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ABSTRACT

The oxidation mechanisms for the hydrdcarbons, namely, methane, ethane and
propane along with the hydrogen on the basis of low activation energy requirement
have been considered. The rate expressions are taken from literature and the kinetic
rate expressions for oxidation of hydrocarbons have been developed. By employing

.the steady state approximation a set of algebraic equations are formulated. The
concentrations of th;e chaiﬁ carriers are calculated by solving the algebraic equatibns
using Newton-Raphédn method. The concentrations of chain carriers are further
substituted in the rate expressions of the final products for finding out the explosion
limits, i.e., pressure and temperature.

A Turbo C++ program.has been developed for the determination of the
explosion limits at stoichiometric mixture ratio of hydrocarbon oxidation and
hydrogen oxidation. The results obt\hined from the modelling have good agreement

with the existing experimental results.
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NOMENCLATURE

UNITS
v'j Stoichiometric coefficient of the reactants. 1’\
v Stoichiometric coefficient of the products. |
M : Arbitrary specification of ali chemical species.
N Total number of species. ‘ /
RR; Rate of disappearance of a chemical species 1. /f :
Xi ) Mole fraction of species i.

n Total number of moles.

a Multiplication factor.
X Critical value of «.
M,M Reactant. molecules in the system. l

PP, P Products formed in the system.
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[

Y Rate of production of any species i. moles/m”.sec
k Specific reaction rate constant. | [(conc)™ (time)]"
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; E. Activation Energy. J/mol
I R Universal gas constant. , J/mol-K
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M] Concentration of species M. moles/m’
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CHAPTER 1

INTRODUCTION

Chemical kinetic modelling has become an important tool in the analysis of
combustion systems. Though many fuels are encountered in combustion
environments, hydrocarbons comprise the vast majority. In this work much attention
is focussed on the oxidation of hydrocarbon fuels, namely methane (CHs), ethane
(C:Hg), propane (C;Hg).‘As the oxidation of hydrogen is the elementary in the above
* oxidation reaction mechanisms, the kiﬁetic model of the reaction mechanism of
hydrogen is also examined. |

The work is mainly cdricentrafed on the explosion domain of the chemical
reactions. The chemical reactions with unmeasurably high rates are termed as
exp'losion reactions. One possible way to explain these explosions is by the concept of
chain reaétions. Some reactiéns when initiated by some energetic process (i.e., by fhe
initial supply of energy in the form of heat or light) proceed at 2 fast rate by chain
.process. If more than one chain carrier is produced in the chain, then it is said to be

“branched chain reaction”. Unless the éhain carriers are lost by the system more
rapidly than they are generated by chain b_r‘anchi_ng, the overall reaction accelerates
and branched chain explosion occurs. The explosion limits can be specified in terms '
- of the chemical-kinetic and diffusion parameters that determine the rates of chain
* branching and chain breaking, notably temperature, pressure, mixture composition
and environmental conditions such as the dimensions of the reaction vessel and the

nature of the inner vessel surface.



This work includes the model for the kinetic reaction mechanism for oxidation
of hydrogen (Hy), methane, ethane and propane. A computer soffware in Turbo C++
has been developed for finding out the explosion iimits i.e., temperature and préssure
for' a stoichiometric fuel-air ratio of each fuel considering the stéady-state'

approximation,



CHAPTER-2

LITERATURE REVIEW

Analyﬁc solutions for the rate equétio;ls of the following H,-O, reaction
. mechanism were initially obtaiﬂed ‘[1] assﬁmingvisothermal conditions and negligible
| deplétion- of reactants during the induction period for the following set of reactions:
OH + H, —» H,0+H
"H+0, —5 OH+O
0+H, —5 5 OH+H
H+0,+M —>HO, +M
HO, +ﬁ2 —+ H,0,+H
Thr.ee types of sblutions have been deduced : kJM] < 2k, (explosion region) which
includes high temperature and low pressure region, k4[M]- > 21;:2 (non-explosion
, rc;,gion) Which includes low temperature and high pressure region and ks[M] = 2k is
the boundéu'y‘between the two regiéns. |
A theoretical model incIuding a detailed chemical kinetic mechanism for
hydrocarbon oxidation was used to examine detonation propertieé for mixtures of"
fuel-air, fuel-oxygen. Fue}s considefed werc; methane, ethane, ethylene, acetylene and
methanol. Numerical data for the reaction rates was given for both forWard and
reverse reactions of the kinetic mechanisms [2].
The concentrations of all fstable and unstable species have been measured in

the reaction zonme of lean and stoichiometric methane-oxygen flames. The rate



constants of some reactions in the oxidation réaction mechanism of methane were
found [3].

A kinetic reaction model for the reaction of ethane in spark ignition engine
exhaust gases was constructed [4], based on mechanisms and rate constants. The
model consisted of 33 elementary chemical reactions involving 20 chemical species
and was tested by comparing calculated and experimentally measured species.
concentrations résulting from a step increase m the ethané concentfation ofA

“isothermal, steady-flow, hydrocarbon free exhaust gases.

The oxidation of propane was studied experimentauy an‘d. analytically near -
1000K between 1 and 6 bars. A numerical modél incorporating detailed chemical
kinetics and thermal effects was proposed [S] for the interpretation of the
experiments. The reaction mechanism used for the simulation predicted _rridst of the
experimental results. Most important steps in the detailed mechanism were identified
and assembled in a simplified kinetic scheme descriBing; the reaction processes.

Sensitivity and theoretical studies carried out using the mechém'sﬁ; [6]
revealed that hydrocarbon reactions which are involved in the formation 'of the HO,
radical and H,0, rﬁolecule are very _importaht at the lower temperature.

Modelling of hydrocarbbn oxidation in the temperature range ‘of 530-740 K
was thought to be important for the validation of detailed models to be used for
performing calculations related to automotive engine knock. [7]. Addition of OH to'
propene and H-atom abstraction from probene weré considered aé imbortant steps in
determining the subsequent distn'bﬁtiohs of irtermediate ';produdts;, such as

acetaldehyde and formaldehyde.



The consumption of CH,O was promoted by addition of O, and the increase
. in CH,0 concentration also brought in the oxidation reaction. A mechanisﬁl that can
explain tﬁe profiles obfail_led under the experimental conditions [8] was exaﬁnined by
simulation. The CH;0 decay rate was very sensitive to the rate constants of thc;,
reacﬁons: |
CH,0 +0; - CHO + HO,
“CH,0 +HO, —> CHO + H;0,

HO, +H — H, + O,



CHAPTER-3

e ———————————————————————————————————
o '~ 'FORMULATION
3.1, RATES OF REACTIONS :

" All chemical reaction, of combustion, hydrolysis or of any type take place at a
definite rate and depe‘nd, on the conditions .of the system. The most importﬁnt
experimental ﬁarameters are the concentration of reactants, temperature, pressure and
presence of a catalyst oif inhibitor.. Tﬁe rate of the reaction may be expressed in terms

of the rate of decrease of reactants or the rate of increase of products.

-Change in moles of species
timeincrement x Volume

Rate =

Considering a one step stoichiometric chemical reaction as :

N N ...(3.1)
> vJ M. i = = vJ M. j

j=1 j=1

Law of mass action: This law states that the rate of disappearance of a chemical
| species i is proportionél to the product of concentrations of the reacting chemical
. species, each concentration raised to a power equal to the corresponding

stoichiometric coefﬁciént [9ie., -

Y [ - e

=1
where, k is the proportionality ‘constant. If no processes (such as, expansion or
diffusion) other than chemical reactions cause the concentration C; to change, then the

time rate of increase of the concentratxon of species i:

ict i[@]ﬁ | N | ..(3.3)
)

N 7



Specific Reaction Rate Constant: For modelling chemical kinetics, it is necessary to
adopt a uniform way of expressing the variation of specific reaction rate with

temperature. Conventionally these are expressed in rn0(1iﬁed Arrhenius form [9]+

k=A’i‘"exp(—E%T) | o ‘ -.--(3.'4)

' where, n is a constant. The term j is called Boltzman factor.' The

exp (_ E, RT
suitable values of A, n, E, for the elementary reactions are available [10].

Concentration of a species: If n is the total number of moles in the volume, the 1deal-
gas law is PV = nRT. At constant temperature the pcu't1a1 pressure of species iis pi |

and number of moles of i is n;, then.,

p;V=nRT
n; .
\Y ‘

Furthermore p; =x;P. Therefore, concentration of species i is,

x.P '
C, =— : ..(3.5
i = RT | - (3.5)

3.2, CHAIN BRANCHING REACTIONS AND CRITERIA FOR EXPLOSION |
The concept ef chain reacﬁons involues free radicels and an analysis of ehain

reactions was carried by Semenov [11]. In hydroczir‘tron E)xi_dation' Sernenov preposes :
the idea of the degenerate branching chain. In a branchirrg chain each carrier reacts
and produces more than one 'new carrier, this process continues and increasing the

number of chain carriers leading to an accelerating in the reaction rate.



. If the combustion reaction involves intermediate chain cnrriers, and the rate of
chain carriers generation exceeds the iate of their termination, the reaction becomes
progressively fast and subsequently leads to chain branching reactions. The reaction
in which ‘m,ore than one chain carrier is proilnced is termed as branching reaction.
, Bfé.iicliing chain explosions can be studied by following the concentration of active
| speciés with time. As the diffusion loss of these species to the environment is absént, |
. th'eyl aocurnnlate in tho system enhancing the reaction rate and thereforé their own

profltiotion rate. This piocess continues in a self-accelerating mannor to culminate in
an explosion.
The generalized kinetic model explains the conditions under which chain

branching can lead to an explosion is as follows [9]:

M-k R (Initiating Step) ...(3.6)
R+M X 5oR+M  (Overall Chain Branching Step) ...(3.7)
R+M —5s P.+ R (Propagating Step Forming Product) ...(3.8)
R+M —Xy P’  (Gas-Phase Termination Step) ...(3.5)
R; -k—> P , (Surface Destruction Termination Step) ...(3.10)

'whei'e, @ s the multiplication factor, which is the necessary factor. for checking
whether the systein leads to explosion ornot. M and M are reactant molecules in the
systizrn. R represents all radicals that are chain carriers and P, ‘P' and P’ are products
formed in t.he' system, The value of ¢ is determined by using steady state

approximation.



Furthermore, the rate of formation of a major product P is,

El_dl%)—] = k3[R][M] | | | ..(3.11)

The steady state condition for the chain carrier concentration [R]'is,

{ETRLkl[M]+k2(a—1)[R1[M]—k4[M1[R]—k5[R1=o e
By rearranging,
- kM) | o .(3.13)

kg [M]+ k5 Ky (@ -1) ]
Substituting Eq.(3.13) into Eq.(3.11) one obtains,

d[p] Kk [M]’ | . .(3.14)
dt  k,M]+ks -k, (@-1)[M] '

The rate of formation of the product P becomes infinite, or the system explodes, when
the denominator of Eq.(3.14) equals to zero. Solving forcx when the denominator is
zero gives the critical value for explosion, namely,

acm=1+k4[M]+k5 S - (3.15) '
ky[M] ‘

Explosion limits i.e., temperature and pressure boundaries for a specific mixture ratio
of fuel and oxidizer are determined where Qpeaction ™ @ itical o
3.3. MECHANISM OF HYDROCARBON COMB S’I“IO.N :

In the oxidation of hydrocarbdns the rate of réa’ctiorf"in the early stages
increases slowly and exponentially with time. Semenov [11] explains the rate of

reaction of hydrocarbon oxidation by corsidering, a moderately stable intermediate

10



must be formed with an average life greater than that of the primary chains, and this
, (inte"rmediate reacted ‘sl‘_owly te produce a 'supply of new radicals. The mechanism of
hydrocarbon o)‘(idation_inyolves steps to explain initiation, propagation, branching
~and terrmnatlon - |

T'he. ruecuanism e'f hydreca_rbon com‘uustion is divided into two main parts,
namely, the lpw temperature oxidation process and the high tempera‘ture oxidati‘on
- process. In high temperature oxidgtion if a sufficient quantity of air or oxygen is
| present tlre ehd-produc';s ‘will always be water vapour and carbon dioxide irfespective
of the structure of hydrocarbon, while in louv temperature oyridation process, various
intermediate compoundsl are produced with an appreciable half life. The chef_nical
structure of the 1ntermed1ate compounds depends upon the temperature pressure
1n1t1ai structure of fuel and time elapsed after the reactlon started.

The rnechanlsm of hydrocarbon oxidation is explained below by takmg a

gene_ral hydrocarbon (say, a paraffin) represented by RH, where R=CyHans1 [9]:
RH+0, - R+HO, (Initiation Step)

R+ 0, — olefin + HO,
1.1+ 0, Rdz | (Chuin Propagating Step)
RO,+RH - ROOH +R |
RO,+RH - RCHO+R'O

. ‘ . (Chain Propagating Step)
HO,+RH — H,0, +R

“ROOH - RO+ OH (Degenerate Branching Step)

R'CHO + 0, - RCO + HOz .

11



R O. , = destructio n ~ (Chain Termination Step)

The above mechanism is sufﬁcient for all hydrocarbo'ns with a few carbon
atoms (<5). The major intermediate products are olefins, peroxides, aldehydes,
ketones, alcohols. Based on the various experimental facts, the mechanism of slow .
oxidation is proposed by Knox and Kinnear [12]. |
Initiation: The initial attack by oxygen on hydrocarbon generally involves hydrogen 4
abstraction to yield an alkyl radical and a hydroperoxy radical. These'processes
would be selective depending on the activaticin energies of a abstraction.

