, 3]

ign-cpp

This C++ example code is locatedemample/ign-cpp/stcSample simulation data and scripts
using a methane kinetic model (53 species, 325 reactiohapf¥a iso-octane kinetic model (871
species, 3792 reactions) [5] are locatecgxample/ign-c/run Subsequent directories’ names are
self-explanatory.

The main function of the C++ code is contained ign.cpp The main function handles the
setup of the simulation, initialization of TChem, then tri@ns the control to thé&tiffintegclass.
The Stiffintegclass implements functions for the right hand sides) and Jacobian matrix corre-
sponding to the system of ordinarry differential equatibris It handles the setup of CVODE and
controls the time integration of 1.1. Select code sectisasiascribed below:

ign.cpp

e Setup parameters. BelomiterMax is the maximum number of time stepsireqis the
frequency of solution output to disKiini is the initial mixture temperaturejeltatis the
initial time step size in seconddeltatMaxis the maximum time step size in secontisd
is the end time for the time advancemaeti¢/taTemps the maximum allowed temperature
change per time step. The thermodynamic pressure is giverelproducp facx 1.01325x
10°Pa. CVrelt and CVsmallare tolerances for the CVODE library. The kinetic model file
name is stored imechfileand the name of the file with the NASA polynomials for the
thermodynamic properties is storedtirermofile withTabis a flag that specifies whether
TChem should use interpolation tables to compute variouseties.
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/+ Set default valuesx/
NiterMax = 20000 ;

oFreq = 100 ;

Tini = 1000.0 pok [K] O x/
deltat = 1.e9 ;o Ix [s] !/
deltatMax = 1.e6 ;o Ix [s]
tEnd = 0.1e0 pok [s] x/
deltaTemp = 10.0 oA K] x/
pfac = 1.0 ok [ ] x/
CVrelt = 1.e-12 ;

CVsmall = 1.e-20 ;

strcpy (mechfile ,’chem.inp” ) ;

strcpy (thermofile ,”therm.dat”) ;
withTab = false ; & no tabulation by defaultx/

The default values of these parameters can be changed khtbegetup file. In addition
to these parameters the setup files should contain moledinador the initial fuel-oxidizer
mixture. Each species mole fractions should be providedeparste lines, starting with the
keywordspecfollowed by the species name, and the mole fraction valuaniptes setup
files, “input.setup” are provided for each example.

e FunctionTC.initChemis used to initalize TChem, while functiorC_setThermoPresends
the thermodynamic pressure to the library.

TC_.initChem ( mechfile, thermofile, (int) withTab, 0.2)
pressurex= pfac ;
TC_setThermoPres(pressure) ;

e The constructor for th&tiffintegclass requires a pointer to the initial condition arszgl
the number of specid$spe¢ and the maximum temperature change per time step.

Stifflnteg intgcvode( scal, Nspec, deltaTemp )

e Thecomputefunction of Stiffinteghandles the time advancement of the system of ordinary
differential equations (1.1).

intgcvode .compute( tEnd, &deltat, deltatMax, NiterMax Freq )

Stiffinteg.cpp

e Function Stiffinteg::chemrhshandles the computation of thlas source terms through a
call to TChem. Stiffinteg::chemrhsan handle chemical systems that include all species,

(T, Y1, .. Ygeo)» OF alternatively(T, Y1, ..., Yng,e-1)- In the later case, the mass fraction of

the last species is computed¥g,,. = 1 — z::'i”frlYk. Below, tempNmsfiis the pointer to

the array holding the temperature and species mass fractowlrhsvalsis the pointer to
the array that stores the rhs values.

TC_getSrc ( tempNmsfr, Nspeel, rhsvals )
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Figure 5.3. Mass fraction profiles during the constant pressure
ignition of a stoichimetric methane-air mixture at 1latm. Methane
combustion is modeled using the GRI-Mech v3.0 kinetic model
(53 species, 325 reactions) [7].

e FunctionStiffinteg::chemjacandles the computation of the Jacobian matrix . Similar to
Stiffinteg::chemrhsthis function can provide matrices for both types of chexhgystems
mentioned above, by appropriate calls to the TChem librarlovéempNmsfrs the pointer
to the array holding the temperature and species massdinagictmpis the pointer to the
array that stores the Jacobian matrix, asédJacAnis a flag which indicates whether or not
to use analytical expressions for the Jacobian matrix tédefsult is analytical).

TC_getJacTYN ( tempNmsfr, Nspec¢ jactmp, (unsigned int) useJdacAnl ) ;
TC_getJacTYNm1l ( tempNmsfr, Nspe¢ jactmp, (unsigned int) useJacAnl )

o Stiffinteg::comput®utputs data to several files during the time advancemehigii$ol.dat
contains on each row the time [s], time step [s], temperdtfeand species mass frac-
tions, (2)ys.outcontains the time [s], temperature [K], and species mas§idras, (3)cs.out
contains the time [s], temperature [K], and species molacentrations [kmol/f], and (4)
h.outcontains the time [s] and mixture specific enthalpy [J/kg].

