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Abstract

The TChem toolkit is a software library that enables numerical simulations using complex chemistry and
facilitates the analysis of detailed kinetic models. The toolkit provide capabilities for thermodynamic
properties based on NASA polynomials and species production/consumption rates. It incorporates meth-
ods that can selectively modify reaction parameters for sensitivity analysis. The library contains several
functions that provide analytically computed Jacobian matrices necessary for the efficient time advance-
ment and analysis of detailed kinetic models.
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Chapter 1

Introduction

Consider the system of stiff ordinary differential equations (ODE’s) that describe the evolution of a
homogenous mixture ofNspecspecies in an open container

∂T
∂t

= −
1

ρcp

Nspec

∑
k=1

hkω̇k (1.1)

∂Yk

∂t
=

ω̇k

ρ
k = 1. . .Nspec,

whereρ is the density,T the temperature,Yk the mass fraction of speciesk, cp andcpk the specific heat
of the mixture and speciesk, respectively anḋωk the reaction rate of speciesk. In some cases, the ODE
for select species (usually the most abundant in the mixture) is replaced by an equation enforcing mass
conservation. For example

YL = 1−
Nspec

∑
k=1,k6=L

Yk (1.2)

can substitute the ODE for speciesL in (1.1).

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

TChem is as an open source software library that facilitates the analysis of complex kinetic models and
provides tools for incorporating these models in combustion simulations. The example codes, written in
C, C++, and Fortran, that are part of the library provide model solvers for the system of ODE 1.1. While
the library is standalone, the example applications require the open source libraries CVODE1 (for the C
and C++ models) and DVODE2 (for the Fortran model).

This report is organized as follows. Chapter 2 contains expressions for the thermodynamic properties
and chemical composition formulae implemented in the library. Chapter 3 provides an overview of the
reaction rate expressions. Chapter 4 describes the derivation and calculation of the Jacobian matrices.

1https://computation.llnl.gov/casc/sundials
2https://computation.llnl.gov/casc/software.html
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Chapter 5 describes C, C++ and Fortran example codes that use TChem. The user interface for all functions
is presented in Chapter 6.
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Chapter 2

Thermodynamic properties, equation of state,
and mixture formulae

The heat capacity at constant pressure (Cp), molar enthalpy (H), and entropy (S) for a mixture are
given by :

Cp =
Nspec

∑
k=1

XkCpk, H =
Nspec

∑
k=1

XkHk, S=
Nspec

∑
k=1

XkSk (2.1)

where subscriptk stands for species “k” andNspecis the number of species in the mixture. The standard-
state thermodinamic properties for a thermally perfect gasare computed based on NASA polynomials [6]
:

Cpk

ℜ
= a0,k +T

(
a1,k +T

(
a2,k +T

(
a3,k +a4,kT

)))
, (2.2)

Hk

ℜ
= T

(
a0,k +T

(a1,k

2
+T

(a2,k

3
+T

(a3,k

4
+

a4,k

5
T
))))

+a5,k, (2.3)

Sk

ℜ
= a0,k lnT +T

(
a1,k +T

(a2,k

2
+T

(a3,k

3
+

a4,k

4
T
)))

+a6,k, (2.4)

HereXk the mole fraction of speciesk, andℜ the universal gas constant. The specific thermodynamic
properties in mass units are optained by dividing the above expressions by the molecular weights:

cpk = Cpk/Wk, hk = Hk/Wk, sk = Sk/Wk (2.5)

and the mixture properties computed as

cp = ∑Ykcpk, h = ∑Ykhk, s= ∑Yksk (2.6)

whereWk andYk are the molecular weight and the mass fraction of speciesk, respectively.

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

P = ρ
ℜ
W

T =

(
Nspec

∑
k=1

Xk

)
ℜT (2.7)

whereP is the thermodynamic pressure,W is the molecular weight of the mixture,T is the temperature,
andXk is the molar concentration of speciesk. W is computed as

W =

(
Nspec

∑
k=1

Yk

Wk

)−1

=
Nspec

∑
k=1

XkWk. (2.8)
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Mass and mole fractions can be computed from each other as

Xk = YkW/Wk, Yk = XkWk/W (2.9)

while the molar concentration is given byXk = ρYk/Wk.

The units for these properties are given in Section 7. Functions that perform calculations described in
this section are contained in filesTC mlms.candTC thermo.cand are described in Section 6.
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Chapter 3

Reaction-rate expressions

The reaction rate of speciesk in mass units is written as

ω̇k = Wk

Nreac

∑
i=1

νkiqi, νki = ν′′ki −ν′ki, (3.1)

whereNreac is the number of reactions andν′ki andν′′ki are the stoichiometric coefficients of speciesk in
reactioni for the reactant and product side of the reaction, respectively. The rate-of-progress of reactioni
is qi = C iR i, with

C i =





1 basic reaction

Xi 3rd body enhanced, no pressure dependence
Pr i

1+Pr i
Fi unimolecular/recombination fall-off reactions

1
1+Pr i

Fi chemically activated bimolecular reactions

(3.2)

andR i = kf i ∏
Nspec
j=1 X

ν′ji
j −kr i ∏

Nspec
j=1 X

ν′′ji
j . The above expressions are detailed below :

• Forward rate constant has an Arrhenius expression,kf i = AiTβi exp
(
− Eai

ℜT

)
, whereAi, βi, andEai

are the pre-exponential factor, temperature exponent, andactivation energy, respectively, for reaction
i.

• Reverse rate constantkr i. For reactions with reverse Arrhenius parameters specified, kr i is computed
similar tokf i. If the reverse Arrhenius parameters are not specified,kr i is computed askr i = kf i/Kci,
where

Kci =
( patm

ℜT

)∑
Nspec
k=1 νki

Kpi =
( patm

ℜT

)∑
Nspec
k=1 νki

exp

(
Nspec

∑
k=1

νki

(
sk

Rk
−

hk

RkT

))
(3.3)

=
( patm

ℜ

)∑
Nspec
k=1 νki

exp

(
Nspec

∑
k=1

νki

(
− lnT +

sk

Rk
−

hk

RkT

))
(3.4)

=
( patm

ℜ

)∑
Nspec
k=1 νki

exp

(
Nspec

∑
k=1

νkigk

)
. (3.5)
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Based on the polynomial expressions in (2.3) and (2.4),gk’s are computed as

gk = − lnT +
sk

Rk
−

hk

RkT
(3.6)

= a6,k−a0,k +
(
a0,k−1

)
lnT +T

(a1,k

2
+T

(a2,k

6
+T

(a3,k

12
+

a4,k

20
T
)))

−
a5,k

T
(3.7)

Note: If a reaction is irreversible,kr = 0.

• Concentration of the “third-body”,Xi = ∑
Nspec
j=1 αi j X j , whereαi j is the efficiency of speciesj in

reactioni andX j is the concentration of speciesj. αi j coefficients are set to 1 unless specified in the
kinetic model description.

• Reduced pressurePr i. If expression “(+M)” is used to describe a reaction, thenPr i = k0i
k∞ i

Xi . For

reactions that contain expressions like “(+ϒm)” (ϒm is the name of speciesm), Pr i = k0i
k∞ i

Xm.

For unimolecular/recombination fall-off reactionsthe Arrhenius parameters for the high-pressure
limit rate constantk∞ are given on the reaction line, while the parameters for the low-pressure
limit rate constantk0 are given on the auxiliary reaction line that contains the keyword “LOW”. For
chemically activated bimolecular reactionsthe parameters fork0 are given on the reaction line while
the parameters fork∞ are given on the auxiliary reaction line that contains the keyword “HIGH”.

•

Fi =





1 Lindemann reaction

F
1/(1+(A/B)2)
cent Troe reaction

dTe
(
aexp

(
− b

T

)
+exp

(
−T

c

))X
SRI reaction

(3.8)

1. For the Troe form,Fcent, A, andB are

Fcent = (1−a)exp

(
−

T
T∗∗∗

)
+aexp

(
−

T
T∗

)
+exp

(
−

T∗∗

T

)
(3.9)

A = log10Pr i −0.67log10Fcent−0.4 (3.10)

B = 0.806−1.1762log10Fcent−0.14log10Pr i (3.11)

Parametersa, T∗∗∗, T∗, andT∗∗ are provided (in this order) in the kinetic model description
for each Troe-type reaction. IfT∗∗ is ommited, only the first two terms are used to compute
Fcent.

2. For the SRI form exponentX is computed asX =
(

1+(log10Pr i)
2
)−1

. Parametersa, b, c, d,

ande are provided in the kinetic model description for each SRI-type reaction. Ifd ande are
ommited, these parameters are set tod = 1 ande= 0.