Propagation: At temperatures around 670 K, oxygen can:'react W_ith’an alkyl radical |
to form an alkene. High yields of propylene Were foundinl the oi(idation of propane .
and similarly large amounts of ethylene in ethane oi(idatio:n.' In the eariy stages of -
oxidation the alkyl radicals can react by an HO, mechanism to form an alkene and the
remaining alkyl radicals react with oxygen to form alkylperoxy radicals. These
radicals are stable below 570 K but above 670 K they rapidly break down gii/e HO,
and the alkene.

Degenerate Branching: The two most likely agehts for degenerate branching are_
aldehydes and peroxides. In the higher temperature range 620-770 K for methane,
-ethylene, formaldehyde is proposed as the branching agent,

Termination: Two types of tem_unatlon process, namely, vhomogeneo’ils and
heterogeneous. Radicals may react together in the gas-puhaee y1e1d1ng species inactive '
as chain propagating species. Alternatively, the radicals ma}i diiﬁise to' the walls
chere they are destroyed. Homogeneous termination occurs by the disproportion of

radicals, such as RO, and HO,, which have relatively long lifetimes.



CHAPTER-4

KINETIC REACTION MECHANISM FOR
" HYDROCARBONS

The :constmction of a realistic mechanism involves vprincipally the
. identification of the reactions, which actually occur and are rapid enough to have an
imi;acf on the o§era11 ﬁrogress of the éombustion event. The combustion of a
hydrocarbon fuel consié_ts of the ‘sequenti‘al fragmentation of the initial fuel molecule
into smalle'r‘ intermediate species, w.hich are ultimately converted to final products,
usually dominated by H20 and CO,. In r'nany cases these intermediate species can be
fuels themselveé. | | | |

The reaction mechanism consists of many elementary reactions with all the
chemical species, which affect a combustion event and overall rate of reaction. The
clementary reacti_oqs with high specific reaction rates and less activation energy
o require& for the combustion of hirdrocarbon fuels are considered in the modelling. As
the hydrogen oxidation also invoives in the oxidation mechanism of hydrocarboﬁ, the

oxidation mechanism of hydrogen is also formulated.

4.1. ANALYSIS:
The reaction mechanism of each fuel along with the data for rate-constant k, s
taken from the literature [10]. The expression for rate of production of each

intermediate species is formed. Thus, obtaining as many non-linear first order

13



differential system of rate equations as intermediate species. For simplicity, we may
safely assume that the steady state occurs after a certain time, i.e., the concentrations
of chain carriers remain essentially constant. Thus, stt:ady-étate approximation [13]

has been adopted for the description of reaction intermediaries. In this approach,

—% =0 is employed for the intermediaries, where, [i] is the concentration of

species i. Thus, obtaining a set of algebraic equation.

The set of algebraic equgtions formed for all the speciés in the oxidation of a
fuel are solved for the concentrations of the intermediate species by applying
NeMon—Raphson modiﬁ;ad method of solving nd#—linear set éf algebrai'c equations.
Substituting the concentration of the intermediate species iﬁ tﬁe rate of production of " .

the final product, the explosion limits are determined..If the expression gives the

d[p]

value ( e <0 ) then the system is considered to be explosive. The explosion

limits, temperature and pressure are determined at stoichiometric fiiel-air mixture
ratio for the hydrocarbons, namely, methane, ethane and propane along with

hydrogen, which is a sub-mechanism for the hydrocar,bdn oxidation,

4.2. OXIDATION OF HYDROGEN:

'

The hydrogen-oxygen system was the first combustion mechanism to be
developed for a practical fuel. The reaction mechanism for hﬁrdrogen oxidatibn [14]
explains clearly the three explosion limits. Fig. 4.1 shows the explosion limits of a

stoichiometric hydrogen-oxygen mixture. In the chain braﬁéhing‘reaction’:the' chain

’-l,,‘ : N



branching rate exceeds the rate of chain breaking. In' the region of no-explosion the

_relgﬁon of these rates are reversed, .and at the limit the two are equal [15].

oom, .
soo| | . N
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F1g 4.1. Explos1on hmlts ofa st01ch10metnc hydrogen-oxygen mixture in a spherical
KCl-coated vessel of 7.4 cm diameter. First and th1rd limits are partly extrapolated

[14].

4.2.1. First Explosion Limit: An increase of pressure aﬁywhere along the first limit
leads from no explosfon to explosion. As the temperature is increased the first limit
shifts to loWer pressures. During the first explosion limit the chain branching occurs
in succeésful co'llisi.ons of H \n;ith‘bz. The frequency of such collisions and hence the
chain bfanchiﬁg rate is .ilioreaseq}_)f)"- increasing the O, concentration, which is done by

increasing the pressure. The reactions involved in the first explosion are:

H,+M —tos 2H+M | (&)

15



H+0,—%2 5 OH+0 : ...(42)

O+H, —%, OH+H @3
OH+H, —“ HO+H ' L.(4.4)
H+OH+M —— H,0+M . (49
2H+M —key H,+M o ...(4.6)

The rates of production of intermediate species H, O and OH along with the rate of

production of ﬁrffroduct H,0 are formed as follows,
M] -

S < e 1, 0, b O, OB, -2 -t [ 1)

Oocblogeols]
R i AR AR g % RN
d[ljio] = kinH]fH2]+ks[H][0H] . AR T

The data for the rate expressmns is given in the table. 4.1. The steady statc -

approximation is employed for the chaln carriers,

ﬂ=0,d_[(l]=0 and M=O.
dt dt , dt

Thus obtaining the set of algebraic equations formed by deducmg the above rate-,
expressions are: ‘

f1 = Al- A2*x[1] + A3*x[2] + A4*x[3] AS*x[l]*x[B] —2*A6*x[1]2— 0 ..(4.72) :
2= A2*(1] - A3*x[2] = 0 | ...(4.82)

3= A2%x[1] + A3%x[2] — A4*x[3] —AS*x[1]%x[3] =0 : ..(4.92)

16 -



where, Al = 2%k *

[Ha]; A2 = kp*{Oa]; A3 = ky*[HaJ; Ad = k*[H,]; AS = ks; A6 =kg;

Table. 4.1. Rate expressions for first explosion limit of H,-O, oxidation mechanism.

e ATD .—E% m’/mol.sec [10].
e

S.No. REACTIONS OF THE A n E,
MECHANISM *10° *4.187
| m3/molecule.s¢c kJ/mol
L | H,+M—% 2H+M 14.34 00 | 9600
2. H+0, — 5 OH+0 1671 | -0816 | 1651
3. 0+H, —% 5 OH+H 10.26 1.0 8.90
4, OH+H, —*> H,0+H 13.34 0.0 5.15
5. H+OH+M —— H,0+M 23.15 2.0 0.00
6 | ' 1548 0.0 0.00

2H+M —%» H,+M

Thus, solving the system of algebraic equations considering the initial

4

concentrations of H, and O, and the rate constants by using the Newton-Raphson

modified method, the concentrations of intermediate species are determined. The

partial derivatives for each ch;ﬁn‘c;lrricr x[i] is listed in table 4.2.

Table. 4.2. Expressions of 5x[lj for the first explosion limit of H,-O, oxidation
mechanism.
x[1] x[2] x[3]
fl | - (A2 + AS*x[3]+ 4*A6*x[1]) . A3 Ad - (AS*x[1])
) DYV -A3 0.0
3 A2 - (A5*x[3]) A3 -(A4+ A5*x[1))

17



Note : x[1] = [H]; x[2] = [O]; x[3] = [OH]

Further, the concentrations of intermediate species are substituted in the rate .
of production of water vapour and determine the first explosion limits for H-Oz

oxidation mechanism.

4.2.2. Second Explosion Limit: As the pressure is increased above the first explosion
limit the reaction remains explosive until a second lcritical' pressure is reached above
which a steady state reaction is observed. Just above this second exblosioﬁ limit the
reaction rate is very small and increases with pressure until a third explqéion limit is-
reached. The second limit owes its éxistence to a chain-breakingl. rate that inéreasesf
with pressure at a higher order than the chain-branchi.ng rate. The sec;m_d limit is
caused by the reaction,

H+0,+M —>HO,+M
wﬁich is a chain-breaking because it destroys free H atoms. Thé reaction’ occurs in‘
ternary collisions of H with O, and a third molecule M which serves és energy
acceptor, whereas the chain-branching reaction,

H+0, —% 5 0OH+O
occurs in binary collision of H with O,. The frequendy with which an H at<'>m enters
into ternary collisions is proportional to square of the pressure, whereas, for bmary

-collisions the relationship is linear and the chqinQbreaking rate. corljespdndingly'

increases with pressure af a highef order.th;m" ﬁm chaiﬁ-l>raﬁ§ﬁing fate. .

An increase in the pressure any&here along the second exblosioxll limit, leads -

from explosion to no explosion region. Furthermore, as the temperature is increased

10



the second limit shifts to higher pressures. The limit pressure increases with
increasing temperature because the chain-branching rate increases with increasing
temperature abcofding to the Arrhenius function of the chain-branching reaction.

The branched chain explosion limit condition derived from the set of reactions [16]:

-~

OH+H, L) H,0+H . ...(4.11)
H‘foz,—'i:ﬁa“om'o S | (412)
OJ}H.2 —“—> OHsH | R E))
L H+0,4+M L, HO, +M | @19

| Using thé steady sfate approximati;ﬁn for the rate expreséions of the above oxidation

reactions yields to explosion condition as follows,
2%k,
k,[M].

=1 | - ..(4.15)

Using the rate constants and expressing the concentration [M] in terms of temperature
and pressure, by means of the gas law,

£ P
RT 7

M-

Eq. (4.15) becomes,

(3.11)*T *exp (— 855%)_1

...(4.16
— (4.16)

where, fy is an effecti\}e 'I-mole fraction of third bodies for the formation of HO; in
reaction (4.14) and is given by the following empirical equation [16],

£ '=f,, +0.35f, +0.43fy +0.20f, +147f, . (4.17)
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The numerical factors in Eq. (4.17) express ratios of the rate of reaction (4.14)' '
with various third bodies, to the réte with Hz.z;.s the third body. Thp subsequent
logarithmic form for the above Eq. (4.16) is, .

S?Fi ~ log,, (%J = log,, [3f—11J o - | | (418)

If a given hydrogen mixture, having a characteristic yalues of fx' depepdent upbn its
composition, is raised to temperature and pressﬁre that safisfy Eq. (4.16), then tﬁe
mixture explodes.

The reaction mechanism of hydrogen oxidation for second explosion iimit'

considered in this modelling is,

H,+0, =200 : (419
OH+H, L) H20+ﬁ S @D
H+0, —25 OH+0 | o 4 L a1
O+H, ~% OH+H | | - .'..'(21."13')
H+0,+M —% 3HO, + M | @1

The rates of production of intermediate species [17]H, O and OH along with

the rate of production of final product H,0 are obtained as followé;

- SO L BIO kT koM. iz
okl
08, o loslin e kfilodefoli) ez



= k,[oH]H,] < ..(4.23)
The data fqr the rate ‘e)‘(pressions is given below in the table. 4.3. The steady state
approximation is employed for the chain carriers as,

d[H] =0 andi[O—H]=0-

_,, 4]
dt 7 dt

Table. 4.3. Rate expressions fdr second explosion limit of H,-O, oxidation

mechanism.. . .

Rl . ' _ .‘ 3 . '
k= AT exp( E%{T) m°/mol.sec [10].

S.No. REACTIONS OF THE A n E. .
MECHANISM *10° *4.187
m’/molecule.sec KJ/mol
1. " H,+0, —X 3y 20H - 12.40 0.0 38.95
2. | OH+H, 4> HO+H 1334 0.0 5.15
3. H+0, —5 5 OH+0 1671 0816 | 1651
4 | O+H, —*» OH+H 10.26 1.0 8.90
5. | " H+0,+M —%5HO,+M 1518 0.0 -1.00

Thus, obtaining the set of algebfaic equations formed by deducing the above rate

expressions are:

fl = A2*x[3] - A3*x[1] + A4*x[2] — A5*x[1] =0. ...(4.202)
2= AIX{1]- A4*[2]=0. ~..(421a)

£3 = A1 — A2*x[3] + A3*x[1] + A4*x[2] =0. ...(4.22a)

where AL =i [EL][0s]; A2 = klFal; A3 =k[07]; A4 = kilHal; AS = s[O5][M};
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Thus, solving the system of algebraic equations considering the initial
concentrations of H, and O; and. the rate constants by using the Newton-Raphson
modified method, the concentrations of intermediate species are determined. The

partial derivatives for each chain carrier x[i] are listed in table 4.4.

Table. 4.4. Expressions of a;i['ﬂ for the seconq explosion'limit of Hz-Ozb oxidgtion
mechanism.
x[1] : x[2] x[3]
f (A3+A5) A | A2
£ A3 I VI 0.0
f3 A3 Ad - -A2

.Note: x[1] = [H]; x[2] = [O]; X[3] = [OH];

Further, the concentrations are substituted in the rate of production of water

vapour and determine the first explosion limits for H-O, oxidation mechanism.