Sample results

Sample simulations are providedemample/ign-cpp/runThese simulations can be replicated
using the bash scripts located in the corresponding dinestoAll script files have the extension
X. These scripts can also be used to generate the graphs shéign 5.3.
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ign-f

The Fortran 77 example code is locatedeixample/ign-f/src Sample simulation data and
scripts using a methane kinetic model (53 species, 325i0eagtand a one step model are located
in example/ign-f/runSubsequent directories’ names are self-explanatory.

Most of the Fortran code is contained ign.f. The variable names are similar to the ones
described above fagn-c. The subroutines that connect to TChem for the calculatiath@frhs
values and the Jacobian matrices are locatetsjac.f

Note that in the subroutines calls that originate in thefaortode, all parameters are passed by
reference. In the TChem C-library, most functions contairmpesters passed by reference as well
as passed by value. In order to facilitate the inter-languadls, an additional interface is placed
between the Fortran code and the TChem. The functions imtieiace have all parameters passed
by reference and forward the calls to the corresponding @aimerface with select parameters
passed by value.

The sample Fortran code below, extracted figmf, is used to illustrate the above methodol-
ogy. Heretcgetarhenfoiis used to extract the value of the activation energy fortreae O from
TChem. The value is modified, then it is sent back usaotpgarhenfor

reacid = 0

posid = 2
ierr = tcgetarhenfor(reacid , posid, acten)

acten = acterl1.4d0
ierr = tcchgarhenfor(reacid , posid, acten)

The definition fortcgetarhenfoyextracted from filer C for.c is self explanatory:

int tcgetarhenfor( int xireac, int xipos, doublexval )

{
int ans = 0 ;
ans = TCgetArhenFor(xireac, xipos, val ) ;
return ( ans );

}

The interface functions that facilitate the calls betweertian codes and TChem are located
in TC for.c.
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Chapter 6

Library Functions

TC_chg.c

1. int TC_chgArhenFor(int irea int ipos, doublenewva)
Change parameters for forward rate constants.
e ireac- reaction index.

e ipos- index of parameter to be changed (0) pre-exponential ftjcdtemperature ex-
ponent, (2) activation energy

e newval- new parameter value
2. int TC_chgArhenForBack(int ireao intipos)
Reverse changes for forward rate constants’ parameters
e ireac- reaction index.
e ipos- index of parameter to be changed (0) pre-exponential ftjadtemperature ex-

ponent, (2) activation energy

3. int TC_chgArhenReMint ireao int ipos, doublenewva)
Change parameters for forward rate constants.
® ireac- reaction index.

e ipos - index of parameter to be changed (0) pre-exponential ftjademperature ex-
ponent, (2) activation energy

e newval- new parameter value

4. int TC_chgArhenRevBacKint ireao intipog)
Reverse changes for forward rate constants’ parameters

® ireac- reaction index.

e ipos - index of parameter to be changed (0) pre-exponential ftjademperature ex-
ponent, (2) activation energy
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TC _edit.c

1. int TC resel)
Frees all memory and sets variables to 0 so Ti@&initChemcan be called again without a
memory leak. Not designed for use with tables.

TC_init.c

1. int TC_initChem(char *mech filechar thermofile int tab, doubledelT)
Initializes the library:

e mechfile- file containing the kinetic model ( in chemkin format )

e thermofile- file containing the coefficients for NASA polynomials.

e tab - flag: O-use direct evaluations to compute various propgrtl-use interpolation
tables

e delT - temperature step size for the interpolation tables; nedl uistab=0

2. void TC _setRefValdoublerhoyes, doublepyes, doubleT,es, doubleW,er, doubleDayes, double
omges, doublecpres, doublehyes, doubletimyes)
Send reference values to the library:

e these are the densityhoref), pressure fef), temperature Tef), molecular weight
(Weer), Damkohler numbeifa,ef), reaction rateqmges), specific heat at constant pres-
sure €pref), specific enthalpyhes), time imyer).

3. void TC _setNonDim()
Set’s the library to use non-dimensional input and funciorCan be called only after
TC _setRefValwas called.

4. void TC _setDim()
Set’s the library to use dimensional input and functions.

5. void TC _setThermoPregdoublepressurg
Sends the thermodynamic pressure to the library.

e pressure- dimensiona/non-dimensional thermodynamic pressurer dikoensional
cases, Sl units are us@d/m?|

TC_mims.c

1. int TCDND _getMs2Cddouble *scal,int Ny4rs,double ‘toncX)

Computes molar concentratiofis based on temperatuleand species mass fractiovis.
p
Xk=Ye —
W
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If the non-dimensional flag is ON (usifi@-_setNonDinythis function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
mass fraction¥’ [].