Note on units for reaction rates
In most cases, the kinetic models input files contain parameters that are based on calories, cm, moles,

14



kelvin, seconds. The mixture temperature and species molarconcentrations are necessary to compute the
reaction rate. Molar concentrations are computed as

Xk = ρ
Yk

Wk

[
kmol
m3

]
(3.12)

The molar concentrations are then multiplied by 10−3 to convert them to
[

mol
cm3

]
. The molar reaction rates

computed based on these values are in
[

mol
cm3·s

]
. These molar reaction rates are multiplied by 103 and by

the molecular weight of each species
[

kg
kmol

]
to obtain the mass reaction rates in

[
kg

m3·s

]
.
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Chapter 4

Jacobian Matrices

Efficient integration and accurate analysis of the stiff system of ODE’s (1.1) requires the Jacobian
matrix of therhs vector. In this chapter we will derive the components of the Jacobian matrices both for
systems which includes equations for all species as well as for systems of ODE’s with one eqauation being
replaced by the mass conservation equation (1.2).

Let

Φ =
{

P,T,Y1,Y2, . . . ,YNspec

}T
and (4.1)

Φ̃ =
{

P,T,Y1, . . . ,YL−1,YL+1, . . . ,YNspec

}T
(4.2)

denote the set of variables for the full and reduced systems of ODE’s, respectively. Altough we included
pressure as an independent variable, we restrict our attention to open containers for which the thermody-
namic pressure,P, is constant. Then (1.1) can be written in compact form as

∂Φ
∂t

= f =
{

SP,ST ,SY1,SY2, . . . ,SYNspec

}T
and (4.3)

∂Φ̃
∂t

= f̃ =
{

SP,ST ,SY1, . . . ,SYL−1,SYL+1, . . . ,SYNspec

}T
, (4.4)

whereSP ≡ 0, ST = − 1
ρcp

∑
Nspec
k=1 hkω̇k, andSYk = ω̇k/ρ.

Let J andJ̃ be the Jacobian matrices corresponding tof and f̃ , respectively. In order to facilitate the
derivation of partial derivatives∂ f i/∂Φ j and∂ f̃i/∂Φ̃ j that are the elements of these matrices, it is useful
to add density to the state vector. LetΦ be the extended state vector:

Φ =
{

ρ,P,T,Y1,Y2, . . . ,YNspec

}T
, (4.5)

Therhs term corresponding to the time advance ofΦ is

f (Φ) =

{
Sρ,SP,−

1
ρcp

Nspec

∑
k=1

hkω̇k,
ω̇1

ρ
,
ω̇2

ρ
, · · · ,

ω̇Nspec

ρ

}T

, (4.6)

with Sρ = −W∑
Nspec
k=1

ω̇k
Wk

+ 1
cpT ∑

Nspec
k=1 hkω̇k.
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Let F be the Jacobian matrix corresponding tof . Chain-rule differentiation leads to

∂ f u

∂v
=

∂ fu
∂v

+
∂ fu
∂ρ

∂ρ
∂v

(4.7)

∂ f̃u
∂v

=
∂ fu
∂v

+
∂ fu
∂ρ

∂ρ
∂v

+
∂ fu
∂YL

∂YL

∂v
. (4.8)

Note that each componentu of Φ̃ is also a component ofΦ andΦ, and the correspondingrhs terms are
the same

f̃u
(

Φ̃
)

= f u

(
Φ
)

= fu(Φ) (4.9)

In terms of actual components

J i, j = F i+1, j+1 +F i+1,1
∂ρ

∂Φ j
i, j = 1,2, . . . ,Nspec+2 (4.10)

J̃ i, j = F i+is, j+ js +F i+is,1
∂ρ

∂Φ̃ j
+F i+is,L+3

∂YL

∂Φ̃ j
i, j = 1,2, . . . ,Nspec+1. (4.11)

where

is, js =

{
1 i, j +1 < 3+L

2 otherwise
(4.12)

Analytical expressions forF

Analytical for expressions for the matrix components are provided line by line below. Note that, in the
expressions below, whenever the summation limits are omitted, the sums are over allNspecspecies.

• Line #1: Density equation. Density is not currently advanced through an equation for the time
being. SinceF1 j = ∂ f1

∂Φ j
are not needed, all components on the first line ofF are set to 0.

• Line #2: Pressure equation. The source term for the pressure equation is assumed constant: f2 =
f 2 = const.

∂ f2
∂Φ j

≡ 0 for all j ⇒ F2, j ≡ 0. (4.13)

• Line #3: Temperature equation: F3, j = ∂ f3
∂Φ j

, where f3 = − 1
ρcp

∑
Nspec
k=1 hkω̇k. Here

cp =
Nspec

∑
k=1

Ykcpk(T) andω̇k = ω̇k(T,X1,X2, . . . ,XNspec). (4.14)

18



Xk is the molar concentration of speciesk

Xk =
ρYk

Wk
. (4.15)

The individual components ofF3,∗ are computed as

F3,1 =
∂ f3
∂ρ

=
1

ρ2cp
∑hkω̇k−

1
ρcp

∑hk
∂ω̇k

∂ρ
=

1
ρcp

∑hk

(
ω̇k

ρ
−

∂ω̇k

∂ρ

)
(4.16)

F3,2 = 0 (4.17)

F3,3 =
∂ f3
∂T

=
1

ρc2
p

∂cp

∂T ∑hkω̇k−
1

ρcp
∑cpkω̇k−

1
ρcp

∑hk
∂ω̇k

∂T
(4.18)

F3,3+ j =
∂ f3
∂Yj

=
1

ρc2
p
cp j ∑hkω̇k−

1
ρcp

∑hk
∂ω̇k

∂Yj
, j = 1,2, . . . ,Nspec (4.19)

• Line #(3+k), k=1. . .Nspec: Species equations. For subsequent lines 3+k of the Jacobian matrixF :

F3+k,1 =
∂ f3+k

∂ρ
=

∂(ω̇k/ρ)

∂ρ
=

1
ρ

(
∂ω̇k

∂ρ
−

ω̇k

ρ

)
(4.20)

F3+k,2 =
∂(ω̇k/ρ)

∂P
≡ 0 (4.21)

F3+k,3 =
∂(ω̇k/ρ)

∂T
=

1
ρ

∂ω̇k

∂T
(4.22)

F3+k,3+ j =
∂(ω̇k/ρ)

∂Yj
=

1
ρ

∂ω̇k

∂Yj
, j,k = 1,2, . . . ,Nspec (4.23)

The values for heat capacities and their derivaties are computed based on the NASA polynomial fits
as

∂cpk

∂T
= Rk

(
a1,k +T

(
2a2,k +T

(
3a3,k +4a4,kT

)))
, (4.24)

∂cp

∂T
= ∑Yk

∂cpk

∂T
,

∂cp

∂Yj
= cp j (4.25)

The partial derivatives of the species reaction rates,ω̇k(T,X1,X2, . . .), with respect to various inde-
pendend variables are computed as

∂ω̇k

∂ρ

∣∣∣∣
T,Ys

=
Nspec

∑
l=1

∂ω̇k

∂Xl

∂Xl

∂ρ
+

∂ω̇k

∂T �
�
���
0

∂T
∂ρ

+
�

�
��7

0
∂ω̇k

∂ρ
∂ρ
∂ρ

=
Nspec

∑
l=1

Yl

Wl

∂ω̇k

∂Xl
(4.26)

∂ω̇k

∂Yj

∣∣∣∣
ρ,T,Ys6= j

=
Nspec

∑
l=1

∂ω̇k

∂Xl

∂Xl

∂Yj
+

∂ω̇k

∂T
�
�
���

0
∂T
∂Yj

+
∂ω̇k

∂ρ
�
�
���

0
∂ρ
∂Yj

=
ρ

Wj

∂ω̇k

∂X j
(4.27)

(4.28)

The steps for the calculation of∂ω̇k
∂T and ∂ω̇k

∂Xl
are itemized below
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– Derivatives of reaction rate

ω̇k = Wk

Nreac

∑
i=1

νkiqi ⇒
∂ω̇k

∂T
= Wk

Nreac

∑
i=1

νki
∂qi

∂T
,

∂ω̇k

∂Xl
= Wk

Nreac

∑
i=1

νki
∂qi

∂Xl

– Derivatives of rate-of-progress variables

qi = C iR i ⇒
∂qi

∂T
=

∂C i
∂T
R i +C i

∂R i

∂T
,

∂qi

∂Xl
=

∂C i
∂Xl
R i +C i

∂R i

∂Xl

– Derivatives ofC i
1. Basic reactionsC i = 1: ∂C i

∂T ≡ ∂C i
∂Xl

≡ 0

2. 3rdbody-enhanced reactionsC i = Xi:
∂C i
∂T ≡ 0, ∂C i

∂Xl
= αil

3. Unimolecular/recombination fall-off reactionsC i = Pr i
1+Pr i

Fi

∂C i
∂T

=
1

(1+Pr i)
2

∂Pr i

∂T
Fi +

Pr i

1+Pr i

∂Fi

∂T

∂C i
∂Xl

=
1

(1+Pr i)
2

∂Pr i

∂Xl
Fi +

Pr i

1+Pr i

∂Fi

∂Xl

(a) Pr = k0i
k∞ i

Xi ⇒
∂Pr i
∂T =

k′0ik∞ i−k0ik
′
∞ i

k2
∞ i

Xi,
∂Pr i
∂Xl

= k0i
k∞ i

αil .