4.2.3. Third Explosion Limit: More frequent collisioné | occur at much higher |
pressures, i.c., above the third limit. At these conditibns, HO; radical is regularly
interrupted in its diffusion path by reacting with colliding hydrogen mBlecule to yield
an H atom. The later promptly reacts With 0,, either regenerating HO, or generating
more H and correspondingly more HO, via the chain-brzmphing‘r re;aétion,' _

H+0, —> OH+O0

-Along the third limit the rate of chain breaking corresponds to the rate of diffusion
and destruction of HO, to the vessel wall. This rate increases and the branching rate ;

decreases with decreasing pressure. An increase of pressure anywhere along the third -




limit, it leads from no explosion to explosion region. Furthermore, as the temperature
is increased the third limit shifts to lower pressures.

The reaction mechanism of the H,-O, oxidation for third limit is as follows:

H, +0, —< 20H ..(4.19)
OH +H, —“’—) H20+H‘ | ...(4.11)
H+0, -5 0H+0 o (412)
O+H, —X 5 OH+H ‘ ..(4.13)
H‘+02.+M & 3 HO, +M . (4.14)
HO, +0 N 0, +OH | . (424)
HA02‘+H.—L>'VH2 +0, . | | . ...(4.25)

' Hoz'+ OH —“—> 1‘+120+o2 o (4.26)
| HO, + HO, N H,0, +b;: | | .(427)
H,0, +OH — 3 H,0+HO, | ..(4.28)
H,0,+H — HO, tQHZ .-(4.29)

The rates of production of intermediate species H, O, OH, HO, and H,0, along with

the rate of production of final product H;0 are obtained as follows,

c[llj] O] kO, ]+ b JOIIE, - [0, T ), 1,0, ... 630

d[o]

4Ol ffo.]-+ [o][H]k[Ho][o] | e
Elg—HLkl[Hal[oQ]-kg[om[nzhk;[H][oZ]JrkA[o][H21+k6[Hozno] e

- kg [Hoz] [OH]_ klo[Hzoz ] [OH]
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O o, bal-fro.Jol ko il wfroJol
- k9 [HOz]Z + klo[Hz.Oz ] [OH] + ku [Hzoz][OH]' .

d [I'flioz] = k9 [HO2]2 “klo[Hzoz][OH]“ kn[Hzoz][H] : | | , '(4'34).

d [1;11;0] = k,[H, ][0H]+ k,[HO, ][0H] + k, [H,0,][OH] ...(4.35)

The rate expressions for the reactions are given in the table. 4.5. The steady state -

approximation is employed for the chain carriers assuming that they remain constant,

dlg]_, dlo]_, dlon]_, d[Bo,] . d[H0,]_
dt dt dt dt - d

The set of algebraic equations formed from the above ;ate expressions are :
fl= ((AS+A3)*x[1]+A4*x[2]+A2*x[3]- AT*x[1]*x[4] _Al 1*x[1]*x[5]=0 ©...(4.30a)
£2 = A3*x[1] — A4*x[2] - A6*x[2]*x[4] = 0. | . .(4.3 1a)
f3 = A1+ A3*x[1] +A4*x[2] - A1*x[3] + A6*x[2]*x[4] —As*x[3]*xt4] - “
—A10*X[3]*x[5] = 0. | o (432
f4 = AS*[1] —AG*x[2]*x[4] —AT*x[11#*x[4]  -A8*x[3]*x[4] —A9*x[4] | |
+A10%x[3]*x[5] + A11*x[1]*x[5] = 0. o o ...(433a)
f5 = A9*x[4]° +A10%X[3]*x[5] + A11*x[1]*X[5]=0. . ...(4.343)
Where Al =k [H,][0,]; A2 = kz[Hz]; A3 =I;[0p]; Ad = kH,]; A5 = ks[Oé][M]; |
A6 =kg; AT=ky; AB=Kkg; A9 =ko; A10=kig; All =k |
Thus, solving the system of algebraic equat’ionsz ﬁy usmg I'\%I"é‘v;toh-Rziiph'son fnoéliﬁed'

method, the concentrations of intermediate species are d'e-z;ermined.



Table. 4.5. Rate éxpres'sions for third explosion limit of Hy-O, oxidation mechanism. |

- :, _ 3 N
k= AT pr( E% T) m°/mol.sec [10].

"SNo. REACTIONS OF THE A N E,
MECHANISM *10° *4.187
, ‘ e - nialmolecule.sec kJ/mol
L H,,"4+ 0, —% 20H 12.40 0.0 38.95 |
201 OH+H, _k__> H,0+H 13.34 0.0 515
3, | H+0 _> OH+0 1671 0816 | 16.51
4 olHl __, OH+H 10.26 1.0 8.90
5. H+0,+M —53HO, +M 15.18 0.0 -1.00
| 6. ‘ HO +0 _> 0,+OH 13.70 0.0 1.00
7. | HO,+H —fy H, +0, 13.40 00 | 070
8. .H02 +0H —% 5 H,0+0, 13.70 0.0 1.00 }
9. | 'HO,+HO, —f H,0,+0, 13.00 0.0 1.00
10 | H,0,+0H —* s H,0+HO, 13.00 0.0 1.80
1L | R0+ H Sk, mO, Y, 1223 0.0 375

Table 4. 6 Express1ons of

Hy o

The partial déi’i\'fatives for each chain carrier x[i] are listed in table 4.6.

[J] for the third explosion limit of H,-O, ox1dat10n

ox
mechamsm |
x[1] - x[2] x[3] x[4] x[5]
fl | -(AS+A3+ Ad A2 CATR[L]) | <(ALTAX[1])
| ATSA]+ | '
AL1*x[5]) |
£ A3 | A3 0.0 (A6*x[2]) 0.0
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f3 A3 Ad+ (A2 + | A6*x[2] - -(A10%x[3])
AG*x[4] | A8*x[4]+ A8*X[3]
' A10%x[5])
f4 | AS5—A7*x[4]+ - -AS*X[4]+ | -(4*A9 + AT*x[1] | A10*x[3]+
A11%x[5] (AG6*x[4]) | AI0%x[5] | +A8*x[3]+ Al1*x[1]
A6*x[2])
£5 | - Al1*x[5] 0.0 A10*x[4] | = 2*A9*x[4] A10%x[3] +
| Al1%x[1]

Note: x[1] = [H]; x[2] = [O]; x[3] = [OH]';X[4].=[H02];‘5<[5]=[H202];

The final product of the oxidation is water vapour if the mixture is
stoichiometric and at high temperatures. Further the concentration of intermediate
species are substituted in the rate expressions of final Ap'roduct and the third explosion

limits of hydrogen oxidation are determined.

4.3. OXIDATION OF METHANE :

Methane exhibits certain different oxidation oharacteﬁétics when compared to
other hydrocarbons. The bond energy of the first broken C-H bond in methane is
much more than the others. Thus, it is difficult to ignite methane-air mixtures than the
other fuels. At low temperatures, even oxygen attack is slow [18] Fig. 4.2. showa the
explosion hm1ts of methane along other fuels in different coated Vessels | |

Methane oxidation occurs through two roughly parallel paths the first
consisting of direct oxidation of methyl radlcals to methoxy rad1cals and/or :
formaldehydes and the second of methyl recombination followed by oxidation of the

resulting C, species. In particular, the C, species ethane, ethylene and acetylene can
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be formed. As the levels of C, species during the methane combustion are
. considerably §m,aller than CH, concentrations, the higher order species are not

considered in the methane oxidation mechanism,

PRESSURE, ATMOSPHERES + . °
w

200 : 400 s00 . 300"
TEMPERATURE, °C '

Fig. 4.2. Explosion regions of hydrocarbon-oxygen mixtures. 1. CH4+20, 4. C,H,

+20; 5. 15% Methane in air [14],

Even though some elementary reactions are not incorporated in the
mechamsm it is not 1mphed that the reaction does not occur but it is 1n51gn1ﬁcant
under the specified conditions. Otherw1se the rate of those reactions is low or the

activation energy of the reaction is more.
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The reaction mechanism of the methane oxidation considering in the modelling is as

follows: -

CH,+0, ——s CH, +HO, . - (436)
CH, +0, SN CH,0+0 | | | ‘ . (437)
CH,0+0, —%5 CH,0+HO, | | ..(438)
CH,+0 —— CH,+0H : T (439)
CH, +HO, —% CH,0+OH | | ...(4.40)
CH, +OH —ky CH20+‘H2‘ L | - (4.41)
CH,0+0H —% HCO+H,0 - - (442)
CH,0+0 —— HCO+OH | N -.'.,(4.43) -
HO, +0 — 0, +OH | | | ...'(4.44)
HO,+H —S OH+OH (445
HO,+OH — H,0+0,” o ...(4.46)
HCO+0, —u CO+HO, | . : | (447
CO+0H —¥u coz+ﬁ o o ...(4;45).
CH, +OH —*; CH, +H,0 B o ._ | ...(4.'49)‘
CH,+H —5 CH, +H, o o " .'(4..50)'
0,+M —X, 0+0+M ' ' (451)

At high amounts of oxygen or at stoichiqmetric ratios the final products are water
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vapour (H,0) carbon dioxide (CO;). The rate expressions for the reactions in the

mechanism are given in the table. 4.7.

Table. 47 Rate expressions of methane oxidation mechanism.

| N
k= AT" exp (—E%T) m*/mol.sec [10].

SNo. REACTIONS OF THE A 2 E,

|  MECHANISM %107 *4.187

‘ m’/molecule.sec KJ/mol

1. CH, +0, —% 5 CH, +HO, 13.90 0.0 56.00
2 | . CH+0, < CH,0+0 - 13.68 0.0 29.00
3. |- CH,0+0, —f CH,0+HO, 12.00 0.0 6.00
4. | Cﬁ4'+o _% 5 CH, +OH 707 | 2.08 7.63
5. CH, +HO, —*5 CH,0+OH 13.30 0.0 0.00
6.. CH, +OH —f&y CH,0+H, 12.60 0.0 0.00
7. | CH,0+O0H —2— HCO+H,0 12.88 0.0 0.17
8. CH,0+0 —% HCO+OH 13.70 0.0 4.60
9. HO,+0 —*— 0, +0H '13.70 0.0 1.00
10. HO,+H —*= OH+OH 14.40 0.0 1.90
1L | HO,+OH —hs H,0+0, 13.70 0.0 1.00
12| HCO+0, —tos CO+HO, 1252 0.0 7.00
13. CO+OH L) CO,+H 7.18 13 -0.77
14. CH;.+ OH —ku o CH, +H,0 3.54 3.08 2.00
15. | CH,+H —% 5 CH, +H, 435 3.0 8.75

16. 15.71 0.0 115.00

0,+M ~* 0+0+M

29



The rates of production for the intermediate species H, O, OH, HO,, CH30, CH,0,

HCO, CHs, CO and the final products are as follows:

d[H]

hdl sla? SO

dt

dfo
dt

afor]
dt

d[HO, ]

dt

d[CH,0]

dt

Ci[C_HzO]ﬂS[CHS][OHpks[oz][c:Hso]_k,[cﬂzo][oH]—k;[cnzo][ol .

dt

d[HCO

~k;[Co][0H] -k, [CH,][oH]

d[co]

— = k12 [Oz ] [HCO] - k13 [OH] [CO]

dt

d [H,0]

d[co,]
dt

- oR 0, . [0, [, - 0, Tlom, ek, o, Jo]

0.l k feolfor]- k for ]

=k, [02 ] [CH3]+ ks [CHs ] [Hozl_ ky [Oz ] [CHs'O]

—=i{Z[OZ][CH;]—k4[CH4][O]—‘ks[CH'zO][O]‘k;[IIOz'][O]’+ 2%,[0,]

=k4[6ﬁ4][01+ks[CHS][Hoz]~kGICPL][OH]—kAZCmO] [ox]
+1[CH,0][0]+ &, [HO, 0]+ 2k, [H][HO, - k, [0 [EO,

=k, [CH4][02]+ ks[oz][CHso]_ ks[Hoz][CH_s ]"' ky [HOZ][O]
1[0, ][]k, [0, Rl + ko, ]fEco]

K ]=k7[CH20][OH]+ks[O][CHZO]—kn[Oz][HC-O] -

- ks [OH] [CHs ] + k14 [CH4] [OH]"' le [CH4 ];[H]

= kl; [OH] [CO]
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==k, [CH,0][0H]+k,,[HO, ][0H]+ k,,[CH, ]-[oH]

..(452)

(4.53)

..(4.54)

.(455)

...(4.56)

(4.57)

...(4.58)
..(459)

.(4.60)
.(461)

.(4.62)



The steady state approximation is employed for the rate expressions. of the
intermediate species assuming the concentration to remain constant after certain time.

The exprssions deduced are as follows,

g@ﬁ, Mﬂ)’ d[OH]=0, d[H02_]=0’ d[CH3O]=0’ d[CH20]=0
dt dt dt dt dt dt
d[aCo] _, dfcw]_, . dfco]

dt odt dt

The set of algebraic expressions for the above rate expressions is as follows:

fl= -AlO*x[4]*Xt1] +~ A13*x[9]1*x[3] - A15*x[1] =0. ...(4.52a)
2 = A2*x[8] — A4*x[2] — A8*x[6]*x[2] — A9*x[4]*x[2] + 2*A16 = 0. ...(4.53a)
3=A4*x[2]+A5*x[4]*X[8]-A6*X[8]*X[3]-A7*x[3]*x[6]+A8*x[6]*x[2]

+AO*X[4]*X[2] +2*A10*x[4]*x[1]-A11*x[3]*x[4]-A13*x[9]*x[3] A14*x[3] =0

o ...(4.542)
f4=AT+AB*X[S]-AS*X[4]*X[8]- AP X[AT*X[2]-A10%x[4]*x[1]-

- A11*x[1]*x[3]+A12*x[7] = 0. : ...(4.552)

£5= A2*X[8]+A5*x[4]*x[8]-A3*x[5] =0. - L (4.562)

f6=A6*x[8]*x[3]+A3*X[5]-AT*X[6]*X[3]-A8*X[6]*x[2] = 0. ..(4.572)

FT=AT*x[6]*X[3]+A8*x[6]*X[2]-A12*x[7] = 0. ...(4.582)
f8=A1-A2*x[8]-A5*x[4]*x[8];A4*x[2]-A6*x[8]*x[3]+Al4*x[3] |

+A15*x[1]=0 | ...(4.1759a).