® Nyars- no. of variables= Nspec+ 1

e concX- array of doubles containing species molar concentratidagkmol/mq]

2. int TC_getMs2Cddouble *scalint Nyars,double ‘toncX)
Computes molar concentratioffss based on temperatuiieand species mass fractiovis.

%k:Yk-V%(

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturel [K],
mass fraction¥’ [].

® Nyars- no. of variables= Nspec+ 1
e concX- array of doubles containing species molar concentrafkmsl/m?]

3. int TCDND _getMI2Ms(double *Xspecint Nspegdouble * speg
Transforms mole fraction®’s to mass fraction¥’s (same as T@etMI2Ms()).

Yic = X - Wie/W

e Xspec array ofNspecmole fractionsX [].
® Nspec- NO. of species
e Y spec array ofNspecmole fractionsy [].

4. int TC_getMI2Ms(double *Xspegint Nspecdouble Y sped
Transforms mole fractionX¥’s to mass fraction¥'’s.

Yic = X - Wk /W
e Xspec array ofNspecmole fractionsX [].

® Nspec- NO. of species
e Y spec array ofNspecmole fractionsy [].

5. int TCDND _getMs2MI(double * spednt Nspegdouble *Xspeg
Transforms mass fractionSs to mole fractions<’s (same as T@etMs2MI()).

X = Yic- W /W
e Y spec array ofNspecmole fractionsy [].

® Nspec- NO. of species
o Xspec array ofNspecmole fractionsX [].
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6. int TC_getMs2MI(double * spednt Nspesdouble *Xspeg
Transforms mass fraction¥ss to mole fractionsX’s.

Xie = Yie- W/ W

e Y spec array ofNspecmole fractionsy [].
® Nspec- NO. of species
o Xspec array ofNspecmole fractionsX [].
7. int TCDND _getMs2Wmix(double * spednt Nspegdouble W miy)
Computes mixture molecular weigll based on species mass fractiofis. If the non-

dimensional flag is ON (usin§C_setNonDin this function expects non-dimensional input
and will provide non-dimensional output.

o Nspec -1
W = ( > Yk/V\4<>
K=1
e Y spec array ofNspecmole fractionsy [].
e Nspec- NO. of species
e \WWmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

8. int TC_getMs2Wmix(double * spegnt Nspesdouble W mix
Computes mixture molecular weight based on species mass fractidfs

o Nspec -1
W = ( > Yk/\M(>
K=1
e Y spec array ofNspecmole fractionsy [].

e Nspec- NO. of species
e W mix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

9. int TCDND _getMI2Wmix (double *Xspecint Nspegdouble W mix)
Computes mixture molecular weigW based on species mole fractioks. If the non-
dimensional flag is ON (usin§C_setNonDin this function expects non-dimensional input
and will provide non-dimensional output.

1 Nspec

S X

W =
VVref K=1

e Xspec array ofNspecmole fractionsx [].
® Nspec- NO. of species
e \WWmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].
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10. int TC_getMI2Wmix (double *X spegint Nspesdouble W mix
Computes mixture molecular weight based on species mole fractiod's.

W= 2 Xi Wk
K=1
e Xspec array ofNspecmole fractionsx [].
® Nspec- NO. of species

e W mix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

TC_rr.c

1. int TC getNreaq)
Returns number of reactioMeac

2. int TC _getStoiCoefint Nspeo int Nreae double *stoicoef)
Returns stoichiometric coefficients’ matrix. The stoichaint coefficient for species in
reactioni is stored at positiom- Nspec+ j. It assumes thagtoicoefwas dimentioned to at
IeaStNreaCx Nspec
e Nspec- NO. of species
e Nieac- NO. of reactions
e stoicoef - pointer to an array of doubles with the stoichitmoeoefficients.
3. int TC_getStoiCoefReadint Nspeo INt Nreag iNtireas iNt idx, double *stoicoef)
Returns stoichiometric coefficients’ array for reactigcfor either reactantsdx = 0) or
products [dx = 1). The stoichiometric coefficient for specigé reactioniyeacis stored at
positionj. It assumes thatoicoefwas dimentioned to at lealSlpec
e Nspec- NO. of species
Nreac- NO. Of reactions

ireac- reaction index

idx - O-reactants, 1-products

stoicoef - pointer to an array of doubles with the stoichitmeoefficients.

4. int TC_getArhenFor(int ireac iNt ipos double *val)
Return current value of the Arrhenius parameters for forwate constants. Return -1 if no
data available, otherwise return 0 and store valugin
e ieac- reaction index.

e ipos- index of Arrhenius parameter (0) pre-exponential factigpt¢mperature exponent,
(2) activation energy
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e val - pointer to the value of Arrhenius parameter.