(b) Pr i = k0i
k∞ i

Xm ⇒ ∂Pr i
∂T =

k′0ik∞ i−k0ik
′
∞ i

k2
∞ i

Xm, ∂Pr i
∂Xl

= k0i
k∞ i

δlm, whereδlm is Kroenecker delta

symbol.
(c) For Lindemann formFi = 1⇒ ∂Fi

∂T ≡ ∂Fi
∂Xl

≡ 0.
(d) For Troe form

∂F
∂T

=
∂F

∂Fcent

∂Fcent

∂T
+

∂F
∂Pr

∂Pr

∂T

∂F
∂Xl

=
∂F

∂Fcent�
�

���
0

∂Fcent

∂Xl
+

∂F
∂Pr

∂Pr

∂Xl
=

∂F
∂Pr

∂Pr

∂Xl

∂F
∂Fcent

=
F

Fcent

(
1+
(

A
B

)2) −F lnFcent

(
2A
B3

)
AFB−BFA
(

1+
(

A
B

)2)2

∂F
∂Pr

= F lnFcent

(
2A
B3

)
APr B−BPr A(
1+
(

A
B

)2)2

where

AF =
∂A

∂Fcent
= −

0.67
Fcentln10

, BF =
∂B

∂Fcent
= −

1.1762
Fcentln10

APr =
∂A
∂Pr

=
1

Pr ln10
, BPr =

∂B
∂Pr

= −
0.14

Pr ln10
∂Fcent

∂T
= −

1−a
T∗∗∗

exp

(
−

T
T∗∗∗

)
−

a
T∗

exp

(
−

T
T∗

)
+

T∗∗

T2 exp

(
−

T∗∗

T

)
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(e) For SRI form

∂F
∂T

=F

(
e
T

+
∂X
∂Pr

∂Pr

∂T
ln

(
aexp

(
−

b
T

)
+exp

(
−

T
c

))

+X
ab
T2 exp

(
− b

T

)
− 1

c exp
(
−T

c

)

aexp
(
− b

T

)
+exp

(
−T

c

)
)

∂F
∂Xl

=F ln

(
aexp

(
−

b
T

)
+exp

(
−

T
c

))
∂X
∂Pr

∂Pr

∂Xl

∂X
∂Pr

=−X22log10Pr

Pr ln10

4. Chemically activated bimolecular reactions:C i = 1
1+Pr i

Fi

∂C i
∂T

= −
1

(1+Pr i)
2

∂Pr i

∂T
Fi +

1
1+Pr i

∂Fi

∂T

∂C i
∂Xl

= −
1

(1+Pr i)
2

∂Pr i

∂Xl
Fi +

1
1+Pr i

∂Fi

∂Xl

Partial derivatives ofPr i andFi are computed similar to the ones above.

– Derivatives ofR i

∂R i

∂T
= k′f i

Nspec

∏
j=1

X
ν′ji
j −k′r i

Nspec

∏
j=1

X
ν′′ji
j

∂R i

∂Xl
=

kf iν
′
li ∏

Nspec
j=1 X

ν′ji
j

Xl
−

kr iν′′li ∏
Nspec
j=1 X

ν′′ji
j

Xl

1. kf i = AiTβi exp
(
− Eai

ℜT

)
= Ai exp

(
βi lnT − Tai

T

)
, whereTai = Eai/ℜ. The derivative with

respect to temperature can be calculated ask′f i
=

kf i
T

(
βi +

Tai
T

)

2. If reverse Arrhenius parameters are provided,k′r i is computed similar to above. Ifkr i is
computed based onkf i and the equilibrium constantKci, then its derivative is

kr i =
kf i

Kci
⇒ k′r i =

k′f i
Kci −kf iKc

′
i

Kc
2
i

=

kf i
T

(
βi +

Tai
T

)

Kci
−

kf i

Kci

Kc
′
i

Kci

= kr i

(
1
T

(
βi +

Tai

T

)
−

Kc
′
i

Kci

)
.

SinceKci =
( patm

ℜ
)∑

Nspec
k=1 νki exp

(
∑

Nspec
k=1 νkigk

)
⇒

Kc
′
i

Kci
= ∑

Nspec
k=1 νkig′k. It follows that

k′r i = kr i

(
1
T

(
βi +

Tai

T

)
−

Nspec

∑
k=1

νkig
′
k

)
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whereg′k is computed based on NASA polynomial fits as

g′k =
1
T

(
a0,k−1+

a5,k

T

)
+

a1,k

2
+T

(a2,k

3
+T

(a3,k

4
+

a4,k

5
T
))

Efficient evaluation of theF terms

• Step 1:

F3+i,2 ≡0

F3+i,3 =
1
ρ

∂ω̇i

∂T
=

Wi

ρ

[
Nreac

∑
j=1

νi j
∂C j

∂T

(
R f j −R r j

)
+

Nreac

∑
j=1

νi jC j

(
R f j

k′f j

kf j

−R r j

k′r j

kr j

)]

F3+i,3+k =
1
ρ

∂ω̇i

∂Yk
=

1
Wk

∂ω̇i

∂Xk
=

Wi

Wk

[
Nreac

∑
j=1

νi j
∂C j

∂Xk

(
R f j −R r j

)
+

Nreac

∑
j=1

νi jC j

R f jν
′
k j −R r jν′′k j

Xk

]
,

k = 1,2, . . . ,Nspec

HereR f j andR r j are the forward and reverse parts, respectively ofR j : R f j = kf i ∏
Nspec
j=1 X

ν′ji
j , R r j =

kr i ∏
Nspec
j=1 X

ν′′ji
j .

• Step 2: OnceF3+i,3+k are evaluated for allk, thenF3+i,1 is computed as

F3+i,1 =
1
ρ

(
∂ω̇i

∂ρ
−

ω̇i

ρ

)
=

1
ρ

(
−

ω̇k

ρ
+

Nspec

∑
k=1

Yk

Wk

∂ω̇i

∂Xk

)
=

1
ρ

(
−

ω̇k

ρ
+

Nspec

∑
k=1

YkF3+i,3+k

)

• Step 3:

F3,1 =
1

ρcp

Nspec

∑
i=1

hi

(
ω̇i

ρ
−

∂ω̇i

∂ρ

)
= −

1
cp

∑hiF3+i,1

F3,2 ≡0

F3,3 =
1

ρcp

[
1
cp

∂cp

∂T

Nspec

∑
i=1

hiω̇i −
Nspec

∑
i=1

cpiω̇i

]
−

1
ρcp

Nspec

∑
i=1

hi
∂ω̇i

∂T

=
1

ρcp

[
1
cp

∂cp

∂T

Nspec

∑
i=1

hiω̇i −
Nspec

∑
i=1

cpiω̇i

]
−

1
cp

Nspec

∑
i=1

hiF3+i,3

Analytical expressions forJ

• Line #1: Pressure equation. The source term for the pressure equation is assumed constant: f2 =
f 2 = const.

J 1, j ≡ 0 for all j (4.29)
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• Line #2: Temperature equation:

J 2,1 = F3,2 +F3,1
∂ρ
∂P

(4.30)

J 2,2 = F3,3 +F3,1
∂ρ
∂T

(4.31)

J 2,2+k = F3,3+k +F3,1
∂ρ
∂Yk

(4.32)

• Line #i=3,. . . ,Nspec+2: Species equations:

J i,1 = F i+1,2 +F i+1,1
∂ρ
∂P

(4.33)

J i,2 = F i+1,3 +F i+1,1
∂ρ
∂T

(4.34)

J i,2+k = F i+1,3+k +F i+1,1
∂ρ
∂Yk

,k = 1,2, . . . ,Nspec (4.35)

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

ρ =
P

ℜT ∑
Nspec
k=1

Yk
Wk

(4.36)

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

∂ρ
∂P

=
ρ
P

,
∂ρ
∂T

= −
ρ
T

,
∂ρ
∂Yk

= −
ρW
Wk

. (4.37)

Analytical expressions forJ̃

• Line #1: Pressure equation. The source term for the pressure equation is assumed constant: f2 =
f̃2 = const.