© £9=A12*x[7]-A13*x[9]*x[3] = 0. | ...(4.602)

where, Al=ki[CH4][03]; A2 =ky[0,]; A3 =k3[O,]; A4=[CHa]; AS =ks; A6 =k;
A7 =k7; A84=kg; A9 = kg; A10=k19; A11=k11; A125k12[02]; A13=k1,3; Al4 =k14[CH4];

A15 =kis[CH4l; A16=ks[O2];
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Solving the system of algebraic equations by using Newton-Raphson modified

g’ . :

‘method, the concentration of intermediate species are determined. The partial
derivatives for each chain carrier x[i] are listed in table 4.8. The concentrations of -

intermediate species are further substituted in the rate of production of products. The

explosion conditions are calculated for stoichiometric methane-oxygen mixture.

4.4. OXIDATION OF ETHANE :
Ethane oxidation is a part of Methane oxidation and is a primary fuel itself.
The explosion regions ‘in the ethane-air mixture is ;hown .in‘ the Fig. 4.3. The
oxidation of ethane.at low temperatures and in oxidizing environments gives the-

initiating reaction with O as shown in the mechanism below:

C,H,+0, —"C,H, +HO, CL.(463)
0,+M —25 0+0+M ...(4.64)
C,H, +0 —» CH,CHO +H | ...(4.65)
" HO,+H —% 5 H,0+0 | | A .;.(4.6_6)
CH,CHO+H —¥ CH,CO+H, | L.(46T)
C,H,+0 — C,H, +O0H | T (X))
CH,CO — 0O+ CH, o .(4.69)
C,H; +0, —*— C,H, +HO, | ...(4.70)
C,H, +OH — 5 CH, +-CH20. S . .;.(4.71")

CH,+0 —» 3 CH,0+H ...(4.72)
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Fig. 4.3. Explosion regions and ignition lags in ethane-air mixtures; effect of adding
+ acetaldehyde. 13% ethane in air. 1. No acetaldehyde, 2. 1% acetaldehyde,

3. 2%acetaldehyde [14].

CH,0+OH —— HCO+H,0 _ " ...(4.73)
HCO+H —2- CO+H, | . (4.74)
HCO+0 —i—> CO+0H ...(4.75)
CO+OH ~*+3 CO, +H o ...(4.76)

The reaction of C;Hg with O, yields ethene (C;Hy) which in turn is a primary fuel.



Oxidation of ethyl radical produces acetaldehyde (CH3CHO) which is an important -
intermediate in the combustion of higher hydrocarbons. At sufficient amounts of
oxygen' the ﬁnél prodpcts are water vapour (H;O) carbon dioxide (CO,). The rate
e;(pressions for the reactions in the mgchanism are given in the table. 4.9.

Rates of production of the intermediate species H, O, OH, HO,, C;Hs,

CH,;CHO, CHsCO, CH;, C;Hy, CH,0, HCO, CO and the final products are as

follows:
B o -, ool olien]

- k12[H] [HCO]

40Ot o, -t folfc.r ]+, [E]fO, - fc.6, o] o
- km[o] [CHs]_ kn[o] [HCO]

SIO]_ e 1 ol onlc 2.}k, forlfcr, ol k olfco]

B km[OH] [CO]

: [1;11:)2] = kl [Csz ] [Oz]_ k4 [Hoz ] [H] + ks [02 ] [C2H5] ---(4.80)

d[c(;tHS] =k, [Csz] [02]— k, [Csz][O]+ k6[0] [C2H6]_ k, [02 ] [CZHS] - (4.81)

AICHEHOL e, [o]-.fom,crolf] L#82)

d[CI;lItCO] L [Cﬁ CHO|[H]-k,[CH,CO] C(483)

d [3?3] =1, [CH,CO]+ k,[oR][C,H, ] k,,[O] [CHL, . (484)

: [(iith ] =k, [02][C2H5]' kg [OH] [C2H4] ---(4.85)

35



Table. 4.9. Rate expressions of ethane oxidation mechanism.

. 3
k= AT" exp(_E%T) m’/mol.sec [10].

S.No. | REACTIONS OF THE MECHANISM A N Ea
#10° | %4187
| m*/molecule.sec . kJ/mol
1. C,H,+0, —&— C,H, +HO, 13.00 0.0 51.00
2. 0,+M —5 0+0+M 15.71 0.0 115.00
3. C,H,+0 —2 CH,CHO +H 13.70 0.0 »0.00
4, HO, +H —%» H,0+0 13.70 0.0 1.00_
5. | CH,CHO+H —$ CH,CO+H, 13.60 0.0 4.20
6. C,H,+0 L) C,H, +OH 13.40 ' 0.0 6.36
7. CH,CO —*— CO +CH, 13.48 0.0 17.24
8. C,H,+0, —*» C,H, +HO, 12.00 0.0 5.00
9. C,H, +OH —+— CH, +CH,0 12.30 0.0 0.96
10. CH,+0 —*— CH,0+H 14.11  0.0 | 2.00
11. CH,0+0H — HCO+H,0 12.88 0.0 0.17
12. HCO+H —*2 5 CO+H, 14.30 0.0 0.00
13. HCO+0 —*=— CO+OH 14.00 0.0 0.00
14.  CO+O0H —X 5 CO,+H 7.18 13 -0.77
d [C;IZO] =k,[OH][C,H, ]+ k,.[0][CH, |- k,;[oH][CH,0] ...(4.86)
afrco] k,,[oH][CH,0]-k,,[H][HCO]-k,;[0][HCO] ..(4.87)

dt
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%Q] = k,[CH,CO]+ K, [H]tHCO]+ k,[O][HCO]-k,[OH][CO] ...(4:88)
| d [I;II:O] =k, [H] [Hoz ] +kyy [OH] [CHzo] +++(4.89)
d [itoz] - kM[OH] [CO] - ...(4.90)

The steady state approximation has been employed for the above rate '
expressions assuming that the concentration of the chain carriers remain constant

after a certain time. The expressions deduced are as follows:

d[H]zo, d[0]=0, dfo ]=0, d[HO‘2]=O, d[CZHS]:O, d[CH3CHO]=O,
t dt dt dt dt dt
d[CH3CO]=O," aey] o dfea]_, afen,0] _,  dfEco] o s
dt . ' dt dt dt dt
dfeo]
T

The set of algebraic equations obtained By applying the steady-state #pproximation

for the intermediate species is follows:

f1 = A3*x[2]*x[5] - A4*x[1]*x[4] - AS*x[1]*x[6] + A10*x[2]*x[8]
CALRSI11]=0. . (477a)

£2 = 2%A2 - A3*x[2]*x[5] + Ad*x[1]*x[4] - A6*x[2] - A10*x[2]*x[8]
-A13*x[2]*);[11] =0. | _ ...(4.78a)

£3 = A6*x[2] - A9*X[3]*x[9] - A11*x[3*x[10] + AI3*x[2]*x[11]

-AL4*X[3]#x[12] = 0. ...(4.79)
f4 = Al — A4*x[4]*x[1] + A8*x[5] = 0. ...(4.802)
£5 = A1 — A3*x[5]*x[2] +A6*x[2] - A8*x[5] = 0. ..(4.81a)
£6 = A3*x[S]*x[2] ~A5*x[6]*x[1] = 0. - ..(4.822)
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£7 = AS*X[6]*x[1] - A7*x[7] = 0. | ...(4.833)

£8 = A7#x[7] + A9* x[3]*x[9] ~A10*x[2]*x[8] =0. | ...(4.842)
£9 = A8*x[5]-A9*x[9]*x[3] = 0. ' : ...(4.852)
£10 = A9*x[9]*x[3] + AL0%X[2]*x[8] ~AL1*x[10]*x[3] = . ...(4.862)
£11 = A1T*x[10]*x[3] — A12*x[1]*x[11] ~A13*x[11]*x[2] = 0. ...(4.872)

f12 = A7*x[7] + A12*x[11]*x[1] +A13*x[11]*x[2] -Al4*x[12]*ﬁ[3] =0. ...(4.882a)
where, Al = k;[C;Hg][O2]; A2 = ko[O2][M]; A3 = ki Ad = ks; AS = ks; A6 =
K[ CHL: A7 = ko A8 = ks[Os]; A9 =ko; A10 =k 103 AlT =kii; A12 =kisAl3=kis;
Ald=Kg; | |

Solving the system of algebraic equations thus formed considering the initial
concentrations and rate constants by using Newton-Ré.phsoﬁ ﬁodiﬁed method, the
concentrations of intermediate species are determined. The partial derivativeé for
each chain carrier x[i] are listed in table 4.10.

The concentrations of intermediate species are further substituted in the rate
of production of products. The explosion conditions are calculated for stoichiometric

ethane-oxygen mixture.

4.5. OXIDATION OF PROPANE :

The detailed reaction mechanism of propane is a sequential and a hierarchical
process, beginning with the simplest species and building up to include larger and
more complex molecules. Propane is the first species to be encoﬁntered; in which

distinctions between isomeric forms of a given species must be considered [19].
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of

1 for ethane oxidation mechansm.

Table. 4.10. Expressions of A
' |
(1] X[2] x[3] X[4] X[ X6
| -(Ade(d] + AS*(6) | A33] + ALO*K(S) 00 (MM | A | AL
+AIM1L)) | ‘
fl AdHx(d] (ASH[5]) + A6+ 0.0 A1) | A3 00
AL0¥(8]+ ALI*(11]) .
i 00 AG+AL*1] (A9 + 00 00 00
’ ALH(10[+AL4%(12])
fi| A% 00 00 U A 00
fs 00 {A34[5])+ A6 0.0 00 [-A2+A8)| Q0
ff | -{AS(E]) ATS] 00 00 AR | A1)
fl AS*(6)] 00 0w - | 00 00 AS¥(1]
f8 00 -A10*(2)) AT 00 0.0 00
B 0.0 00 (A(9)) 00 A 00
fl0 0.0 -(AL0*(8]) AGH(9)- A1) | 00 0.0 00
fil|  AlZ%{11]) (AL3(11)) AlT#{10] 00 0.0 00
fla]  AZM1]. AL (Al14M12) 00 0.0 00

continue...




Table. 4.10.(continued)

T "0 19 10 il i
i 0 Al 00 00 D) 00
Dl 0 A 00 00 (AT 00
Bl 00 0 WG | (A A | A
w00 00 00 00 00 [l
5100 00 00 00 00 00
| 00 00 00 00 00 00
RN 00 00 0 00 00
B | A A A 00 00 00
B 00 00 W) 00 00 i
| 0w Al G| A 00 00
w0 00 00 A AR FARE) [ 00
m| A 00 0 00 00 A

Not +{1)= ;2] = O] 03] = OF; x4 = (KO, (5] = (G x[6) = [CH,CHOT, 1{7) = [CH,COl; (8] = CHi} x[9]=[c2ﬁ4]; |

x[10]= [CH,O}, x[11] = (HCOL; {12] = [COL;




The initial attack by oxygen on saturated hydrocarbons generally involves

hydrogen abstraction to yield an alkyl radical and a hydroperoxy radical. Fig.4.4.

shows the explosion limits of propane-air mixture.

The reaction mechanism of propane oxidation considered in this modelling is as

follows:
C.Hy+0, — nC,H, +HO, . ..(491)
0,+M —% 20+M . (4.92)
HO, +0 —% 0,+OH | | ..(4.93)
CH, +OH —*s nC;H, +H,0 e
nC,H, +0, —— C,H, +HO, | ...(4.95)
CH,+0 % CH20+C2H4l - .+.(4.96)

. C,H+O0H —2— C,H, +CH,0 (497
C,H,+0, — C,H, +HO, | ...(4.98)
CH,+0 —> CHCHO+H L (499)
HO, +H —— H,0+0' Fo ‘ | +.(4.100) -
CH,CHO +H —%_s CH,CO+H, | | ..(4.101)
CH,CO —%2 CH, +CO - - (4.102)
C,H, +OH —=— CH, +CH,0 | ' ...(4.103)
cﬁzo+QH —kuy, HCO+H,0 | | - .(4.104)
CH3+O —Fs CH2(5+H | | ...(4.105)
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Fig. 4.4. Effcct of adding aldehydes on the “cool flame” and explosion region of a
7.5% propane-air mixture. Curve 1. No aldehyde, 2. 1% Propionaldehyde, 3. 2%

Propionaldehyde, 4. 1% Acetaldehyde, 5. 2% Acétaldehyde [14].

HCO+H —% 5 CO+H, L (4.106)
HCO+0 —*23 CO+0H .-.(4.107)
CO+OH —*= CO,+H ~...(4.108)

The reaction mechanism is selective depending on the activation energies of

abstraction. In the oxidation of propane the abstraction of 'secondary hydrogen is
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easier than primary hydrogen abstraction although the probability of primary
hydrogen abstraction is greater. It is apparent therefore that a mixture of alkyl radicals
will be produced in varying amounts depending on the number of hydrogen atoms in
the molecﬁle. Generally, as the size Qf the alky;l or other radical hydrocarbon species
~ increases, the thermal stabilit}; of the radiqal decreases and its decomposition rate
grows. Tﬁe; rate expressions for the reactions in the prdpane oxidation mechanism are
glven in the table. 4.11.