5. int TC_getArhenRe\(int ireao iNt ipos double *val)
Return current value of Arrhenius parameters for revergeaanstants. Return -1 if no data
available, otherwise return 0 and store valugah
® Ieac- reaction index.

e ipos- index of Arrhenius parameter (0) pre-exponential factigt¢mperature exponent,
(2) activation energy

e val - pointer to the value of Arrhenius parameter
6. int TCDND _getTY2RRml(double *scal, int Ny4s, double 'omega
Returns molar reaction ratas;,, based on temperatufeand mass fractiong’s. If the non-

dimensional flag is ON (usingC_setNonDin this function expects non-dimensional input
and will provide non-dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturel [K],
mass fraction¥’ [].

® Nyars- No. of variables= Nspec+ 1

e omega array ofNspecmolar reaction rates [kmol/(#rs)]

7. int TC_getTY2RRml(double *scal, int Nyars, double 'omega
Returns molar reaction ratas,, based o andY’s.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
mass fraction¥’ [].
® Nyars- No. of variables= Nspec+ 1
e omega array ofNspecmolar reaction ratesy [kmol/(m?3.s)].
8. int TCDND _getTY2RRmgdouble *scal, int Nyars, double 'omega
Returns mass reaction rates based on temperatared species mass fractions. If the

non-dimensional flag is ON (usingC_setNonDin) this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
mass fraction¥ [].

® Nyars- no. of variables= Nspec+ 1

e omega array ofNspecmass reaction rates [kg/Brs)]

9. int TC _getTY2RRmgdouble *scal, int Nyars, double omega
Returns mass reaction rates based on temperatarel species mass fractiovi’s.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
mass fraction¥’ [].

® Nyars- no. of variables= Nspec+ 1
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e omega array ofNspecmass reaction rates [kg/Ers)].

10. int TCDND _getTXC2RRml(double *scal, int Nyars, double 'omega

11.

12.

13.

14.

Returns molar reaction rates based on temperdtumad molar concentratiorg’s. If the
non-dimensional flag is ON (usingC_setNonDin this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X2, ..., Xn), temperaturd [K],
molar concentration& [kmol/m?3].

® Nyars- no. of variables= Nspec+ 1

e omega array ofNspecmolar reaction rates [kmol/(Frs)].

int TC_getTXC2RRml(double *scal, int Nyars, double 'omega
Returns molar reaction rates based on temperdted molar concentration$’s.

e scal - pointer to an array ORspec+ 1 doubles(T, X1, X»,...,XN), temperaturd [K],
molar concentration& [kmol/m?3].
® Nyars- no. of variables= Nspec+ 1
e omega array ofNspecmolar reaction rates [kmol/(Frs)].
int TCDND _getTXC2RRmgdouble *scal, int Nyars, double 'omega
Returns non-dimensional mass reaction rates based on t@wm@dr and molar concentra-

tions X’s. If the non-dimensional flag is ON (usingC_setNonDin this function expects
non-dimensional input and will provide non-dimensionatipu.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X2, ..., Xn), temperaturd [K],
molar concentration& [kmol/m?3].

® Nyars- No. of variables= Ngpec+ 1

e omega array ofNspecmass reaction rates [kg/fns)].

int TC _getTXC2RRmgdouble *scal, int Nyars, double 'omega
Returns mass reaction rates based on temperatarel molar concentratiorn$'s.

e scal - pointer to an array oNspec+ 1 doubles(T, X1, X2, ..., Xn), temperaturd [K],
molar concentration& [kmol/m?3].

® Nyars- no. of variables= Nspec+ 1

e omega array ofNspecmass reaction rates [kg/fns)].

int TC_getRopgdouble *scal, int Ny4rs, double *datarop)
Returns rate-of-progress variables based on temperatangl species mass fractions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiols|[].
® Nyars- no. of variables= Nspec+ 1

e datarop - array oNeacrate-of-progress variables [kmol/¢s)].
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15. int TC _getRfRb(double *scal, int Nyars, double *dataRfrb)
Returns rate-of-progress variables based on temperatangl species mass fractions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiys|].
® Nyars- no. of variables= Nspec+ 1

e dataRfrb - array oNeac forward rate-of-progress variables aNgac reverse rate-of-
progress variables [kmol/@#rs)].

TC_spec.c

User functions:

1. int TC _getNspec)
Returns number of species.

2. int TC_getNelem)
RReturns number of elements.

3. int TC _getNvary)
Returns number of variables, currently no. of species plas on

4. int TC_getSnamegint NspegChar *sname}p
Returns species names.
e Nspec- NO. of species, needs to match the library’s internal value

e snames array of charecters, the allocation needs to be at Mgas¢ LENGTHOFSPECNAME.
Currently LENGTHOFSPECNAME is set to 32. Name of specistarts at position
I * LENGTHOFSPECNAMIN the array.