J̃1, j ≡ 0 for all j (4.38)

• Line #2: Temperature equation:

J̃2,1 =F3,2 +F3,1
∂ρ
∂P

+F3,L+3
∂YL

∂P
(4.39)

J̃2,2 =F3,3 +F3,1
∂ρ
∂T

+F3,L+3
∂YL

∂T
(4.40)

J̃2,2+k =F3,3+ks +F3,1
∂ρ
∂Yk

+F3,L+3
∂YL

∂Yk
, (4.41)

k = 1, . . . ,L−1,L+1, . . . ,Nspec (4.42)

where

ks =

{
k k< 3+L

k+1 otherwise
(4.43)
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• Line #i=3,. . . ,Nspec+1: Species equations:

J̃ i,1 =F i+is,2 +F i+is,1
∂ρ
∂P

+F i+is,L+3
∂YL

∂P
(4.44)

J̃ i,2 =F i+is,3 +F i+is,1
∂ρ
∂T

+F i+is,L+3
∂YL

∂T
(4.45)

J̃ i,2+k =F i+is,3+ks +F i+is,1
∂ρ
∂Yk

+F i+is,L+3
∂YL

∂Yk
, (4.46)

k = 1, . . . ,L−1,L+1, . . . ,Nspec (4.47)

whereks is defined above and

is =

{
1 i +1 < 3+L

2 otherwise
(4.48)

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

ρ =
P

ℜT

(
1

WL
+∑

Nspec
k=1
k6=L

Yk

(
1

Wk
− 1

WL

))

YL = 1−
Nspec

∑
k=1
k6=L

Yk

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

∂ρ
∂P

=
ρ
P

,
∂ρ
∂T

= −
ρ
T

,
∂ρ
∂Yk

= −ρW

(
1

Wk
−

1
WL

)

∂YL

∂P
=

∂YL

∂T
= 0,

∂YL

∂Yk
= −1.
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Chapter 5

Examples

This section presents example C, C++, and Fortran 77 example codes that use some of the functionali-
ties provided by TChem. The C and C++ examples requires the CVODE1 library [2]. The Fortran example
requires DVODE2 library [1]. All these examples numerically integrate a 0D ignition model (1.1) for a
range of parameters that control the initial fuel-oxidizermixture, temperature, and pressure.

ign-c

The main function of the C code is contained inign.c. The main function defines the parameters,
then proceeds to set up the simulation: parameter setup (insetup.c), TChem initialization, CVODE setup
initcvode.c. The time advancement of the sytem of ODE’s (1.1) is implemented indoIgn.c. The function
contained indoIgnReinit.cis a more compact version of doIgn.c (limited output) and takes advantage of
the re-initialization option of CVODE to perform a series of time integrations while the kinetic model
parameters are modified. An output function is provided inoutput.c. Functions providing therhs and the
Jacobian matrix corresponding to (1.1) are implemented inrhsjac.c.

Select sections of the the various components of the C code are described below.

ign.c

• FunctionTC initChemis used to initalize TChem, while functionTC setThermoPressends the ther-
modynamic pressure to the library.

TC ini tChem ( mech f i l e , t h e r m o f i l e , ( i n t ) withTab , 0 . 2 ) ;
p r e s s u r e ∗= p fac ;
TC setThermoPres ( p r e s s u r e ) ;

The parameters used in these functions are described below in setup.c.

• FunctionTC getSposreturns the position in of a species in the list of species read by TChem from
the kinetic model file.

f o r ( i = 0 ; i < spec inno ; i ++)
{

1https://computation.llnl.gov/casc/sundials
2https://computation.llnl.gov/casc/software.html
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i n t i s p e c = TC getSpos ( \&SpecName [ i∗LENGTHOFSPECNAME] ,
s t r l e n (\&SpecName [ i∗LENGTHOFSPECNAME] ) ) ;

. . .
s c a l [ i s p e c +1] = SpecMsFr [ i ] ;

}

• The ignition code expects mole fractions for the species that enter the fresh mixture. It the converts
these values to mass fractions usingTC getMl2Ms

/∗ c o n v e r t mole t o mass f r a c t i o n s∗ /
doub le ∗msfr = ( doub le ∗ ) ma l loc ( Nspec ∗ s i z e o f ( doub le ) ) ;
TC getMl2Ms ( \&( s c a l [ 1 ] ) , Nspec , msf r ) ;
f o r ( i = 1 ; i < Nspec+1 ; i ++) s c a l [ i ] = msf r [ i−1];

• Before the end of the execution the main function callTC resetto clear all internal TChem arrays.

setup.c

The function contained in this file,setup, initializes parameters with default values, the reads from a
setup file custom values for the paramters the user wants to change.

Below, NiterMax is the maximum number of time steps,oFreq is the frequency of solution output to
disk, Tini is the initial mixture temperature,Tempid is the temperature threshold for the ignition delay
time, deltat is the initial time step size in seconds,deltatMaxis the maximum time step size in seconds,
tEndis the end time for the time advancement,deltaTempis the maximum allowed temperature change per
time step. The thermodynamic pressure is given by the product p f ac×1.01325×105Pa. CVreltandCVs-
mall are tolerances for the CVODE library. The kinetic model file name is stored inmechfileand the name
of the file with the NASA polynomials for the thermodynamic properties is stored inthermofile. withTab
is a flag that specifies whether TChem should use interpolationtables to compute various properties, while
getIgnDelis a flag allows the user to stop the integration once the ignition take place.

∗NiterMax = 100000 ; /∗ Maximum no . o f i t e r a t i o n s ∗ /
∗oFreq = 10 ; /∗ Output f r e q u e n c y ∗ /
∗ T i n i = 1000.0 ; /∗ I n i t i a l t e m p e r a t u r e [K] ∗ /
∗Temp id = 1500.0 ; /∗ Thresho ld t e m p e r a t u r e f o r i g n i t i o n de l ay [K] ∗ /
∗ d e l t a t = 1 . e−10 ; /∗ I n i t i a l t ime s t e p s i z e [ s ] ∗ /
∗ de l t a tMax = 1 . e−4 ; /∗ Maximum t ime s t e p s i z e [ s ] ∗ /
∗ tEnd = 2 .0 e0 ; /∗ End i n t e g r a t i o n t ime [ s ] ∗ /
∗del taTemp = 1 .0 ; /∗ Maximum t e m p e r a t u r e change per t ime s t e p [K]∗ /
∗ p r e s s u r e = 1.01325 e5 ; /∗ P r e s s u r e [ Pa ]∗ /
∗ p fac = 1 .0 ; /∗ P r e s s u r e s c a l e f a c t o r [ ] ∗ /

∗CVre l t = 1 . e−12 ;
∗CVsmall = 1 . e−20 ;
∗CVmaxord = 5 ;
∗CVmaxnumsteps = 10000 ;

s t r c p y ( m e c h f i l e , ” chem . inp ” ) ;
s t r c p y ( t h e r m o f i l e , ” therm . d a t ” ) ;

∗withTab = 0 ; /∗ no t a b u l a t i o n ∗ /
∗ g e t I g n D e l = 0 ; /∗ no i g n i t i o n de l ay s t o p ∗ /
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Figure 5.1. Left Frame: variation of the ignition delay times
with the equivalence ratio (Φ) 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]

rhsjac.c

The functions that computerhs source terms and Jacobian matrices can be used for both full systems
(temperature and all species) or restricted systems (temperature + all species - one species). In the later
case, the mass fraction of the negelected species is set to ensure mass conservation. The user should specify
at compile time “-DALLSPEC” for the former case. If this flag isneglected, the code will compiled for
restricted systems.

The algorithms aredoIgn.c, doIgnReinit.c,andoutput.care straigthforward.

Sample results

Sample simulations are provided inexample/ign-c/run. These simulations can be replicated using the
bash scripts located in the corresponding directories. Allscript files have the extension.x. These scripts
can also be used to generate the ignition delay time results for iso-Octane and Primary Reference Fuel
(PRF) mixtures shown in Figs. 5.1 and 5.2, respectively.
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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 located inexample/ign-cpp/src. Sample simulation data and scripts using a
methane kinetic model (53 species, 325 reactions) [7] and a iso-octane kinetic model (871 species, 3792
reactions) [5] are located inexample/ign-c/run. Subsequent directories’ names are self-explanatory.

Themainfunction of the C++ code is contained inign.cpp. The main function handles the setup of the
simulation, initialization of TChem, then transfers the control to theStiffIntegclass. TheStiffIntegclass
implements functions for the right hand side (rhs) and Jacobian matrix corresponding to the system of
ordinarry differential equations 1.1. It handles the setupof CVODE and controls the time integration of
1.1. Select code sections are described below:

ign.cpp

• Setup parameters. Below,NiterMax is the maximum number of time steps,oFreq is the frequency
of solution output to disk,Tini is the initial mixture temperature,deltat is the initial time step size
in seconds,deltatMaxis the maximum time step size in seconds,tEnd is the end time for the time
advancement,deltaTempis the maximum allowed temperature change per time step. Thethermody-
namic pressure is given by the productp f ac×1.01325×105Pa. CVreltandCVsmallare tolerances
for the CVODE library. The kinetic model file name is stored inmechfileand the name of the file
with the NASA polynomials for the thermodynamic propertiesis stored inthermofile. withTabis a
flag that specifies whether TChem should use interpolation tables to compute various properties.