Rates of product1on of the intermediate spec1es H, O, OH, HO,, nC3H7, C3Hs, CoHs,
C,H,;, CH3CHO, CH;CO, CH,0, CH;, HCO, CO and the final products are as

follows:

4] _ . Jolfe.m)-olalio,)-, lfoscrols k folfcx]
i fufscol+k,forlico]

..(4.109) |

400 _ e o, Ipa)-sefolfro.)- lolic-follc
kO, -, [O]f0B, |-, o]frCO)

..(4.110)

[(?tH] [O][HOZ] k,[C,H,]J[oH]- kv[OH][CH] | K, OH][C,H,] L (4111)

- k,,[0H][cH,0]+ k0] [HCO] -k, [or][CO]

SO _ g oo ollso ek oJbem ko]
_klo[H][Hoz]

' -d_[l%}hl = kl[Oz][C3H8]+k4[OH][C3H3]—ks[Oz][nC3H7] | -(4113)

LG o, Jocym - folfesn - for]ic] @114
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Table. 4.11. Rate expressions of propane oxidation mechanism.

k= AT" exp (— E%{ T) m3/mo}.sec [10].

S.No. | REACTIONS OF THE MECHANISM A n E,
*107° *4,187
m’/molecule.sec kJ/mol
1. C,H, +0, —% % nC,H, +HO, 13.00 00 | 4750
2 0,+M — 20+M 15.71 0.0 | 115.00
3. HO,+0 —%5 0,+0H - 13.70 0.0 1.00° |
4 | CH,+OH — nCH, +H,0 8.76 14 | 085
5. nC,H, +0, —— C,H,+HO, 12.00 0.0 | 5.00
6. C,H,+0 —— CH,0+C,H, 13.77 0.0 5.00
7. C,H+0H —— C,H,+CH,0 12.90 0.0 0.00
8. | CH,+0, > CH, +HO, 1200 - | 00 | 500
9. C,H,+0 —“» CH,CHO+H 13.70 0.0 0.00
10. HO, +H —%e 5 H,0+0 13.70 0.0 1.00
Il | CHCHO+H —%s CHCO+H, 13.60 00 | 420
12. | CH,CO —*2— CH, +CO | 13.48 0.0 17.24
13. C,H,+OH —*= CH, +CH,0 12‘-30‘ | 00 0.96
14. CH,0 +OH — HCO+H,0 12.88 0.0 0.17
15. CH,+0 —:» CH,0+H 14.11 | 00 | 2.00
16. HCO+H —% CO+H, 14.30 0.0 0.00
17, HCO+0 —¥2» CO+OH 14.00 0.0 0.00
18, CO+OH —*s 3 CO, +H 718 13 | -0.77
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SCE] _ fore. - fo.llc -k folle) Nty
| ‘”Cd—fl] = kO][C.Hq}+ [0, ]IC; ] - ks OH][C.H, ..(4.116)
A[CHON0] _ . fojfc,,]-x, lfow,cro] )
i[% = k,,[H][cH,CHO]-k,,[cH,CO] ...(4.118)
AIC0] 1 Jolfeym s fomllcam o o forc,] )
- k,,[OH][cH,0]+ k, [O][CH, ]

dfem] k,,[CH,CO] +k,,[OH][C.H, ]- ks [0][CH, ] ...(4.120)
dA[IjifO] - kM[OH][CHZO]—.km[H][HCO]—k”[O][HCO] L.(4121)

| d_[gt_o] _ ’ku[éﬁscopk'm[H][Hco]+kn[o][Hco]_kl;[oH] o] ..@12)
d[jtzo]' - 1 oH][C,H, bk [H][EO, J k, Jom][CH,0] - (4123)
d[c(:lle _ 1 Jo][co] - O ane

The steady-state approximation is employed for the ‘intermediate species
. considering the concentration .of chain carriers remain constant after a certain time.
Thus, a systeh of algebraic equations are oBtained as follows:
F1=A9*x[2]*x[7]-A10*xt1’]"fx[4]-A'11*x[1]*x[9]+A15*x[2]*x[12]-A16*x[1]*x[13]

+ AL8*x[3]*x([14] = 0. | ’ ...(4.109a)
F2= 2*A2-A3*X[Z]*x[4]-A6*x[2]*x[6]-A9*x[2]*x[7]+A10*x[1]*x[4]

- -A15*x[2]*x[12]-A17*x[2]*x[13] = 0. ...(4.110a)



B=A3*xt2]*x[4]-A4*x[3]-A7*x[3]*x[6]-A13*x[3]*x|:8]-A1v4*x[3]A*x[11]+

A17_"‘x[2]*x'[13]-A18*x[3]*x[14] = 0. | .(4111a)

f4 = A1-A3*x[4]*X[2]+AS*X[ SHHA8*X[7]-A10*x[4]*x([1] = 0. ...'(4.1 12a).
£5 = AL+A4*[3]- AS*[5] =0, | N (4.1139)
£5 = AS*x(5] - AGHK(STX[2] ~ATH[E{3] =0. .(4114a)
£7 = AT*X[6]*x[3] - AB*X[7] -A9*X[T]*x[2] =0. . ..(4.1152)
8 = AG*X[6]*X[2]+AB*X[7]-A13*X[8]*x[3] = 0. ...(4.1162)
o= A9*x[;/]*x[2] CALIS[OP[1] =0, - | L (41172)
0= AL I AIZS0]=0. R (4118

f11 = AG*x[6]*x[2] + AT*X[6]*x([3] +A13*x[8]*x[3] - Al4*x[11]* x[3]

+ A15*x[12]*x[2] = 0. » | | ..(4.1192)
£12 = A12*x[10]+ A13*x[8]*x[3] — A15*x[12]*x[2] = 0. ..(4.120a)
£13 = A14*x[11]#x[3] - A16*x[13]*[1] A1 7*x[13]*x[2] = 0. ..(4.121a)

fl4= Al2*xth] + A10%x[13]*x[1] + A17*x[13]*x[2] —Al8*x[14]*x[3]=0l..(4.122a)
where Al = k;[C3H3][O,]; »A2=k2[02] [M]; A3 =k;; Ad =k[CsHg]; A5 =ks[Oz]; -
Ab6=ke A7 =k7; AB =kg[0;]; A9 =ko; A10= k;o; All=ky; A12ék1;; A13=k13;
Ald =k Ai5=k1$; Al6=kis; A17=k;7; A18=kis; |
Thué, the system of algebraic equations formed is solved ‘consideriné the initial .
concentrations of propane and oxygen, the rate constants for the reactions in the
“mechanism using Newton-Raphson modified Iﬁethod. The ‘partial deri\'fatives for each
chain carrier x[i] are ﬁsted in table 4.12. The concén‘tratiqns‘ -of intermediate species * -
are determined and further substituted in the rate of production of products. The

explosion conditions are calculated for stoichiometric propane-oxygen mixture ratio.
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continue...

Table. 4.12. (continued)

7] X 1) 0 | Al X1 0] | ]
| A 00 | <A1 | 00 00 | AIS2) | AL6ML) | AISM(3]
DI ] 00 00 00 00 | -AIS%2) | AI™2) | 00
f} 00 ARG 00 ] 00 [{AKE)| 00 | AT [HAIBRGY)
fi A8 00 00 00, 0 | 00 | W ] W
fs 00 0.0 00 00 0.0 0.0 00 00
fo 00 0. 00 00 00 0. 00 00
MM 00 [ 0 | 0 | 0 | 00 | W | 0

Bl M A3 00 00 00 00 00 00
T W (@R 0 | W | W | W | W
fll 00 00 ALY | <A 00 0 | 00 00
MW TARE | W | o |G| A | 0 |0
M) W [ABG] W | AR | 00 |AGAE)| 0 | W
W ] W W | AP | 08 | | 00
| | HAITN2)
il 00 00 00 Al 00 00 | Ale*(1]+ | {AI*(3))
| Al

B OO A~ -0
0]~ CO} 1= CH O = (8OO [}



CHAPTER 5

RESULTS AND DISCUSSION

‘Software in turbo C++ simulating the explosion limits of Hy-O,, methane,
ethane' and propane considering the simplified feaction mechanisms has been

developed.

o H-0, EXPLOSION LIMITS: No réactions occur below 560 K and above 930K
‘the explosion occurs spontaneously at all pressures. Fig. 5.1 shows the three
ekplosion limits of H,-O, oxidation system as obtained by computer simulation
which has a good agreement with the experimental investigation of Lewis and
Von Elbe [14] as shown in Fig. 4.1. Hydrogen oxidation is divided into three‘
explosioﬁ iimits.

1. First Explosion L.imit:. For higher temperaturés about 930 K, chain breaking
occurs at low bressures of the range 100-150 N/mz. For lower temperatures
about 560 K. chain breaking occurs in the pressure range 'of 250-300 N/m>. The
c.urve has a negative slope i.e., as the ;cemperature increases the explosion limit
pressure decreases. An incr;a’se of pressure anywhere along the limit at any
température leads from no explosion to expldsioh region. This chain breaking is
due to the diffusion of a large number of H atoms to tﬁe vessel wall.

2. Second E#plosion Limit: For lower temperatures about 560 K the explosion
limit pressure ranges about 250-300 N/m?. As thé temperature increases the
explosion limit pressure also increases, i.e., at about 960 K the explosion limit

pressure is 45000-50000 N/m?. Hence, as the pressure increases anywhere along
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the limit leads from explosion to no explosion. This is due to the increase in the
chain breaking rate compared to the chain branching rate at higher pressures.
Third Explosion Limit: This limit has a negative slope i.e., at higher
temperatures the explosion limit pressures are low. At about 930 K the limit
pressure is about 60000 N/m”. Hence as the pressure increases anywhere along
the limit leads from no explosion to explosion limit. This is due to the activating
of the meta stable compound, i.e., HO, to form H,O; by colliding with H,

molecule at higher pressure.
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Fig. 5.1. Explosion Limits of hydrogen oxidation for

stoichiometric mixture ratio from the simulation.




e METHANE EXPLOSION LIMITS: The explosion limits of methane as
obtained ‘by the computer simulation has been shown in fig. 5.2. This figure gives |
the pressure temperatlue range for explosion to occur. The curve exhibits the
negative slope showing the high explosion limit pressure for lower temperatures.
At lower temperature about 560 X the explosion limit pressure is about 9.5 bar. At
960 K the limit pressure is about 3.5 bar. For methane only one explosion limit
has been shown to occur. The meta stable compounds are responsible for the
different lixnits as observed in the hydrogen oxidation. Such meta stable
coﬁbomds in the methane oxidation is formaldehyde which has very minor role.
The résul’?s obtained from the simulation has a close approximation with the curve
obtained from th‘e‘ experimental investigatioﬁ of Townend and Chamberlain

shown in fig. 4.2, taken from Lewis and Von Elbe [14].
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Fig.5.2. Explosion limits of methane oxidation for

stoichiometric mixture ratio from the simulation.
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e ETHANE EXPLOSION LIMITS: The explosion_limits of ethane as obtained
by the computer simulation has been shown in fig. 5.3. Thls figure gives the
pressure temperature ranée for explosions to occur. The results obtained from
the simulation has a close approximation w1th the curve obtained from the
experimental investigation of Townend and Chamberlain shown in fig. 4.3,
taken from Lewis and Von Elbe [14]. At lower temperature the explosion limit
pressure is high but at higher temperature the limit pressure is low. In between,
the change in slope of the curve is due to the meta sfable compounds formed

during the oxidation of ethane.
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Fig. 5.3. Explosion limits of ethane oxidation .for-

stoichiometric mixture ratio from the simulation.
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* PROPANE EXPLOSION LIMITS: ’i‘he ekplosion limit of propane as
obtained by the computer simulation has been shown in the fig.5.4. This figure
shows the pressure temperature range for explosions to occur. At lower
temperatures about 540 K the-explosion limit pressure is about 9 bar and the
limit pfessure decreases aé the tempefature i_ncreasés. In between the trough in
the curve is dﬁe to cool flames. The curve (;btained from the simulation _agrees
well with the curve from expenmental investigation of Townend and

Chambcrlam shown in fig, 4 4, taken from Lewis and Von Elbe [14].
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Fig. 5.4, Explosion limits of propane oxidation for

stoichic;metric mixture ratio from the simulation.
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e COMPARISON OF METHANE, ETHANE AND . PROPANE
EXPLOSION LﬁVHTS: The explc;sion limits, i.c., pressure and temperature
ranges for methane, ethane and propane are shown in ﬁg{ 5.5. The explosion
limits of propane predicts the early limits compared to the lower hydrocarbons.
As the length of ;the hydrocarbon (more carbon atoms)' increases the bond
energy between of C-H decreases. Hence, the breaking of bond is easier when
compared to the hydrocarbon with the low nufnber of carbon atoms. Thus, the
explosion limits for higher hydrocarbons shift towards‘the léwer temperatures.
The change in slopes also increases due to the increase in the number of meta
stable species produced in the oxidation mechanism and due to the origiﬁ of

cool flames starting from propane to higher hydrocarbons.
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Fig.5.5. Explosion limits of hydrocarbors oxidation for

stoichiometric mixture ratio from the simulation,
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CONCLUSIONS