5. int TC _getSnamelerf)
Returns length of species names.

6. int TC _getSpogconst char Snameconst intslen
Returns index of speciesame

e sname name of species.
e slen- length of species name

7. int TC_getSmaséint Nspegdouble Wi)
Returns molar masses for all species.

e Nspec- NO. of species, needs to match the library’s internal value

e Wi- pointer to an array with molecular mass$kg/kmol] for all species. The allocation
size should be at leabkpec
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TC_src.c

1. int TCDND _getSrddouble *scal,int Nyarsdouble 'omega
Returns the source term for
o M
o Wy, ot o,
based on temperatufie and species mass fractiovi&s. If the non-dimensional flag is ON

(using TC_setNonDin this function expects non-dimensional input and will pd@/non-
dimensional output.

e scal- pointer to an pointer to an array Bfpec+ 1 doubles(T,Y1,Y2,...,Yn), tempera-
tureT [K], species mass fractions|].

® Nyars- no. of variables= Nspec+ 1

e omega pointer to an array of doubles with the source terms for enajpire and species
mass fractions equationsmeg#0] : [K/s], omegdl... Nsped : [1/5]

2. int TC _getSrqdouble *scal,int Nyars,double 'omega

Returns the source term for
oT aY;

E = Ub? E = m7
based on temperatufleand species mass fractiovs.

e scal- pointer to an pointer to an Mspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturd
[K], species mass fractions].

® Nyars- n0. of variables= Nspec+ 1

e omega pointer to an array of doubles with the source terms for tnapire and species
mass fractions equationsmegd0] : [K/s], omegdl... Nsped : [1/5]

3. int TCDND _getSrcCongdouble *scal,int Ny4,s,double 'omega
Returns the source term for
op _ aYi
ot~ “OPor
based on densitp and species mass fractioiss. If the non-dimensional flag is ON
(using TC_setNonDiny this function expects non-dimensional input and will pde/non-
dimensional output.

= W,

e scal - pointer to an array oNspec+ 1 doubles(p,Y1,Y2,...,Yn), densityp [kg/mq],
species mass fractionys[].

® Nyars- no. of variables= Nspec+ 1

e omega: pointer to an array of doubles with the source terms for idigasid species
mass fractions equationsmegd0] : [kg/(m3-s)], omegdL... Nsped : [Kg/(m?-s)]
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4. int TC _getSrcCongdouble *scalint Nyars double 'omega

Returns source term for
op aY;

based on density and species mass fraction’s.

:(.Qi7

e scal - pointer to an array oNspec+ 1 doubles(p,Y1,Y2,...,Yn), densityp [kg/mq],
species mass fractiols|[].

® Nyars- no. of variables= Nspec+ 1

e omega pointer to an array with the source terms for density andisgenass fractions
equationsomeg40] : [kg/(m3s)], omegdl... Nsped : [kg/(m3-s)]

5. int TCDND _getJacTYNmI(double *scal, int Nspes double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Y,...,Yn—1) based on temperatufie and
species mass fractioiYss using either analytical expressions of numerical déines. If the
non-dimensional flag is ON (usinBC_setNonDin) this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractionys[].
® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * Nspecti].

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

6. int TC_getJacTYNmI(double *scal, int Nspes double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Yo,...,Yn—1) based on temperatufie and
species mass fractiol¥ss using either analytical expressions of numerical deikres.

e scal- pointer to an pointer to an array Bpec+ 1 doubles(T,Y1,Y>,...,Yn), tempera-
tureT [K], species mass fractions[].
® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian malrixElementJ;j is stored at

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

7. int TCDND _getJacTYNmlan(double *scal, int Nspee double *jac)
Computes Jacobian matrix for the systémYi,Yo,...,Yn—1) based on temperatuiie and
species mass fractionSs using either analytical expressions. If the non-dimenai flag
is ON (usingTC_setNonDin this function expects non-dimensional input and will pdey
non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioivs|[].
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® Nspec- NO. of speciedNspec

e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * Nspecti].

8. int TC_getJacTYNmlan{(double *scal, int Nspeq double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn-1) based on temperatufie and
species mass fractioiYss using either analytical expressions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiois[].

® Nspec- NO. of speciedspec

e jac - pointer to array of doubles with the Jacobian malrixElementJ;j is stored at

9. int TCDND _getJacTYN(double *scal, int Nspeg double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Ys,...,Yn) based on temperatufe and
species mass fractiolYss using either analytical expressions of numerical déies. If the
non-dimensional flag is ON (usingC_setNonDinp this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiois[].