/∗ Set d e f a u l t v a l u e s∗ /
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NiterMax = 20000 ;
oFreq = 100 ;
T i n i = 1000.0 ; /∗ [K] ∗ /
d e l t a t = 1 . e−9 ; /∗ [ s ] ∗ /
de l t a tMax = 1 . e−6 ; /∗ [ s ] ∗ /
tEnd = 0 .1 e0 ; /∗ [ s ] ∗ /
de l taTemp = 10 .0 ; /∗ [K] ∗ /
p f ac = 1 .0 ; /∗ [ ] ∗ /
CVre l t = 1 . e−12 ;
CVsmall = 1 . e−20 ;
s t r c p y ( m e c h f i l e , ” chem . inp ” ) ;
s t r c p y ( t h e r m o f i l e , ” therm . d a t ” ) ;
wi thTab = f a l s e ; /∗ no t a b u l a t i o n by d e f a u l t ∗ /

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

• FunctionTC initChemis used to initalize TChem, while functionTC setThermoPressends the ther-
modynamic pressure to the library.

TC ini tChem ( mech f i l e , t h e r m o f i l e , ( i n t ) withTab , 0 . 2 ) ;
p r e s s u r e ∗= p fac ;
TC setThermoPres ( p r e s s u r e ) ;

• The constructor for theStiffIntegclass requires a pointer to the initial condition arrayscal, the
number of speciesNspec, and the maximum temperature change per time step.

S t i f f I n t e g i n t g c v o d e ( s c a l , Nspec , de l taTemp ) ;

• Thecomputefunction ofStiffInteghandles the time advancement of the system of ordinary differ-
ential equations (1.1).

i n t g c v o d e . compute ( tEnd , &d e l t a t , de l ta tMax , NiterMax , oFreq ) ;

StiffInteg.cpp

• FunctionStiffInteg::chemrhshandles the computation of therhs source terms through a call to
TChem.StiffInteg::chemrhscan handle chemical systems that include all species,

(
T,Y1, . . . ,YNspec

)
,

or alternatively
(
T,Y1, . . . ,YNspec−1

)
. In the later case, the mass fraction of the last species is com-

puted asYNspec= 1−∑
Nspec−1
k=1 Yk. Below, tempNmsfris the pointer to the array holding the tempera-

ture and species mass fractions, andrhsvalsis the pointer to the array that stores the rhs values.
TC getSrc ( tempNmsfr , Nspec+1 , r h s v a l s ) ;

• FunctionStiffInteg::chemjachandles the computation of the Jacobian matrix . Similar toStiffIn-
teg::chemrhs, this function can provide matrices for both types of chemical systems mentioned
above, by appropriate calls to the TChem library. Below,tempNmsfris the pointer to the array
holding the temperature and species mass fractions,jactmpis the pointer to the array that stores the
Jacobian matrix, anduseJacAnlis a flag which indicates whether or not to use analytical expressions
for the Jacobian matrix terms (default is analytical).
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Figure 5.3. Mass fraction profiles during the constant pressure
ignition of a stoichimetric methane-air mixture at 1atm. Methane
combustion is modeled using the GRI-Mech v3.0 kinetic model
(53 species, 325 reactions) [7].

TC getJacTYN ( tempNmsfr , Nspec, jactmp , ( uns igned i n t ) useJacAn l ) ;
TC getJacTYNm1 ( tempNmsfr , Nspec, jactmp , ( uns igned i n t ) useJacAn l ) ;

• StiffInteg::computeoutputs data to several files during the time advancement: (1) ignsol.datcontains
on each row the time [s], time step [s], temperature [K], and species mass fractions, (2)ys.out
contains the time [s], temperature [K], and species mass fractions, (3)cs.outcontains the time [s],
temperature [K], and species molar concentrations [kmol/m3], and (4)h.outcontains the time [s]
and mixture specific enthalpy [J/kg].

Sample results

Sample simulations are provided inexample/ign-cpp/run. These simulations can be replicated using
the bash scripts located in the corresponding directories.All script files have the extension.x. These
scripts can also be used to generate the graphs shown in Fig. 5.3.

ign-f

The Fortran 77 example code is located inexample/ign-f/src. Sample simulation data and scripts using
a methane kinetic model (53 species, 325 reactions) and a onestep model are located inexample/ign-f/run.
Subsequent directories’ names are self-explanatory.

Most of the Fortran code is contained inign.f. The variable names are similar to the ones described

30



above forign-c. The subroutines that connect to TChem for the calculation ofthe rhs values and the
Jacobian matrices are located inrhsjac.f

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

The sample Fortran code below, extracted fromign.f, is used to illustrate the above methodology. Here,
tcgetarhenforis used to extract the value of the activation energy for reaction # 0 from TChem. The value
is modified, then it is sent back usingtcchgarhenfor.

r e a c i d = 0
. . .
pos i d = 2
i e r r = t c g e t a r h e n f o r ( r e a c i d , pos id , a c t e n )
. . .
a c t e n = a c t e n∗1 .4 d0
i e r r = t c c h g a r h e n f o r ( r e a c i d , pos id , a c t e n )

The definition fortcgetarhenfor, extracted from fileTC for.c is self explanatory:

i n t t c g e t a r h e n f o r ( i n t ∗ i r e a c , i n t ∗ i pos , doub le ∗ v a l )
{

i n t ans = 0 ;
ans = TC getArhenFor ( ∗ i r e a c , ∗ i pos , v a l ) ;
r e t u r n ( ans ) ;

}

The interface functions that facilitate the calls between Fortran 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 ireac, int ipos, doublenewval)
Change parameters for forward rate constants.

• ireac- reaction index.

• ipos - index of parameter to be changed (0) pre-exponential factor (1) temperature exponent,
(2) activation energy

• newval- new parameter value

2. int TC chgArhenForBack(int ireac, int ipos)
Reverse changes for forward rate constants’ parameters

• ireac- reaction index.

• ipos - index of parameter to be changed (0) pre-exponential factor (1) temperature exponent,
(2) activation energy

3. int TC chgArhenRev(int ireac, int ipos, doublenewval)
Change parameters for forward rate constants.

• ireac- reaction index.

• ipos - index of parameter to be changed (0) pre-exponential factor (1) temperature exponent,
(2) activation energy

• newval- new parameter value

4. int TC chgArhenRevBack(int ireac, int ipos)
Reverse changes for forward rate constants’ parameters

• ireac- reaction index.

• ipos - index of parameter to be changed (0) pre-exponential factor (1) temperature exponent,
(2) activation energy
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TC edit.c

1. int TC reset()
Frees all memory and sets variables to 0 so thatTC initChemcan be called again without a memory
leak. Not designed for use with tables.

TC init.c

1. int TC initChem(char *mech f ile,char *thermo f ile, int tab, doubledelT)
Initializes the library:

• mech f ile- file containing the kinetic model ( in chemkin format )

• thermo f ile- file containing the coefficients for NASA polynomials.

• tab - flag: 0-use direct evaluations to compute various properties, 1-use interpolation tables

• delT - temperature step size for the interpolation tables; not used if tab=0

2. voidTC setRefVal(doublerhoref, doublepref, doubleTref, doubleWref, doubleDaref, doubleomgref,
doublecpref, doublehref, doubletimref)
Send reference values to the library:

• these are the density (rhoref), pressure (pref), temperature (Tref), molecular weight (Wref), Damkohler
number (Daref), reaction rate (omgref), specific heat at constant pressure (cpref), specific en-
thalpy (href), time (timref).

3. voidTC setNonDim()
Set’s the library to use non-dimensional input and functions. Can be called only afterTC setRefVal
was called.

4. voidTC setDim()
Set’s the library to use dimensional input and functions.

5. voidTC setThermoPres(doublepressure)
Sends the thermodynamic pressure to the library.

• pressure- dimensiona/non-dimensional thermodynamic pressure. For dimensional cases, SI
units are used[N/m2]

TC mlms.c

1. int TCDND getMs2Cc(double *scal,int Nvars,double *concX)
Computes molar concentrationsX’s based on temperatureT and species mass fractionsY’s.

Xk = Yk ·
ρ

Wk
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If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• concX- array of doubles containing species molar concentrationsX’s [kmol/m3]

2. int TC getMs2Cc(double *scal,int Nvars,double *concX)
Computes molar concentrationsX’s based on temperatureT and species mass fractionsY’s.