The results obtained from the simulation agree well with the experimentgl
résults. The work can be further extended to simulate the combustion of higher
hydrdcarb;)ns from propane onwards. For combustion of higher hydrocarbons suitable
f'eaction mechanisms will have to be taken into account to explain the charactéristic
features of hydrocarbon combustion viz.: origin and propagation of cool flames,
negative temperature coefficient and long induction periods.

| This simulation can be useful for modelling and simulating various kiﬁetically

controlled phenomena namely ignition, extinction and flame propagation processes.
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PROGRAM FOR EXPLOSION LIMITS OF H2-02 OXIDATION
MECHANISM

#include<stdlib.h> -
#include<fstream.h>
#include<math.h>
#include<iomanip.h>
#include<conio.h>
#define N 6
#include"lud.cpp"
#define R 8314
#deﬁne error 0.01

void ludcmp(ﬂoat Z[N][N],int n,int indx[N],float *d);
void lubksb(float Z[N][NJ,int n,int indx[N],float B [ND);
float *d;

_ int n,indx[N];

float Z[N][N],B[N];

class hydrogen
{ private: _
double A1,A2,A3,A4,A5,A6,A7,A8,A9,A10,A11,dh20;
- float Ch2,Co02,Ch20 a[12],n[12] Ea[12],T,x[6],y[6];
double K[11],P,M;
float dx[6],phi;
double f[6][6],R1[6];
float xh2,x02,xh20;
int i,j,limit,count;
char fuel[10}];

public:
void get()
{

cout <<"ENTER THE FUEL(H2 or h2 or H2 02 orh2 02):";
cin >> fuel;

cout <<"ENTER THE EXPLOSION LIMIT(Number 1 2 or 3):";
cin >> limit;

cout << "ENTER THE EQUIVALENCE RATIO:";

cin >> phi;

}
void display( )

cout.precision(3);
cout<<setw(15)<<P<<setw(15)<<T<<endl;
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}
void calcl()

{
float Xh2=0.667, X02=0.333,phi;
xh2=phi*Xh2;
x02=X02;
ifstream infile;
infile.open("KH21.dat");
ofstream outfile;
outfile.open("H1.dat");
for(i=1;i<7;i++)
infile >> a[i] >>n[i] >> Ea][i];
cout<<setw(15)<<"PRESSURE"<<setw(1 5)<<"TEMPERATURE"<<end1
for(T=500;T<=1000;T=T+20.0)
{for(i=1;i<7;i++) '
K[i]=rate_const(a[i],n[i],Ea[i],T);
for(P=100;P<=600;P=P+50.0)
{
Ch2=concen(P,T,xh2),
Co2=concen(P,T,x02);

A1=2*K[1]*Ch2*P; =K[2]*Co2;

A3=K[3]*Ch2; - A4—K[4]*Ch2

A5=K[5]*P; ' A6=K[6]*P;

x[1]=0.505; x[2]=0. 1005 x[3]=.2015; // assumed values

int num=0;

do{ '

fI1][1]= -(A2+AS*x[3]+4* A6*x[1]); f{1][2]= A3,
f1][3]= Ad-(A5*x[1]); f2][1]= A2;
fl2][2]=-A3; f2][3]= 0.0;
f3][1]= A2-(A5*x[3]); f3]12]= A3;

fI3][3]= -(Ad4+(A5*x[1]));
R1[1]=-(Al- (A2+A5*x[3]+2*A6*x[1])*x[1]+A3*x[2]+A4*x[3])
R1[2]=-(A2*x[1]-A3*x[2]);
R1[3]=-(A2*x[1]-A3*x[2]-(A4+AS*x[1])*x[3]);
for(i=1;i<4;i++)
for(j=1;j<4;j++)
Z[1][j1=(tloat)f1](j];
for(i=1;i<4;i++)
B[i]=(float)R1[i];
* ludemp(Z,N,indx,&*d);
lubksb(Z,N,indx,B);
for(i=1;i<4;i++)
{ dx[i]=B[i};
y[iJ=dx[i]+x[i];
x[i=ylil;
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}
count=0;
for(i=1;i<d;i++)
{ if(fabs(R 1[i])<=error)
count++;
}

if(count>=2)
break;
num-++;
}while(1); ,
dh20= (A3+A4*x[1])*x[3];
if(dh20<=0.0)
{ display();
outfile.precision(3);
outfile << T << P <<endl;

}
} }infile.close();.
~ outfile.close();

o)
void calc2( )

{
float Xh2=0.667, X02=0.333,phi;
xh2=phi*Xh2; :
x02=X02;
ifstream infile;
infile.open("KH22.dat");
ofstream outfile; '
outfile.open("H2.dat"),
for(i=1;i<6;i++)
infile >> a[i] >> n[i] >> Ea[i];
cout<<setw(135)<<"PRESSURE"<<setw(15)<<"TEMPERATURE"<<end];
for(T=500;T<=1000;T=T+20)
{ for(i=L;i<6;i++)
K[i]=rate_const(a[i],n[i],Ea[i],T);
for(P=100;P<=40000;P=P+200.0)
g |
Ch2=concen(P,T,xh2);
- Co2=concen(P,T,x02);
x[1]=0.5005;  x[2]=0.2005; x[3]=0.40015;

A1=K[1]*Ch2*Co2; A2=K[2]*Ch2;
A3=K[3]*Co2; A4=K[4]*Ch2,
A5=K[5]*Co2,;

do{
fl1][1}=-(A3+AS5); f1][2]= A4;
fl11[3]= A2; - fl2][1]=A3;
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f2][2]= -A4; f12]{3]= 0.0;
f3][1}= A3; f[3][2]= A4;
f[3][3]=-AZ;
R1[1]=-(A2*x[3]-A3*x[1]+A4*x[2]-AS5*x[1]);
R1[2]= -(A3*x[1]-Ad*x[2]);
R1[3]= -(A1-A2*x[3]+A3*x[1 ]+A4*x[2]);
for(i=1;i<4;i++) '
for(j=1;j<4;j++)
Z[i)[1=TG];
for(i=1;i<4;i++)
Bli]=R1[i];
ludemp(Z,N,indx,&*d);
lubksb(Z,N,indx,B);
- for(i=1;i<4;i++)
{ dx[i]=B[1};
y[il=dx[il+x[i];
}X[i]=>'[i];
count=0;
for(i=1;i<4;i++)
{ if(fabs(R1[i])<=error)
count++;
}
if{count>=2)
break;
twhile(1);
dh2o= A2*Ch2*x[3];
float fx;
double P1;
fx = xh2+0.35%x02;
P1 = (3.11*T*exp((-8550)/T))/fx; .
P1=P1%*1.01325¢05; 4 , &
~ const double diff=100.0;
if(dh20>=0.0) _
{ if((fabs(P1-P))<diff)
{ display();
outfile.precision(3);
outfile << T << P <<endl; -
) .
}
} }infile.close( );
outfile.close( );

}
void calc3( )

d

04



float Xh2=0.667, X02=0.333,phi;
- xh2=phi*Xh2; .
x02=X02,
ifstream infile;

- infile. open("KH23 dat")

ofstream outfile;
outfile.open("H3.dat");
for(i=1;1<12;i++)
infile >> a[i} >> n[i] >> Ea[i];
cout<<setw( 15)<<"PRESSURE"<<setw(15)<<"TEMPERATURE"<<end1
q=&x[1];
for(T=500;T<=1000;T=T-+20)
{ for(i=1;i<12;i++)
" K[iJ=rate_const(a[i],n[i],Ea[i],T);
for(P=20000;P<=300000;P=P+20000.0)

{ Ch2=concen(P,T,xh2);
Co2=concen(P,T,x02);
Al1=K[1]*Ch2*Co2; A2=K[2]*Ch2;
A3=K[3]*Co2; A4=K[4]*Ch2;
AS5=K[5]*Co2*P;  A6=K[6];

A7=K][7]; - A8=K][8];

A9=K[9]; A10=K[10];
Al1=K[11];

x[1}=0.0005; x[2]=0.0005; x[3]=0.0003;
x[4]=0.0001; x[5]=0.0001;

int num=0;
do{
- f[1)[1]= (A5+A3+(A7*x[ 1+(A11*x[5])); fl1][2]= A4;
13- A2; f{1][4]=-(A7*x[1]);
fl1][5}=- (All*X[ 1% fl2][1}= A3; fl2][2}=-A4;
f12][3]=0 f2]{4]= -(A6*x[2]); f2]{5}= 0.0;
fI3][1] A3 f[3][2]= Ad+H(A6*x[4]); :
f[31[3]= -(A2+(A8*x[4])+(A10*x[5]));
f[3][4]= (A6*x[2])-(A8*x[3]); f[3][5]=-(A10*x[3]);
fT41[11= AS-(A7*x[4])+(A11*x[5]);
- fl4][2]= -(A6*x[4]); fl4][3]= -(A8*x[4])+(A10*X[5]);
fl4][4]= -(4*A9)HAT*x[1])+HA8*x[3])+(A6*X[2]));
fl41[5= (AlO*x[3])+(A11*x[1]) fI51[1)= AI}*x[S];
fI5][2]=0 f{S][3]= A10*x[5]; f{S][4]=2*A9*x[4];

fI515)= (AlO*X[3])+(A11*X[1]);

RI[1]= -(-(AS+A3Y*x[ 1 ]+A4*x[2]+A2*X[3]-AT*X[1]*x[4]-
ATT*x[1)*x[SD); :

R1[2]= -(A3*x[1]-A4*x[2]-A6*x[2]*x[4]); ‘

R1[3]= -(A1+A3*x[1]+A4*x[2]-A2*x[3]+A6*x[2]*x[4]
-A8*x[3;]*x[4]-A10*x[3]*x[5]);
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R1[4]= -(AS*x[1]-(A6*x[2]+A7*x[l]+A8*X[3]+A9*x[4])*x[4]
+HAL0*x[3]+A11*x[1])*x[5)); . '
R1[5]= -(A9*x[4]*x[4]+(A10*x[3]+Al I*x[1])*x[5]);
for(i=1;i<N;i++) -
for(j=1;j<N;j++)
Z[G)=ATG];
for(i=1;i<N;i++)
B[i]=RI1[i];
ludemp(Z,N,indx,&*d);
lubksb(Z,N,indx,B);
for(i=1;i<N;i++)
{ dx[i]=Bl[il;
yl=dx[i]+x[i];
}X[i]=3'[i];
count=0;
for(i=1;i<N;i++)
{ if(fabs(R1[i])<=error)
count++;
}
if(count>=3) -
break;
num-++;
}while(1);
dh2o0= A1+2*A3*Co2*x[1];
1f(dh20<=0.0)

{ display();
outfile.precision(3);
outfile << T << P <<end];

}

} yinfile.close( );
outfile.close( );
3
void check( )
{ iflimit==1)
cale1();
else
{ if(limit==2)
calc2();
else if(limit=3)
cale3( ),
4
}
float concen(double p,float t,float Xi)
{ float C1;
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Ci=(xi*p)/(R*t);
return(Ci);

}

double rate_const(float al,float m,float E,float t)
{ double ki;
const float Rm=1.98567;
ki= pow(10,a1)*pow(t,m)*exp(-E/(Rm*t));
ki=ki*1.0e-06; //ki Cm3/mol/sec ->m3/mol/sec
return(ki);

}
K

void main( )

{ hydrogen h;
clrser();
h.get();
h.check( );

getch( );
}
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PROGRAM FOR EXPLOSION LIMITS OF
METHANE, ETHANE AND PROPANE OXIDATION

#include<string.h>
#include<fstream.h>
#include<stdlib.h>
#include<math.h>
#include<iomanip.h>
#include<conio.h>
#define N 15
#include"lud.cpp"
#define R 8314
#define error 0.001

- void ludemp(float Z[N][N],int n,int indx[N],float *d);
void lubksb(float Z[N][NJ,int n,int indx[N],float B[N])
float *d;

int n,indx[N];

float Z[N][N],B[N];

class hcarbon
_{ private:
~ double _
A1,A2 A3,A4,A5,A6,A7,A8,A9,A10,A11,A12,A13,A14,A15,A16,A17,A18;
float Cch4,Co2,Ch20,Cc2h6,Cc3h8,a[20],n[20],Ea[20],T,KP;
double K[20],P,dh20,dco2;
float dx[20];
double f]20]{20],R1[20];
float x[20],y[20];
int i,j,count;
float x02,xh20;
float X02,phi,xch4,xc2h6,xc3h8;
char fuel[10];

public:
vold get()
" { cout << "ENTER THE FUEL(CH4 or C2H6 or C3H8):";
cin >> fuel;
cout << "ENTER THE EQUIVALENCE RATIO:";

cin >> phi,

}
void display( )

cout.precision(3);
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cout<<setw(15)<<P<<setw(15)<<T<<endl;
. ' :
void methane( )
{ const float Xch4=0.333, X02=0.667;
xch4=phi*Xch4;
x02=X02;
ifstream infile;
infile.open("KCH4.dat");
ofstream outfile;
outﬁle.open("M.dat");
for(i=1;i<17;i++)
infile >> a[i] >> n[i] >> Ea[i];
for(T=500;T<=1000;T=T+20)
{ for(i=1;i<17;i++)
' K[i]=rate_const(a[i],n[i],Ea[i],T);
for(P=1e05;P<=1e06;P=P+5¢04)
{
Cch4= concen(P,T,xch4);
Co2= concen(P, T,x02);

Al=K[1]*Cch4*Co2; A2=X][2]*Co2;