® Nspec- NO. of specie®spec

e jac - pointer to array of doubles with the Jacobian malrixElementJ;j is stored at
jac[j * (Nspect+ 1) +1].
e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

10. int TC _getJacTYN(double *scal, int Nspes double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systémYi,Ys,...,Yn) based on temperature and
species mass fractiolYss using either analytical expressions of numerical deikes.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiys|].

® Nspec- NO. of speciedspec

e jac - pointer to array of doubles with the Jacobian malrixclementJ;j is stored at
jac[j = (Nspect 1) +1].

e useJacAnl - flag for Jacobian type (1-analytical,otheresdoumerical)

11. int TCDND _getJacTYNanl(double *scal, int Nspes double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn) based on temperature and
species mass fraction§s using either analytical expressions. If the non-dimenai flag
is ON (usingTC_setNonDin this function expects non-dimensional input and will pdav
non-dimensional output.
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12.

13.

14.

15.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiYs|[].

® Nspec- NO. of speciedNspec
e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * (Nspect 1) +il.

int TC_getJacTYNanl(double *scal, int Nspee double *jac)
Computes Jacobian matrix for the systémYi,Ys,...,Yn) based on temperatufe and
species mass fractioiYss using either analytical expressions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiois[].

® Nspec- N0. of speciedNspec
e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * (Nspect 1) +1].

int TC_getJacRPTYNdouble *scal, int Nspee double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the systgmP, T,Y1,Y>,...,Yn) based on temperatuffeand
species mass fractioiYss using either analytical expressions of numerical deikres.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiys[].

® Nspec- NO. of specieNspec

e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j = (Nspect3) +1].

e useJacAnl : flag for Jacobian type (1-analytical,otheresdnumerical).

int TC_getJacRPTYNan(double *scal, int Nspes double *jac)
Computes the Jacobian matrix for the systgnP, T,Y1, Y2, ..., Yn) based on temperatuiie
and species mass fractiovi’s using analytical expressions.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiovs|[].

® Nspec- NO. of speciedspec
e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * (Nspect 3) +1i].

int TC_getJacRPTYNnum(double *scal, int Nspes double *jac)
Computes the Jacobian matrix for the systgnP, T,Y1, Y2, ..., Yn) based on temperatuiie
and species mass fractioris using numerical derivatives.

e scal - pointer to an array ONspect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturel [K],
species mass fractiols|[].

® Nspec- NO. of speciedspec
e jac - pointer to array of doubles with the Jacobian maltixElementJ;j is stored at
jac[j * (Nspect 3) +1i].
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TC _thermo.c

1. int TCDND _getRhoMixMs(double *scal,int Nyars,double *rhomix)
Computes density based on temperaiuend species mass fractiors using the equation
of state. If the non-dimensional flag is ON (usifi@_setNonDinm this function expects
non-dimensional input and will provide non-dimensionatpii.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiYs|[].
® Nyars- No. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/#h
2. int TC_getRhoMixMs(double *scalint Nyars,double *rhomix)

Computes density based on temperaiuend species mass fraction’s using the equation
of state.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractionys[].
® Nyars- No. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/#h
3. int TCDND _getRhoMixMI (double *scal,int Nyarsdouble *rhomix)
Computes density based on temperafuand species mole fractioiss using the equation

of state. If the non-dimensional flag is ON (usifi@_setNonDin this function expects
non-dimensional input and will provide non-dimensionatpui.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, X, ..., Xn), temperaturel [K],
species mole fractions [].
e Nyars- no. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/#h
4. int TC _getRhoMixMI (double *scal,int Nyars,double *rhomix)

Computes density based on temperafuand species mole fractiodss using the equation
of state.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xo,...,Xx), temperaturel [K],
species mole fractionX [].
® Nyars- no. of variables= Nspec+ 1
e rhomix - pointer to mixture density [kg/#h
5. int TCDND _getTMixMs (double *scal,int Nyars double *Tmix)
Computes temperature based on densiéynd species mass fractiors using the equation

of state. If the non-dimensional flag is ON (usifi@_setNonDin this function expects
non-dimensional input and will provide non-dimensionatpuu.
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e scal - pointer to an array oNspec+ 1 doubles(p,Y1,Y2,...,Yn), densityp [kg/mq],
species mass fractiovs|[].

e Nyars- no. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]
6. int TC_getTMixMs (double *scal,int Nyars,double *Tmix)

Computes temperature based on dersigyd species mass fractiovis using the equation
of state.

e scal - pointer to an array oNspec+ 1 doubles(p,Y1,Y2,...,Yn), densityp [kg/mq],
species mass fractionys[].
® Nyars- no. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]
7. int TCDND _getTMixMI (double *scal,int Nygrs,double *Tmix)
Computes temperature based on densiymd species mole fractiods using the equation

of state. If the non-dimensional flag is ON (usifi@_setNonDin) this function expects
non-dimensional input and will provide non-dimensionatpui.