Xk = Yk ·
ρ

Wk

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• concX- array of doubles containing species molar concentrations[kmol/m3]

3. int TCDND getMl2Ms(double *Xspec,int Nspec,double *Yspec)
Transforms mole fractionsX’s to mass fractionsY’s (same as TCgetMl2Ms()).

Yk = Xk ·Wk/W

• Xspec- array ofNspecmole fractionsX [].

• Nspec- no. of species

• Yspec- array ofNspecmole fractionsY [].

4. int TC getMl2Ms(double *Xspec,int Nspec,double *Yspec)
Transforms mole fractionsX’s to mass fractionsY’s.

Yk = Xk ·Wk/W

• Xspec- array ofNspecmole fractionsX [].

• Nspec- no. of species

• Yspec- array ofNspecmole fractionsY [].

5. int TCDND getMs2Ml(double *Yspec,int Nspec,double *Xspec)
Transforms mass fractionsY’s to mole fractionsX’s (same as TCgetMs2Ml()).

Xk = Yk ·W/Wk

• Yspec- array ofNspecmole fractionsY [].

• Nspec- no. of species

• Xspec- array ofNspecmole fractionsX [].
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6. int TC getMs2Ml(double *Yspec,int Nspec,double *Xspec)
Transforms mass fractionsY’s to mole fractionsX’s.

Xk = Yk ·W/Wk

• Yspec- array ofNspecmole fractionsY [].

• Nspec- no. of species

• Xspec- array ofNspecmole fractionsX [].

7. int TCDND getMs2Wmix(double *Yspec,int Nspec,double *Wmix)
Computes mixture molecular weightW based on species mass fractionsY’s. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide
non-dimensional output.

W =

(
Nspec

∑
k=1

Yk/Wk

)−1

• Yspec- array ofNspecmole fractionsY [].

• Nspec- no. of species

• Wmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

8. int TC getMs2Wmix(double *Yspec,int Nspec,double *Wmix)
Computes mixture molecular weightW based on species mass fractionsY’s.

W =

(
Nspec

∑
k=1

Yk/Wk

)−1

• Yspec- array ofNspecmole fractionsY [].

• Nspec- no. of species

• Wmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

9. int TCDND getMl2Wmix (double *Xspec,int Nspec,double *Wmix)
Computes mixture molecular weightW based on species mole fractionsX’s. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide
non-dimensional output.

W =
1

Wre f

Nspec

∑
k=1

XkWk

• Xspec- array ofNspecmole fractionsX [].

• Nspec- no. of species

• Wmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].
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10. int TC getMl2Wmix (double *Xspec,int Nspec,double *Wmix)
Computes mixture molecular weightW based on species mole fractionsX’s.

W =
Nspec

∑
k=1

XkWk

• Xspec- array ofNspecmole fractionsX [].

• Nspec- no. of species

• Wmix- pointer to mixture molecular weight [kg/kmol]=[g/mol].

TC rr.c

1. int TC getNreac()
Returns number of reactionsNreac.

2. int TC getStoiCoef(int Nspec, int Nreac, double *stoicoef)
Returns stoichiometric coefficients’ matrix. The stoichiometric coefficient for speciesj in reaction
i is stored at positioni ·Nspec+ j. It assumes thatstoicoefwas dimentioned to at leastNreac×Nspec

• Nspec- no. of species

• Nreac- no. of reactions

• stoicoef - pointer to an array of doubles with the stoichiometric coefficients.

3. int TC getStoiCoefReac(int Nspec, int Nreac, int ireac, int idx, double *stoicoef)
Returns stoichiometric coefficients’ array for reactionireacfor either reactants (idx = 0) or products
(idx = 1). The stoichiometric coefficient for speciesj in reactionireac is stored at positionj. It
assumes thatstoicoefwas dimentioned to at leastNspec

• Nspec- no. of species

• Nreac- no. of reactions

• ireac- reaction index

• idx - 0-reactants, 1-products

• stoicoef - pointer to an array of doubles with the stoichiometric coefficients.

4. int TC getArhenFor(int ireac, int ipos, double *val)
Return current value of the Arrhenius parameters for forwardrate constants. Return -1 if no data
available, otherwise return 0 and store value inval.

• ireac- reaction index.

• ipos - index of Arrhenius parameter (0) pre-exponential factor (1) temperature exponent, (2)
activation energy

• val - pointer to the value of Arrhenius parameter.
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5. int TC getArhenRev(int ireac, int ipos, double *val)
Return current value of Arrhenius parameters for reverse rate constants. Return -1 if no data avail-
able, otherwise return 0 and store value inval.

• ireac- reaction index.

• ipos - index of Arrhenius parameter (0) pre-exponential factor (1) temperature exponent, (2)
activation energy

• val - pointer to the value of Arrhenius parameter

6. int TCDND getTY2RRml(double *scal, int Nvars, double *omega)
Returns molar reaction rates,ω̇i , based on temperatureT and mass fractionsY’s. If the non-
dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional input and
will provide non-dimensional output.

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmolar reaction rates [kmol/(m3·s)]

7. int TC getTY2RRml(double *scal, int Nvars, double *omega)
Returns molar reaction rates,ω̇i , based onT andY’s.

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmolar reaction rateṡωi [kmol/(m3·s)].

8. int TCDND getTY2RRms(double *scal, int Nvars, double *omega)
Returns mass reaction rates based on temperatureT and species mass fractionsY’s. If the non-
dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional input and will
provide non-dimensional output.

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmass reaction rates [kg/(m3·s)]

9. int TC getTY2RRms(double *scal, int Nvars, double *omega)
Returns mass reaction rates based on temperatureT and species mass fractionsY’s.

• scal - pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], mass frac-
tionsY [].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmass reaction rates [kg/(m3·s)].
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10. int TCDND getTXC2RRml(double *scal, int Nvars, double *omega)
Returns molar reaction rates based on temperatureT and molar concentrationsX’s. If the non-
dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional input and will
provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], molar
concentrationsX [kmol/m3].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmolar reaction rates [kmol/(m3·s)].

11. int TC getTXC2RRml(double *scal, int Nvars, double *omega)
Returns molar reaction rates based on temperatureT and molar concentrationsX’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, . . . ,XN), temperatureT [K], molar
concentrationsX [kmol/m3].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmolar reaction rates [kmol/(m3·s)].

12. int TCDND getTXC2RRms(double *scal, int Nvars, double *omega)
Returns non-dimensional mass reaction rates based on temperatureT and molar concentrationsX’s.
If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], molar
concentrationsX [kmol/m3].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmass reaction rates [kg/(m3·s)].

13. int TC getTXC2RRms(double *scal, int Nvars, double *omega)
Returns mass reaction rates based on temperatureT and molar concentrationsX’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], molar
concentrationsX [kmol/m3].

• Nvars - no. of variables= Nspec+1

• omega- array ofNspecmass reaction rates [kg/(m3·s)].

14. int TC getRops(double *scal, int Nvars, double *datarop)
Returns rate-of-progress variables based on temperatureT and species mass fractionsY’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• datarop - array ofNreacrate-of-progress variables [kmol/(m3·s)].
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15. int TC getRfRb(double *scal, int Nvars, double *dataRfrb)
Returns rate-of-progress variables based on temperatureT and species mass fractionsY’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• dataRfrb - array ofNreac forward rate-of-progress variables andNreac reverse rate-of-progress
variables [kmol/(m3·s)].

TC spec.c

User functions:

1. int TC getNspec()
Returns number of species.

2. int TC getNelem()
RReturns number of elements.

3. int TC getNvars()
Returns number of variables, currently no. of species plus one.

4. int TC getSnames(int Nspec,char *snames)
Returns species names.

• Nspec- no. of species, needs to match the library’s internal value.

• snames- array of charecters, the allocation needs to be at leastNspec*LENGTHOFSPECNAME.
Currently LENGTHOFSPECNAME is set to 32. Name of speciesi starts at positioni ∗
LENGTHOFSPECNAMEin the array.

5. int TC getSnameLen()
Returns length of species names.

6. int TC getSpos(const char *sname, const intslen)
Returns index of speciessname.

• sname- name of species.

• slen- length of species name

7. int TC getSmass(int Nspec,double *Wi)
Returns molar masses for all species.

• Nspec- no. of species, needs to match the library’s internal value.

• Wi - pointer to an array with molecular masses[kg/kmol] for all species. The allocation size
should be at leastNspec.
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TC src.c

1. int TCDND getSrc(double *scal,int Nvars,double *omega)
Returns the source term for

∂T
∂t

= ω0,
∂Yi

∂t
= ωi ,

based on temperatureT and species mass fractionsY’s. If the non-dimensional flag is ON (us-
ing TC setNonDim) this function expects non-dimensional input and will provide non-dimensional
output.