A4=K[4]*Cch4; AS=K][5];
A7=X[7]; A8=K[8];
A10=XK]10]; All=K]11];
Al13=K][13]; Al14=XK][14]*Cch4;
-A15=K][15]*Cch4; A16=K[16]*Co2*P;
x[1]=0.002; x[2]=0.01;
x[4]=0.02; x[5]=0.0001;
x[7]=0.0001; x[8]=0.001;

int num=0; ,

do/
fl1][1]= -(A10*x[4]+A15); f1][2]=

f1][4]=-A10*x[1];

]
. A6=KI6];
I
12

A3=K][3]*Co2;

A9=XK]9];

A12=K[12]*Co2;

x[3]=0.001;
x[6]=0.0001; -
x[9]=0.001;

[2]=0.0; f[1][3]= A13*x[9];
f1][5]=0.0; f[1][6]= 0.0
[

-(A4+AB*x[6]+A9*x[4]);

2][5]=0.0;
f2][8]= A2;

[1][71=0.0; f1][8]=0.0; f1][9]= A13*x[3];
f2][1]=0.0; fl2][2)=
f[2]{3]=0.0; fl2][4]= -A9*x[2];
f[2][6]= -(A8*x[2]); f2][7}=0
f2][9]= 0.0; f3][1]=2*A10*x[4];

fI3][2]= (A4+A8*x[6]+A9*x[4]);

f3][3]= (A6*x[8]+A7*x[6]+A11*x[4]+A13*x[9]+A14)

f3][4]= A5*x[8]+A9*x[2]+2*A10*x[1]-A11*x[3]

f3][5]=0 f3][6]= -A7T*x[3]+A8*x[2];

f31[7)=0 fI3][8]= AS*x[4]-A6*x[3);

f3][9]= -Al3*x[3] ' f4][1]= -A10*x[4] f[4)[2]= -A9*x[4];
f4][3]=-A11*x[4]; '
f[4][4]—-5*x[8]+A9*x[2]+A11*x[3]+A10*x[1])
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fl4][5]= A3; f4][6]= 0.0; f4](7]= A12;

f4]8]= -A5*x[4]; f4][9]= 0.0; f5][1}=0.0;
f5][2]= 0.0; f5](3]=0.0; f5][4]= A5*x[8];
fi5]51=-A3; f[5](6]=0.0; f15](7]= 0.0;
115](8]= A2+AS5*x[4];{[5][9]= 0.0, f[6][1]=0.0;
fl6][2]= -A8*x[6];[6][3]= A6*x[8]-A7*x[6];

f6][4]= 0.0; fl6][5]= A3; fl6](6]= -(A7*x[3]+A8*x[2]);

f[6][7]=0.0; f6][8]= A6*x[3];{[6][9]= 0.0; fl7])[1]= 0.0;
f7][2]= A8*x[6:f[7][3]= A7*x[6];  f[7][4]=0.0; f[7][5]=0.0;
f[7][6]= A7*x[3]+A8*x[2]; f{7[7}=-A12; f7][8]=0.0;
f[71[9]= 0.0; f81[1]= A15; f[8][2]= A4; 1[8][3]=-A6*x[8]+Al4;
f8][4]= -A5*x[8]; f8][5]=0.0; f[8][6]=0.0; f[8](7]=0.0;
f[8][8]= -(A2+A5*x[4]+A6*x[3)); f{8][91=0.0; f[9][1]=0.0;
- 19]2]=0.0; 913} -AL3*x[9]; f(91[4]=0.0; -f9][5]=0.0;
f91[61=0.0; = fI9][7]= Al2; f9](8]=0.0; f[9][9]=-A13*x[3];
R1[1]= -(-(A10*X[4]*x[1])+(A13*x[9]*x[3])-(A15*x[1]));
R1[2]=-((A2*x[8])-(A4*x[2])-(A8*X[2]*x[6])-(A9*x[4]*x[2])+(2*A16));
R1[3]=-((A4*x[2])+(AS*x[8]+2*A10*x[1])*x[4]-((A6*x[8]+AT*X[6]
+A11*x[4}+A13*x[9]+A14)*x[3])+(A8*x[6]-A9*x[4])*x[2]);
R1[4]= -(A1+A3*x[5]+A12*x[7]-(AS*x[8]+A9*x[2]+ A10*x[1]
+A11*x[3])*x[4]);
R1[5]=-((A2+A5*x[4])*x[8]-A3*x[5]);
R1[6]= -(A6*x[8]*x[3]+A3*x[5]-(A7*x[3]+A8*x[2])*x[6]);
R1[7]= -(A7*x[3]*x[6]+A8*x[6]*x[2]-A12*x[7]);
R1[8]= -(A1-(A2+AS*x[4]+AG*X[3])*x[8]+A4*x[2]+A14*x[3]+A15*x[1]);
R1[9]= -(A12*x[7]-A13*x[9]*x[3]);
for(i=1;i<N;i++)
. for(j=1;j<N;j++)
Z[GFFGL
for(i=1;i<N;i++)
B[i]=R1[i];
ludemp(Z,N,indx,&*d);
 lubksb(Z,N,indx,B);
for(i=1;i<N;i++)
{ dx[i]=BYil;
ylilFdx[i}+(il;
}X[i]=Y[i];
count=0;
- for(i=1;i<N;it++)
{ if(fabs(dx[i])<=error)
count-++;

if(count>=4)
break;
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num-++;
}while(1);
 dh20= (AT*X[7]+A11*x[4]+A14)*x[3];
deco2= A7*x[3]*x[9];
if(dh20>=0.0)
{display();
outfile.precision(3);
outfile << T << P <<endl;
H
}}infile.close();
outfile.close( );
h
void check( )
{ if(!stremp(fuel,"CH4")||!strcmp(fuel,"ch4"))
methane( );
else
{ if(!stremp(fuel, "C2H6")||'strcmp(fuel "02h6"))
ethane( );
else if{!strcmp(fuel, "C3H8")]]'strcmp(fuel "c3h8")
propane( );
}
}
float concen(double p,float t,float x1)
{ ﬂoat Ci;
=(xi*p)/(R*t);
retum(Ci);
} .
double rate_const(float al,float m,float E,float t)
{ double ki; .
const float Rm=1.98567;
ki= pow(10,al)*pow(t,m)*exp(-E/(Rm*t));
ki=ki*1.0e-06; //ki Cm3/mol/sec ->m3/mol/sec
return(ki);

}

void ethane( )
{
const float Xc2h6=(1/4.5),X02=(3.5/4. 5)
xcZh6=phi*Xc2h6;
x02=X02;
ifstream infile;
infile.open("KC2H6.dat");
ofstream outfile; .
outfile.open("E.dat");
for(i=1;i<15;i++)

infile >> a[i] >> n[i] >> Ea][i];
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for(T=500; T< 1000; T—T+20)

{ for(i=1;i<15;i++)
K[i]=rate_const(a[i],n[i],Ea[i],T);
for(P=25e5;P>=1e5;P=P-1e5)

{
Cc2h6= concen(P,T,xc2h6);
Co2= concen(P,T,x02);

A1=K[1]*Cc2h6*C02;  A2=K[2]*Co2*P; A3=K[3];
Ad=K[4]; A5=K[5]; A6=K[6]*Cc2h6;
A7=K][7]; A8=K[8]*Co2; A9=K]9];
A10=K[10]; All1=KJ11]; A12=X[12};
Al13=K][13]; Al14=K[14]; :
x[1]=1.0; x[2]=1.0; x[3]=1.0; x[4]=1.0;
x[51=1.0; x[6]=1.0; x[7]=1.0; x[8]=1.0;
x[91=1.0; x[10]=1.0; -x[11]=1.0; x[12]=1.0;
int num=0;

do{

f13[6]= A5*x[1]

fl1]{10}=0
fl2](1]= A4*X[4];

[
f1][3]=0.0;

[

(1

f1][4]= -Ad*x[1];
f13[71=0.0
f1)11)=

f1][1]= -(A4*x[4]+AS*X[6}+A12*x[11]); f1][2]= (A3*x[5]+A10%x[8]):

]
fl1][5]= A3*x[2];
]

fl1[8]= A10*x[2]; f[1][9]= 0.0.;

-A12%x(1]; fI1][12]=0.0;

f12][2]= -(A3*x[ST+AG+A10*x[8]+A13*x[11]);

f[2][3]= 0.0; fl2][4]= A4*x[1];  f[2][S]=-A3*x[2]; f[2][6]=0.0
f[2](7]= 0.0; fl2][8]=-A10*x[2]; f]2][9]=0.0;

f2][10]= 0.0; f2][11]= -A13*x[2]; f[2][12]=0.0; f3][1]= 0.0
f13][2]= A6+A13*x[11]; 3]13]= -(A9*x[9]+A11*x[10]+A14*x[12]);
f[3][4]=0.0; f3](5]= 0.0; f[3][6}=0.0; f[3]{7]=0.0;
f3][8]= 0.0; f3][9]=-A9*x[3];  f[3][10]=-A11*x[3];

f3][11]= A13*x[2); f13][12]=-A14*x[3]; fl4][1]=-A4*x[4], f[4][2]=0.0
f14]{3]=0.0; fl4][4]=-Ad4*x[1]; fl4][5]= A8 fl4][6]= 0.0
f4][7]= 0.0 f4][8]= 0.0; f4][9]= 0.0

f141[10]= 0.0 fl4][11]= 0.0; fl4][12]= 0.0 f5][1]= 0.0;
f5][2]= -A3*x[5]+A6; f5][3]=0.0;. f5][4]= 0.0;
f5][5]= -(A3*x[2]+A8); f5][6]= 0.0; -~ [5][7)=0.0
f[5](8]=0.0; f[5][9]= 0.0; f[5][10]=0.0;

f5][11]= 0.0; f5][12]= 0.0; f6][1]= -AS*x[6];

fl6][2]= A3*x[5]; f[6][3}=0.0; - fl6][4]=0.0; -

fI6](51= A3*x[2]; fI6][6]=-A5*x[1]; f[6][7]=0.0;  {[6](8]=0.0;
f6][9]= 0.0; f6][10]= 0.0; f6][11]=0.0; f[6][12]=0.0;
fl7][1]= AS*x[6]; f[7][2]=0.0; fl7][3}1= 0.0,  {[7][4]=0.0;
f17](51=0.0; f7)[6]= As*x[1);  f[7][7]=-A7; f]7]{8]=0.0;
f7][9}= 0.0; f17][10]=0.0; f7][11]=0.0; f7][12]=0.0;
f{8][1]= 0.0; f8][2]=-A10*x[2]; f[8][3]= A9*x[9);
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f18][4]=0 f[8][5]=0.0; f[8][6]=0.0,  f[8][7]= A7
f8][8]= AlO*x[Z] f8][9]= A9*x[3];  f[8][10]=0.0; f[8][11]=0
f[8]{12]=0 f19][1]=0.0; f9][2]=0.0;  f[9][3]= A9*X 9],
f[9][4]= 00 f[9][5]= A8; f[9][6]=0.0;  f[9][7]= 0.0;
fo1[8]= oo I9][9]=-A9*x[3); * f9][10]=0.0; f[9][11]=0.0;
f19][12]=0 f[10][1]= 0.0; f[10][2)= -A10*x[8];
f10][3])= A9*x[9]-A11*x[10]; © f[10][4]=0.0;  f[10][5]=0.0
f10][6]=0 f10][7]= 0.0; f10][8]= A10*x[2];
f10][9]= A9*x[ 1 f110][10]= -A11*x[3]; f110][11]=0.0; f10][12]=0.0;
f11][1]= -Al12%x[11]; f11][2]= -A13#x[11];
f11][3]= All*x[lO] f[ll][4]= 0.0; f11][5]=0.0; f11][6]=0.0;
f11][71=0 fl11][8}=0 f[11][9]= 0.0,
ﬂll][10]~—A11*x[3] I][1]= (A12*x[1]+A13+x[2]); f11][12]= 0.0
f12][1]= A12*x[11] f12][2]= A13*x[11]; f12][3]=-A14*x[12];
f12][4]=0 f12][5]= 0.0; f12)[61=0.0; f12][7]= A7
f12][8]=0 f112][9]= 0.0; f12][10]=0.0;
f[lz][n]— A12*x[1]+A13*x[2] f12][12]= -A14*x[3];

RI[1]=-((A3*x[S]+A10*x[8])*x[2]-(A4*x[4]+AS*x[6]+A12%x[11])*x[1]);

R1[2]=-(2*A2-(A3*X[SH+AG+ATO*X[8+A13#x[11])*x[2]+Ad*x[1]*x[4]);

R1[3]= -((A6+A13*x[11]/*x[2]-(A9*X[9]+AT 1*x[ 10]+AT4*x[12])*x[3]);

R1[4]= -(A1-Ad*x[1]*x[4]+A8*x[5]);

RI[5]=-(A1+A6*X[2]-(A3*X[2]+A8)*x[5]);

R1[6]= -(A3*x[2]*x[S]-A5*x[6]*x[1]);

RI[7]= -(AS*X[6]*x[1]-AT*x[7]);

R1[8]= -(A7*x[7]+A9*x[31*x[9]-A 10*x[2]*x[8]);

R1[9]= -(A8*x[5]-A9*x[9]*x[3]);

R1[10]= -(A10*x[2]*x[8]-(A11*x[10]-A9*x[9])*x[3]);

RI[11]= (A11*x[10]*x[3]-(A12*x[1]+A13*x[2])*x[11]);