e scal - pointer to an array oNspec+ 1 doubles(p, Xg,Xo,...,Xx), densityp [kg/m?3],
species mole fractionX [].
® Nyars- No. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]
8. int TC _getTMixMI (double *scal,int Nyars,double *Tmix)

Computes temperature based on densiyd species mole fractio¥ss using the equation
of state.

e scal - pointer to an array oNspec+ 1 doubles(p, Xy, X, ..., Xn), densityp [kg/mq],
species mole fractions [].
® Nyars- no. of variables= Nspec+ 1
e Tmix - pointer to temperature [K]
9. int TCDND _getMs2CpMixMs(double *scal,int Nyarsdouble *cpmix)
Computes mixture specific heat at constant pressure baseshmetaturel and species

mass fraction¥’s. If the non-dimensional flag is ON (usingC_setNonDin) this function
expects non-dimensional input and will provide non-dimemnal output.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiois[].
® Nyars- No. of variables= Nspec+ 1

e Cpmix - pointer to mixture specific heat at constant presgli(kg K)]
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10.

11.

12.

13.

14.

int TC _getMs2CpMixMs(double *scal,int Nyars,double *cpmix)
Computes mixture specific heat at constant pressure baseshmetaturel and species
mass fraction¥’’s.

e scal -pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractionys[].
® Nyars- no. of variables= Nspec+ 1
e Cpmix - pointer to mixture specific heat at constant presgli(kg K)]
int TCDND _getMs2CvMixMs(double *scal,int Nyars,double *cvmix)
Computes mixture specific heat at constant volume based gretatarel and species mass

fractionsY’s. If the non-dimensional flag is ON (usiAgC_setNonDimthis function expects
non-dimensional input and will provide non-dimensionatpui.

e scal - pointer to an array ONspect+ 1 doubles(T,Y1,Y2,...,Yn), temperaturel [K],
species mass fractiols|[].
® Nyars- No. of variables= Nspec+ 1
e Cvmix - pointer to mixture specific heat at constant voluniéggK)]
int TC _getMs2CvMixMs(double *scal,int Nyars,double *cvmix)

Computes mixture specific heat at constant volume based gretatarel and species mass
fractionsY’s.

e scal - pointer to an array oNspect+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractioiYs|[].
e Nyars- No. of variables= Nspec+ 1
e Cvmix - pointer to mixture specific heat at constant voluniéggK)]
int TCDND _getMI2CpMixMI (double *scal,int Nyars,double *cvmix)
Computes mixture heat capacity at constant pressure bastninperaturel and species

mole fractionsX’s. If the non-dimensional flag is ON (usingC_setNonDin this function
expects non-dimensional input and will provide non-dinemnal output.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, Xo,...,Xxn), temperaturel [K],
species mole fractionX [].
® Nyars- no. of variables= Nspec+ 1
e CVMIX - pointer to mixture heat capacity at constant voludié&molK)]
int TC _getMI2CpMixMI (double *scal,int Nyars,double *cvmix)

Computes mixture heat capacity at constant pressure bastnperaturel and species
mole fractionsX’s.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, X, ..., Xn), temperaturel [K],
species mole fractions [].

® Nyars- no. of variables= Nspec+ 1
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15.

16.

17.

18.

19.

e CVMIX - pointer to mixture heat capacity at constant voludié&molK)]

int TCDND _getCpSpecMgdoublet,int Nspegdouble *cpi)
Computes species specific heat at constant pressure basethperaturel . If the non-
dimensional flag is ON (usingC_setNonDin this function expects non-dimensional input
and will provide non-dimensional output.
e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species specific heats at constant presdi{kerK)]
int TC _getCpSpecM¢gdoublet,int Nspegdouble *cpi)
Computes species specific heat at constant pressure bassadmeraturd .
e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species specific heats at constant presdifkeK)]
int TCDND _getCpSpecM(doublet,int Nspegdouble *cpi)
Computes species heat capacities at constant pressuredrmatadperaturd . If the non-
dimensional flag is ON (usingC_setNonDin this function expects non-dimensional input
and will provide non-dimensional output.
e t - temperaturd [K]
® Nspec- NO. of species
e Cpi - array with species heat capacities at constant pre$3tfkmolK)]
int TC_getCpSpecM(doublet,int Nspesdouble *cpi)
Computes species heat capacities at constant pressuredeisedperature.
e t - temperaturd [K] Y [].
® Nspec- NO. of species
e Cpi - array with species heat capacities at constant pre$3ifkmolK)]
int TCDND _getMs2HmixMs(double *scal,int Nyars,double imix)
Computes mixture specific enthalpy based on temperaturepmuies mass fractions. If the

non-dimensional flag is ON (usingC_setNonDinp this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractionys[].
® Nyars- no. of variables= Nspec+ 1

e hmix- pointer to mixture specific enthalpy [J/kg].
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20.