• scal - pointer to an pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT
[K], species mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• omega: pointer to an array of doubles with the source terms for temperature and species mass
fractions equations:omega[0] : [K/s], omega[1... Nspec] : [1/s]

2. int TC getSrc(double *scal,int Nvars,double *omega)
Returns the source term for

∂T
∂t

= ω0,
∂Yi

∂t
= ωi ,

based on temperatureT and species mass fractionsY’s.

• scal - pointer to an pointer to an ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K],
species mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• omega: pointer to an array of doubles with the source terms for temperature and species mass
fractions equations:omega[0] : [K/s], omega[1... Nspec] : [1/s]

3. int TCDND getSrcCons(double *scal,int Nvars,double *omega)
Returns the source term for

∂ρ
∂t

= ω0,ρ
∂Yi

∂t
= ωi,

based on densityρ and species mass fractionsY’s. If the non-dimensional flag is ON (using
TC setNonDim) this function expects non-dimensional input and will provide non-dimensional out-
put.

• scal- pointer to an array ofNspec+1 doubles(ρ,Y1,Y2, ...,YN), densityρ [kg/m3], species mass
fractionsY [].

• Nvars - no. of variables= Nspec+1

• omega: pointer to an array of doubles with the source terms for density and species mass
fractions equations:omega[0] : [kg/(m3·s)], omega[1... Nspec] : [kg/(m3·s)]
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4. int TC getSrcCons(double *scal,int Nvars,double *omega)
Returns source term for

∂ρ
∂t

= ω0,ρ
∂Yi

∂t
= ωi,

based on densityρ and species mass fractionsY’s.

• scal- pointer to an array ofNspec+1 doubles(ρ,Y1,Y2, ...,YN), densityρ [kg/m3], species mass
fractionsY [].

• Nvars - no. of variables= Nspec+1

• omega: pointer to an array with the source terms for density and species mass fractions equa-
tions: omega[0] : [kg/(m3·s)], omega[1... Nspec] : [kg/(m3·s)]

5. int TCDND getJacTYNm1(double *scal, int Nspec, double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN−1) based on temperatureT and species
mass fractionsY’s using either analytical expressions of numerical derivatives. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide non-
dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
Nspec+ i].

• useJacAnl - flag for Jacobian type (1-analytical,other values-numerical)

6. int TC getJacTYNm1(double *scal, int Nspec, double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN−1) based on temperatureT and species
mass fractionsY’s using either analytical expressions of numerical derivatives.

• scal - pointer to an pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT
[K], species mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
Nspec+ i].

• useJacAnl - flag for Jacobian type (1-analytical,other values-numerical)

7. int TCDND getJacTYNm1anl(double *scal, int Nspec, double *jac)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN−1) based on temperatureT and species
mass fractionsY’s using either analytical expressions. If the non-dimensional flag is ON (using
TC setNonDim) this function expects non-dimensional input and will provide non-dimensional out-
put.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].
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• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
Nspec+ i].

8. int TC getJacTYNm1anl(double *scal, int Nspec, double *jac)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN−1) based on temperatureT and species
mass fractionsY’s using either analytical expressions.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
Nspec+ i].

9. int TCDND getJacTYN(double *scal, int Nspec, double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN) based on temperatureT and species
mass fractionsY’s using either analytical expressions of numerical derivatives. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide non-
dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+1)+ i].

• useJacAnl - flag for Jacobian type (1-analytical,other values-numerical)

10. int TC getJacTYN(double *scal, int Nspec, double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN) based on temperatureT and species
mass fractionsY’s using either analytical expressions of numerical derivatives.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+1)+ i].

• useJacAnl - flag for Jacobian type (1-analytical,other values-numerical)

11. int TCDND getJacTYNanl(double *scal, int Nspec, double *jac)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN) based on temperatureT and species
mass fractionsY’s using either analytical expressions. If the non-dimensional flag is ON (using
TC setNonDim) this function expects non-dimensional input and will provide non-dimensional out-
put.
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• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+1)+ i].

12. int TC getJacTYNanl(double *scal, int Nspec, double *jac)
Computes Jacobian matrix for the system(T,Y1,Y2, . . . ,YN) based on temperatureT and species
mass fractionsY’s using either analytical expressions.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+1)+ i].

13. int TC getJacRPTYN(double *scal, int Nspec, double *jac, unsigned int useJacAnl)
Computes Jacobian matrix for the system(ρ,P,T,Y1,Y2, . . . ,YN) based on temperatureT and species
mass fractionsY’s using either analytical expressions of numerical derivatives.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+3)+ i].

• useJacAnl : flag for Jacobian type (1-analytical,other values-numerical).

14. int TC getJacRPTYNanl(double *scal, int Nspec, double *jac)
Computes the Jacobian matrix for the system(ρ,P,T,Y1,Y2, . . . ,YN) based on temperatureT and
species mass fractionsY’s using analytical expressions.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+3)+ i].

15. int TC getJacRPTYNnum(double *scal, int Nspec, double *jac)
Computes the Jacobian matrix for the system(ρ,P,T,Y1,Y2, . . . ,YN) based on temperatureT and
species mass fractionsY’s using numerical derivatives.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nspec- no. of speciesNspec

• jac - pointer to array of doubles with the Jacobian matrixJ. ElementJi j is stored atjac[ j ∗
(Nspec+3)+ i].
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TC thermo.c

1. int TCDND getRhoMixMs(double *scal,int Nvars,double *rhomix)
Computes density based on temperatureT and species mass fractionsY’s using the equation of state.
If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• rhomix - pointer to mixture density [kg/m3]

2. int TC getRhoMixMs(double *scal,int Nvars,double *rhomix)
Computes density based on temperatureT and species mass fractionsY’s using the equation of state.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• rhomix - pointer to mixture density [kg/m3]

3. int TCDND getRhoMixMl (double *scal,int Nvars,double *rhomix)
Computes density based on temperatureT and species mole fractionsX’s using the equation of state.
If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• rhomix - pointer to mixture density [kg/m3]

4. int TC getRhoMixMl (double *scal,int Nvars,double *rhomix)
Computes density based on temperatureT and species mole fractionsX’s using the equation of state.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• rhomix - pointer to mixture density [kg/m3]

5. int TCDND getTMixMs (double *scal,int Nvars,double *Tmix)
Computes temperature based on densityρ and species mass fractionsY’s using the equation of state.
If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal- pointer to an array ofNspec+1 doubles(ρ,Y1,Y2, ...,YN), densityρ [kg/m3], species mass
fractionsY [].
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• Nvars - no. of variables= Nspec+1

• Tmix - pointer to temperature [K]

6. int TC getTMixMs (double *scal,int Nvars,double *Tmix)
Computes temperature based on densityρ and species mass fractionsY’s using the equation of state.

• scal- pointer to an array ofNspec+1 doubles(ρ,Y1,Y2, ...,YN), densityρ [kg/m3], species mass
fractionsY [].

• Nvars - no. of variables= Nspec+1

• Tmix - pointer to temperature [K]

7. int TCDND getTMixMl (double *scal,int Nvars,double *Tmix)
Computes temperature based on densityρ and species mole fractionsX’s using the equation of state.
If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional
input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(ρ,X1,X2, ...,XN), densityρ [kg/m3], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• Tmix - pointer to temperature [K]

8. int TC getTMixMl (double *scal,int Nvars,double *Tmix)
Computes temperature based on densityρ and species mole fractionsX’s using the equation of state.

• scal - pointer to an array ofNspec+ 1 doubles(ρ,X1,X2, ...,XN), densityρ [kg/m3], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• Tmix - pointer to temperature [K]

9. int TCDND getMs2CpMixMs(double *scal,int Nvars,double *cpmix)
Computes mixture specific heat at constant pressure based on temperatureT and species mass frac-
tions Y’s. If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-
dimensional input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• cpmix - pointer to mixture specific heat at constant pressure[J/(kg·K)]

10. int TC getMs2CpMixMs(double *scal,int Nvars,double *cpmix)
Computes mixture specific heat at constant pressure based on temperatureT and species mass frac-
tionsY’s.