RI[12]= -(A7*x[ T]H+(A12#x[1]+A13*x[2])*x[11]-A14*x[12]*x[3]);

for(i=1;i<13;i++)
for(G=1;<13;j++) ,

Z[i][j]I=(foat)i][j];

for(i=1;i<13;i++)

Bli]=(float)R1{i];

ludemp(Z,N,indx,&*d);
lubksb(Z,N,indx,B);
for(i=1;i<13;i++)

{ dx[i]=B[i;
yliJ=dx[i]+x[i];
x[1]=y[i];

f

count=0;

- for(i=1;i<13;i++)

{ if(fabs(dx[i])<=error)
count++;
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}

~ if{count>=10)

break;
num-+-+;
ywhile(1);
- dh20= A4*x[11*x[4]+A11*x[3]*x[10];
dco2= A14*x[12]*x[3];
if(dh20>=0.0);

{ display();
outfile.precision(3);
outfile << T << P <<endl
}

} }infile.close( );
outfile.close( );
}
void propane( )
{ :

const float Xc3h8=(1/6.0),X02=(5/6.0);
ifstream infile; '
infile.open("KC3HS.dat");

ofstream outfile;

outfile.open("P.dat");

for(i=1;i<19;i++)

infile >> a[i] >> n[i] >> Ea[i];
for(T=500;T<=1000;T=T+20)

{ for(i=1;i<19;i++) :
K[i]=rate_const(a[i],n[i],Ea[i],T);
for(P=1¢6;P>=1e5;P=P-2¢4)

{
Ce3h8= concen(P,T,xc3h8);
" Co2=concen(P,T,x02);

Al=K[1]*Cc3h8*Co2;  A2=K[2]*Co2*P;

Ad=K[4]*Cc3h8; A5=K[5]*Co2;
A7=K[7}; A8=K[8]*Co2;
A10=K[10]; Al1=K[11];
A13=K[13]; A14=K[14];

. A16=K[16]; A17=K[17);

x[1]=0.5; x[2]=1.0; x[3]=.5;
x[5]1=0.1; x[6]=0.1; x[7]=0.1;
x[9]=0.1; x[10]=0.1;  x[11]=0.1;

x[13]=0.1;  x[14]=0.1;
do{

f111[2]= (A9*x[7]+A15*x[12]);
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x[12]=0.1;

f11][1]= -(A10*x[4]+A11*x[9]+AL6*x[13)); |

A3=K[3];
AG=KI6];
A9=K[9];
A12=K][12];
A15=K[15];
A18=K[18];



fl1][3]= A18*x[14]; {[1][4]=-A10*x[1]; f[1][5]=0.0;
f[1]{6]= 0.0; f1)[73=A9*x[2];  f[1][8]=0.0;
f1][9]=-Al1*x[1]; f[1][10]=0.0; - f[1[11]=0.0
f1][12]= A15*x[2]; f[1][13]=-Al6*x[1]; |
f1][14]= A18*x[3]; f[2][1]= A10*x[4];

f12][2]= -(A3*x[4]+AG*X[6-AI*X[T]+A1S*x[ 121+ A1 T#x[13]);

f2][3]= 0.0; f[2][4]= -A3*x[2]+A10%x[1];
f[2][5]=0.0; - fI2][6]=-A6%x[2];  f[2]{7]= -A9*x[2];
f[2][8]= 0.0; f12][9]= 0.0; f2][10]=0.0;
f2][11]= 0.0; f2)[12)= -A15*x[2]; |
f2][13]= -A17*x[2]; f[2][14]= 0.0; f3][11=0.0;

 f3][2]= A3*x[4]+A17*x[13];
f3][3]= -(A4+AT*X[61+A13*x[8]+A14*x[11]+A18*x[14]);

f3][41=A3*x[2};  f3][5]=0.0; f3][6]=-A7*x[3];
f[3](71= 0.0; f[3][8]=-A13*x[3]; {[3][9]= 0.0;
f[3][10]= 0.0; < |
f3][11]= -A14*x[3]; f[3][12]=0 f31[13]= A17*x[2];
f3][14)= -A18*x[3]; f[4][1]= AlO*x[4], f41[2]= -A3*x[4];
f[4][3]= 0.0; f4][4]= (A3*x[ +A10%x[1]); o
fl4][s]= AS; - fl4](6]=0 fl4](7]= A8
f14](81= 0.0; fl4][9]=0 f14][10]=0
f4][11]= 0.0; f4][12]= o 0; f4][13]=0. 0
fl4][14]= 0.0; 4
fI5](1}=0.0; f5][21=0.0; fI5][3]= A4
f[5](4]= 0.0; f[5][5]=-A5; f5][6)= 0.0;
f[5](7]= 0.0; f[5](8]=0.0; f5](9)= 0.0;
f5][10]= 0.0; f5][11]= 0.0; f5][12]= 0.0;
f[5]{13]= 0.0; f[5][14]=0.0; fl6][1]= 0.0;
f6][2]=-A6*x[6);  f[6][3]=-AT*x[6];  f[6][4]= 0.0;
fl6][5]= AS5; f16][6]=- (A6*X[2]+A7*X[3]) o
f16][7}= 0.0; f[6][8]=0 116][91= 0.0;
f6][10]= 0.0; fl6][11)= o 0; f6][12]= 0.0;
f6][13]= 0.0; f16][14]= 0.0; f71[1]=0.0;
f7][2]= -A9*x[2];  f[7][3]=AT*x[6];  f[7][4]=0.0;
fl7][5]= 0.0; ﬂ7][6] AT*[3];  f7][7]=-(A8+A9*x[2]); -
f[7][8]= 0.0; f791=0.0; f[7][10]=0.0;
f7)[11]= 0.0; f7)12]=00; - ..
f7][13]= 0.0; f7][14]= 0.0; f8][11= 0.0;
f[8][2]= A6*x[6];  fI8][3]=-A13*x[8); f[8][4]=0.0;
f[8](5}= 0.0; fI8][6]= 6*X[ L f8][7= A8';
f8][8]=-A13*x[3]; {[8][9]=0 f8]{10]=0
f[8](11]=0.0; fl8][12]=0 f8][13]=0
f[8][14]= 0.0; f9][1]= A1 1*x[9] fl9][2]= A9*x[7]
f19][3]= 0.0; f9][4]= 0.0 f19][5]= 0.0;
f[9][6]= 0.0; f91[71= A9*x[2];  f[9](8]=0.0:
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f91[9]=-A11*x[1]; £[9][10}=0.0; f9)[11]}= 0.0;

fI91[12]= 0.0; f9][13]= 0.0; fl91[14]= 0.0;
f10][1]= A11#x[9T; f[10][2]=0.0; f10][3]= 0.0;
f110][4)= 0.0; f10][5]= 0.0; f110][6]= 0.0
f10][7}= 0.0; f10][8]= 0.0;

1009= AL1*x[1]; 10][10=-A12;  fio)p1 1]¥ 0.0;
f10][12]= 0.0; f110][13]= 0.0; f10][14]= 0.0;

fl11][1]= 0.0; f11][2]= A6*x[6]+A15*x[12];
fI1]3]= AL*x[SH+A7*X[6]-Al4*x[11];  f[11][4]= 0.0;
II51=00;  f[11][6]= A6*x[2}+AT*x[3];
AIN7I=0.0, . [U)(8]= A13%%[3]; 11][9]= 0.0;

f11][10]= 0.0; fI][11]= -AL4*X3]11][12]= A15*[2];
f11][13]= 0.0; 114100,  ~f12][1]=0.0;
f12)[2]= -A15*x[12];]12][3]= A13*x[8); f[12][4]=0.0:
f12][5]= 0.0; f12][6]= 0.0 f12][7]=0.0;
fl12)[8)= A13*x[3]; f[12][9]= 0.0; f12][10]= A12;
f12)[11]= 0.0; 112)[12]= -A15*x[2); f12][13]= 0.0
f12][141=0.0; - f13][1)= -A16*X[13];f]13][2]= -A17*x[13];

f[13][3]= Al4*x[11]; f[13][4]= 0.0; f13][5]= 0.0;
f13][6]= 0.0; fl13][7}= 0.0; f13][8]= 0.0:
f13][9]= 0.0; f13][10]= 0.0; f113][11]= Al4*x[3];

f113][12)=0.0; 13][13]= -(A16*x[1]+A17*x[2]);
f[13][14]=0.0; f14][1]= A16*x[13]; f14][2]= A17*x[13];

- f[14][3]= -A18*x[14};[14][4]= 0.0: f1141[5]= 0.0;
f[14][6]= 0.0; 114][7]= 0.0: f114][8]= 0.0;
f[141[9]= 0.0; f14)[10}=A12;  f14][11]=0.0;
f141[12]= 0.0; f14][13]= A16*x[1]+A17*x[2];

f[14][14]=-A18*x[3]; |
- RI1=-(A9*X[THAIS*X{12])*x[2](A10*X[4}+A1 1*x[9]+
A16*X[13])*x[LHA18*x[3]*x[14]);
RI[2]=-(2*A2-A3*x[4]+AG*X[61+ AO*X[T]+A1 5*x[12]+
A1T*x{13]*x[2] +A10%x[1]*x[4]); -
RIBT= -((A3*X[41+ALT*X[13]) *x[2]- AS+AT*x[6}+A13*x(8]
| HALAR[11] + ATS*X[14])*K[3]); /
RI[4]=-(AL+AS*X[ST+AS*X[T]-(A3*X[21+AT0*{1])*x[4]);
RI[S]=-(AI+A4*x[3}-A5*x[5]):
R1[6]= -(AS*x[5]-(A6*X[2]+AT*X[3])*[6]);
RI[7]= -(A7*X[3]*X[6]-(A8+AO*X[2])*x[7]);
R1[8]=-(A6*x[6]*x[2]+A8*x[7]-A13*x[8]*x[3]):
RI[9]= -(A9*X[71*x[2]-A1 [*x[9]*x[1]);
RI[10]=-(ALT*X[1]¥x[9]-A12%x[10]); |
RI[11]= -((A6*X[6]+A15*X[12]*x[2]+(AT*X[6 [+ A13*X[8]-
Al4*x[117)*x[3]);
RI[12]= (A12*x[ 10+ A13*x[8]*x[3]-A15*x[12]*x[2]);
RI[13]= (A14*x[11]*X[3]-(A16*x[1]+A1 7*x[2]y X[ 13]);

77



RI1[14]= -(A12*x[10]+(A16*x[1]+A17*x[2])*x[13]-A18*x[14]*x[3]);
for(i=1;1<N;i++) : :
for(j=1;j<N;j++)

ZG =],
for(i=1;1<N;i++)

B[i]=R1[i];
ludemp(Z,N,indx,&*d);
lubksb(Z,N,indx,B);
for(i=1;i<N;i++)

{ dx[i]=B[i];

yli]=dx[i]+x[i];

}X[i]=y[i];
count=0;
for(i=1;i<N;i++)

{ if(abs(R1[i])<=error)

count++;

}

}while(1); _
dh2o= A4*x[3]+A10*x[4]*x[1]+A14*x[11]*x[3];-
dco2= A18*x[14]*x[3];
if(dh20>=0.0);

{ display();
outfile.precision(3);
outfile << T << P <<endl;

}.

}}infile.close( );

outfile.close( );

1
f

b
void main( )
- { hcarbon w;
clrser( );
w.get( );
w.check( );
getch();

l
S
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LUD.CPP

/*this program is to find the LU decomposition of matrix A and replaces the LU

components in the matrix A hence A gets destroyed*/

* #define TINY 0,001
void ludemp(float Z[N][N],int n,int indx[N],float *d)
{

© int i,imax,j k;
float big, dum, sum,temp;
float vv[20]; -

*d=1.0;

for(i=1;i<n;i++){
"big=0.0;
for(=1;j<n;j++){
if ((temp=fabs(Z[i][j])}>big) big=temp;}
if (big==0.0) cout<<"Singular matrix in routine ludcmp\n™;
vv[i]=1.0/big; ‘
}

for G=1;j<n;j++){
for (i=1;i<j;i++){
- sum=Z[i][j];
for (k=1;k<isk++) {sum -=Z[i][k]*Z[K][i];}
Z[i][j]=sum;

big=0.0;
for (i=j;i<n;i++){
sum=Z{i][j];
for (k=1;k<j;k++)
sum -=Z[i][K]*Z[K][j];
Z[i][j]=sum;
if ((dum=vv[i]*fabs(sum)) >=big){

- big=dum; '
imax=i;
}
}
if(j!=imax) {

for(k=1;k<n;k++){
dum=Z[imax][k];
Z[imax][k]=Z[j][k];
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Z[j][k]=dum;
}
*d=(*d);
vv[imax]=vv[j];

indx[j]=imax;
if (Z[31G]==0.0)Z[j](]=TINY;
if(jl=n){
dum=1.0/(Z[j1[i]);
for(i=j+1;i<n;i++) Z[i][j]*=dum;
!
void lubksb(float Z[N][N],int n,int indx[N],float B[N]) -
¢ ' _
int 1,ii=0,ip,j;
float sum; -
for(i=1;i<n;i++){
ip=indx([i];
sum=B[ip];
Blip]=Bl[i];
if{ii)
for(j=ii;j<=i-1;j++)
sum -=Z[i][;]*B[j];
else if(sum) ii=i;
B[i]=sum;
}
for(i=n-1;i>=1;i--){
sum=B[i];
for(j=i+1;j<n;j++)
sum -=Z[i][j]*B[j];
" Blil=sum/Z[i][i];

}
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