21.

22.

23.

24,

25.

int TC _getMs2HmixMs(double *scal,int Nyars,double imix)
Computes mixture specific enthalpy based on temperaturepaeies mass fractions.

e scal - pointer to an array oNspec+ 1 doubles(T,Y1,Y>,...,Yn), temperaturel [K],
species mass fractiois[].
e Nyars- no. of variables= Nspec+ 1
e hmix- pointer to mixture specific enthalpy [J/kg].
int TCDND _getMI2HmixMI (double *scal,int Nyars double hmix)
Computes mixture molar enthalpy based on temperature amtespmole fractions. If the

non-dimensional flag is ON (usingC_setNonDin) this function expects non-dimensional
input and will provide non-dimensional output.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, X, ..., Xn), temperaturel [K],
species mole fractions [].

® Nyars- no. of variables= Nspec+ 1

e hmix- pointer to mixture molar enthalpy [J/kmol].

int TC_getMI2HmIixMI (double *scal,int Nyars double hmix)
Computes mixture molar enthalpy based on temperdtwaed species mole fractionss.

e scal - pointer to an array oNspec+ 1 doubles(T, Xy, X, ..., Xn), temperaturel [K],
species mole fractions [].
® Nyars- no. of variables= Nspec+ 1
e hmix- pointer to mixture molar enthalpy [J/kmol].
int TCDND _getHspecMgdoublet,int Nspegdouble *hi)
Computes species specific enthalpies based on tempefatufehe non-dimensional flag
is ON (usingTC_setNonDin this function expects non-dimensional input and will pdav
non-dimensional output.
e t - temperaturd [K]
® Nspec- NO. of species
e hi - array ofNspecdoubles with species specific enthalpies [J/kg]
int TC _getHspecMgdoublet,int Nspegdouble *hi)
Computes species specific enthalpies based on tempefature
e t - temperaturd [K]
® Nspec- NO. of species
e hi - array ofNspecdoubles with species specific enthalpies [J/kg]
int TCDND _getHspecMI(doublet,int Nspesdouble *i)
Computes species molar enthalpies based on temperbtutethe non-dimensional flag

is ON (usingTC_setNonDin this function expects non-dimensional input and will pdav
non-dimensional output.
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e t - temperaturd [K]

® Nspec- NO. of species

e hi - array ofNspecdoubles with species molar enthalpies [J/kmol]

26. int TC _getHspecM(doublet,int Nspesdouble *hi)
Computes species molar enthalpies based on tempefature

e t - temperaturd [K]

® Nspec- NO. of species

e hi - array ofNspecdoubles with species molar enthalpies [J/kmol]
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Chapter 7

Nomenclature

e Temperature T - [K].

e Density :p - [r%]

e Thermodynamic pressure.- [r';—gs]

e Mass and mole fraction of speciksYy andXy, respectively {].

* Molar concentration of speciés Xy, respectively {71,

e Molecular weight of specigsand of the mixtureW andW, respectively [i} = [%] :

e Universal gas constarif] = 8.314472x 10° [ -] = 1.98721[ ¢ |.

mol-

e Molar heat capacity at constant pressure (spdcasl mixture).C, x andCp, respectively -
J
[kmolK} :

e Specific heat capacity at constant pressure (sp&aes mixture):c, x andcp, respectively
J
a6

e Molar enthalpy (speciésand mixture):Hy andH, respectively {2~ ].

e Specific enthalpy (speciésand mixture):hy andh, respectively [kig

| S

e Mass reaction rate of specikscy - [n'fg—gs} .

e Molar reaction rate of speciés ¢y - ['%,"%] .
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Non-dimensional values

e Temperature T* =T /Tiet.

e Density :p* = p/Pref.

e Molar concentration of specids X; = Xk - Weef/ Pref-

e Molecular weight of specidsand of the mixtureW, andW, respectively {-L] = [%] :

e Molar heat capacity at constant pressure (spdcesl mixture) C;ﬁk = Cp k- Wef/Cp,es 2N
Cp = Cp-Wiet/Cpyep respectively.

e Specific heat capacity at constant pressure (spdcasd mixture): CBk = Cpk/Cpyes @N

Cp = Cp/Cpyep rESPECivEly.

e Molar enthalpy (specigsand mixture):H; = Hy - Wiet/hret andH* = H - Wiet/href, respec-
tively.

e Specific enthalpy (speciésand mixture):h: = hy/her andh* = h/hyes, respectively.
e Mass reaction rate of specikeswy = - tiMref/ Pref

e Molar reaction rate of speciés w; = - Wref tiMref/ Pref.
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