• scal-pointer to an array ofNspec+1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species mass
fractionsY [].
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• Nvars - no. of variables= Nspec+1

• cpmix - pointer to mixture specific heat at constant pressure[J/(kg·K)]

11. int TCDND getMs2CvMixMs(double *scal,int Nvars,double *cvmix)
Computes mixture specific heat at constant volume based on temperatureT and species mass frac-
tions Y’s. If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-
dimensional input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• cvmix - pointer to mixture specific heat at constant volume [J/(kg·K)]

12. int TC getMs2CvMixMs(double *scal,int Nvars,double *cvmix)
Computes mixture specific heat at constant volume based on temperatureT and species mass frac-
tionsY’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• cvmix - pointer to mixture specific heat at constant volume [J/(kg·K)]

13. int TCDND getMl2CpMixMl (double *scal,int Nvars,double *cvmix)
Computes mixture heat capacity at constant pressure based ontemperatureT and species mole
fractionsX’s. If the non-dimensional flag is ON (usingTC setNonDim) this function expects non-
dimensional input and will provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• cvmix - pointer to mixture heat capacity at constant volume [J/(kmol·K)]

14. int TC getMl2CpMixMl (double *scal,int Nvars,double *cvmix)
Computes mixture heat capacity at constant pressure based ontemperatureT and species mole
fractionsX’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

• cvmix - pointer to mixture heat capacity at constant volume [J/(kmol·K)]

15. int TCDND getCpSpecMs(doublet,int Nspec,double *cpi)
Computes species specific heat at constant pressure based on temperatureT. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide
non-dimensional output.
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• t - temperatureT [K]

• Nspec- no. of species

• cpi - array with species specific heats at constant pressure [J/(kg·K)]

16. int TC getCpSpecMs(doublet,int Nspec,double *cpi)
Computes species specific heat at constant pressure based on temperatureT.

• t - temperatureT [K]

• Nspec- no. of species

• cpi - array with species specific heats at constant pressure [J/(kg·K)]

17. int TCDND getCpSpecMl(doublet,int Nspec,double *cpi)
Computes species heat capacities at constant pressure basedon temperatureT. If the non-dimensional
flag is ON (usingTC setNonDim) this function expects non-dimensional input and will provide non-
dimensional output.

• t - temperatureT [K]

• Nspec- no. of species

• cpi - array with species heat capacities at constant pressure [J/(kmol·K)]

18. int TC getCpSpecMl(doublet,int Nspec,double *cpi)
Computes species heat capacities at constant pressure basedon temperature.

• t - temperatureT [K] Y [].

• Nspec- no. of species

• cpi - array with species heat capacities at constant pressure [J/(kmol·K)]

19. int TCDND getMs2HmixMs(double *scal,int Nvars,double *hmix)
Computes mixture specific enthalpy based on temperature and species mass fractions. If the non-
dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional input and will
provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

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

20. int TC getMs2HmixMs(double *scal,int Nvars,double *hmix)
Computes mixture specific enthalpy based on temperature and species mass fractions.

• scal - pointer to an array ofNspec+ 1 doubles(T,Y1,Y2, ...,YN), temperatureT [K], species
mass fractionsY [].

• Nvars - no. of variables= Nspec+1

• hmix- pointer to mixture specific enthalpy [J/kg].
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21. int TCDND getMl2HmixMl (double *scal,int Nvars,double *hmix)
Computes mixture molar enthalpy based on temperature and species mole fractions. If the non-
dimensional flag is ON (usingTC setNonDim) this function expects non-dimensional input and will
provide non-dimensional output.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

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

22. int TC getMl2HmixMl (double *scal,int Nvars,double *hmix)
Computes mixture molar enthalpy based on temperatureT and species mole fractionsX’s.

• scal - pointer to an array ofNspec+ 1 doubles(T,X1,X2, ...,XN), temperatureT [K], species
mole fractionsX [].

• Nvars - no. of variables= Nspec+1

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

23. int TCDND getHspecMs(doublet,int Nspec,double *hi)
Computes species specific enthalpies based on temperatureT. If the non-dimensional flag is ON (us-
ing TC setNonDim) this function expects non-dimensional input and will provide non-dimensional
output.

• t - temperatureT [K]

• Nspec- no. of species

• hi - array ofNspecdoubles with species specific enthalpies [J/kg]

24. int TC getHspecMs(doublet,int Nspec,double *hi)
Computes species specific enthalpies based on temperatureT.

• t - temperatureT [K]

• Nspec- no. of species

• hi - array ofNspecdoubles with species specific enthalpies [J/kg]

25. int TCDND getHspecMl(doublet,int Nspec,double *hi)
Computes species molar enthalpies based on temperatureT. If the non-dimensional flag is ON (us-
ing TC setNonDim) this function expects non-dimensional input and will provide non-dimensional
output.

• t - temperatureT [K]

• Nspec- no. of species

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

26. int TC getHspecMl(doublet,int Nspec,double *hi)
Computes species molar enthalpies based on temperatureT.
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• t - temperatureT [K]

• Nspec- no. of species

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

Nomenclature

• Temperature :T - [K].

• Density :ρ -
[

kg
m3

]
.

• Thermodynamic pressure :P -
[

kg
m·s

]
.

• Mass and mole fraction of speciesk: Yk andXk, respectively -[].

• Molar concentration of speciesk: Xk, respectively -[kmol
m3 ].

• Molecular weight of speciesk and of the mixture:Wk andW, respectively -
[ g

mol

]
=
[

kg
kmol

]
.

• Universal gas constant,ℜ = 8.314472×103
[

J
kmol·K

]
= 1.98721

[
cal

mol·K

]
.

• Molar heat capacity at constant pressure (speciesk and mixture):Cp,k andCp, respectively -
[

J
kmol·K

]
.

• Specific heat capacity at constant pressure (speciesk and mixture):cp,k andcp, respectively -
[

J
kg·K

]
.

• Molar enthalpy (speciesk and mixture):Hk andH, respectively -
[

J
kmol

]
.

• Specific enthalpy (speciesk and mixture):hk andh, respectively -
[

J
kg

]
.

• Mass reaction rate of speciesk: ω̇k -
[

kg
m3·s

]
.

• Molar reaction rate of speciesk: ω̇k -
[

kmol
m3·s

]
.

Non-dimensional values

• Temperature :T∗ = T/Tref.

• Density :ρ∗ = ρ/ρref.
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• Molar concentration of speciesk: X
∗
k = Xk ·Wref/ρref.

• Molecular weight of speciesk and of the mixture:Wk andW, respectively -
[ g

mol

]
=
[

kg
kmol

]
.

• Molar heat capacity at constant pressure (speciesk and mixture):C∗
p,k = Cp,k ·Wref/cpref andC∗

p =

Cp ·Wref/cpref, respectively.

• Specific heat capacity at constant pressure (speciesk and mixture): c∗p,k = cp,k/cpref and c∗p =

cp/cpref, respectively.

• Molar enthalpy (speciesk and mixture):H∗
k = Hk ·Wref/href andH∗ = H ·Wref/href, respectively.

• Specific enthalpy (speciesk and mixture):h∗k = hk/href andh∗ = h/href, respectively.

• Mass reaction rate of speciesk: ω̇∗
k = ω̇k · timref/ρref

• Molar reaction rate of speciesk: ω̇∗
k = ω̇k ·Wref timref/ρref.

52



References

[1] P. N. Brown, G. D. Byrne, and A. C. Hindmarsh. VODE: A VariableCoefficient ODE Solver.SIAM
J. Sci. Stat. Comput., 10:1038–1051, 1989.

[2] S. D. Cohen and A. C. Hindmarsh. CVODE, a Stiff/Nonstiff ODE Solver in C. Comput. Phys.,
10(2):138–143, 1996.

[3] H.J. Curran, P. Gaffuri, W.J. Pitz, and C.K. Westbrook. A comprehensive modeling study of iso-octane
oxidation.Combust. Flame, 129:253–280, 2002.

[4] H.J. Curran, W.J. Pitz, C.K. Westbrook, C.V. Callahan, and F.L. Dryer. Oxidation of automotive
primary reference fuels at elevated pressures.Proc. Comb. Inst., 27:379–387, 1998.

[5] W. J. Pitz M. Mehl, H. J. Curran and C. K. Westbrook. Chemical kinetic modeling of component
mixtures relevant to gasoline. European Combustion Meeting, 2009.

[6] B. J. McBride, S. Gordon, and M. A. Reno. Coefficients for Calculating Thermodynamic and Trans-
port Properties of Individual Species. Technical Report NASA TM-4513, NASA, 1993.

[7] G.P. Smith, D.M. Golden, M. Frenklach, N.W. Moriarty, B. Eiteneer, M. Goldenberg,
C.T. Bowman, R.K. Hanson, S. Song, W.C. Gardiner Jr., V.V. Lissianski, and Q. Zhiwei.
www.me.berkeley.edu/grimech/.

53



DISTRIBUTION:

1 MS 9051 Habib Najm, 8351 (electronic copy)
1 MS 9051 Bert Debusschere, 8351 (electronic copy)
1 MS 9155 Jerry McNeish, 8954 (electronic copy)
1 MS 9051 Damian Rouson, 8351 (electronic copy)
1 MS 9051 Cosmin Safta, 8954 (electronic copy)
1 MS 9151 Jim Costa, 8950 (electronic copy)
1 MS 9054 Andrew McIlroy, 8350 (electronic copy)
1 MS 0899 Technical Library, 9536 (electronic copy)

54



v1.35




