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Abstract

In view of the energy crisis and emission problems, alternative fuels are promis-
ing substitute to the conventional petroleum based fuels, specially in internal com-
bustion engines. Among these, bio-gas is an attractive substitute to conventional
petroleum fuels. They have the advantage of being very cheap and are renewable
in nature, and thereby not coniributing to the net atmospheric concentration of
the green house gas, carbon-di-oxide. However there is a dearth of bio-gas com-
bustion data. Various data regarding combustion of methane is available. So it
is essential and possible to model the bio-gas combustion as it contains a blend of
methane, carbon-di-oxide, oxygen and very less amount of organic/non-organic el-
ements. Reaction mechanism {or methane and bio-gas combustion are essentially

same and therelore might provide useful data required for the optimization of bio-

gas air combustion.

In the present study, heat release and equilibrium composition of methane
and bio-gas air premixture are studied numerically for different initial conditions
of composition and pressure. Laminar flame structure and burning velocities are
also modeled. Results obtained from this study emphasizes the importance of
composition and pressure in the combustion process and draws some recommen-

dations for the optimization of combustion bio-gas of different composition.
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Chapter 1 T

Introduction

There is a continuing demand for increased combustion efficiency and a deep-
ening concern over problems related to the energy, economy and environment. All
of these have, during past decades, stimulated a tremendous burst of interest and
research activities in the field of combustion of both conventional and alternative
fuels. Now a days, major share of energy production is linked to combustion, di-
rectly or indirectly. Good combustion results in more useful energy at low cost and
causes less poilution, Alternative/renewable fuels are less polluting and their net
contribution to the global warming gas (carbon-di-oxide) is zero. In the present
study, combustion of natural gas, which is abundant in Bangladesh, and bio-gas,
which is cheap and renewable in nature, are numerically studied to give insight

intc the burning process required for their optimum and efficient uiilization.

1.1 Energy and Environmental Problems

The end of the era of ‘cheap energy’ has been proclaimed frequently ever since,
and predictions of future energy patterns and policies have featured in all forms
of discussion, debale and dissemination. The vital nature of an assured supply
of energy, at realistic costs has now been recognized for the continuation and im-

provement of our lifestyle. Because of the possible demise of some conventional
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fossil fuels, many research programs are directed towards the long-term harness-
ing of alternative sources of energy including wind, waves, tides, geo-thermal, so-
lar radiation and nuclear fusion in addition to the alternative fuels. Ever increas-
ing energy demand can only be meet by means of fuels derived from alternative,
replenish-able sources, also by efficient conversion of conventional fuels (Geoodger
1980).

In recent days, combustion of conventional fuel are under strict scrutiny be-
cause of the emissions caused, e.g. unburned and partially burned hydrocarbons,
nitrogen oxides, carbon monoxide, sulphur oxides, and particulate matters in var-
ious forms. These cause concerns related to épeciﬁc health hazards, smogs, acid
rain, global warming, and ozone depletion. Now-a-days, combustion generated
emission are subjected to strict governmentally imposed emission standards for
selected compounds in the products (De Nevers 2000). Low emissions can be
achieved by a combination of fuel selection and preparation, combustion system
design, and treatment of the products of combustion.

There are challenging engineering trade-off between low emissions, high effi-
ciency and low cost. Recently, global warming has become a widespread concern.
Carbon dioxide levels in the global atmosphere are increasing at an accelerated
rate, and hydrocarbon fuel combustion is blamed as the major contributor to the
greenhouse effect. The world-wide pressure for population growth in fuel con-
sumption and COy emission is tremendous. So concern over the environmental
issues may limit the use of fossil fuels in the future. Renewable energy sources
such as wind, solar, tidal, geothermal energy, and alternative fuels may become

more important in the future.

1.2 Present Status of Alternative Fuels

The extent of global {ossil [uel reserves is subject to debate. With the present
world production and consumption rates of petroleum based fuels, it is approxi-

mated these resources will be depleted in foreceable future. So with increasing



the demand with time, reserves will be decreasing. This put an extra emphasis on
the search for alternative energy sources and also for better combustion process.
Alternative fuels are inherently cleaner than petroleum derived fuels. Several
candidate alternative fuels exist that include bio-gas, bio-diesel, rice bran oils,
vegetable oils, synthetic fucls, aleohols, municipal wastes etc, When used with ad-
vanced engine and emission control technologies, alternative fuels burn efficiently
and release fewer emissions from incomplete combustion. Advanced combustion
and emission control technology requires combustion data with certain degree of
detailing. Data for conventional fuels are available, however, there is a dearth
of combustion data for alternative fuels. Generation of experimental data is very
expensive, and therefore more emphasis is given, now-a-days, on modeled results

for combustion of non-conventional fuels.

1.3 Natural Gas and Bio-gas as Alternative Fuels

Bio-gas is a very potential alternative fuel candidate. Natural gas is used
world- wide but its reserve is limited. So, as a renewable fuel bio-gas came front,
and its production as well as utilization increases day by day. Therefore, it is
important to study bio-gas combustion to have better insight into the combustion
process itself for its optimum utilization.

Methane the major component of natural gas as well as bio-gas. Methane is
the simplest of the hydrocarbon series and modeled data for the combustion are
very consistent with the experimental results. Same reaction mechanism can be
used to model bio-gas combustion. Biogas is a colorless combustible gas which
produced by fermentation of cellulose material (woody and nonwoody), manure
or cowdung. Methane and - C O, constitutes about 95% of biogas and trace
organic/non-organic elements of variable compositions. Moreover, the amount of
CHy and CO» in bio-gas varies with different sources of origin (Goodger 1980). The
variation in its affects combustion process and the heat release rates. Therefore,

premixed combustion of bio-gas requires detailed study.



1.4 Scope of the Thesis

The present thesis comprises a numerical study of freely-propagating, one-
dimensional, planar, adiabatic premixed flame propagation in methane, bio-gas
and air premixture. The effect of the concentration of COs in bio-gas mixtures
are studied at different equivalence ratios at 300 K, at initial pressures of 0.1 and
1.0 MPa. In the present study, mole fraction of CO5 are denoted by g and study is
carried out for 8 =0, 0.1, 0.2, 0.3, 0.4 and 0.5.

In Chapter 2, heat release rate and the equilibrium temperature and composi-
tions are the focus of study, while burning velocities and laminar flame structure
are rcported in Chapter 3. Chapter 4 draws conclusions from the work and makes

some recommendations.



Chapter 2

Thermodynamics and Thermochemistry

of Bio-gas Air Combustion

In view of the prevailing energy crisis and pollution problems, bio-gas is a
promising substitute to conventional fuels. Methane and carbon-di-oxide con-
stitute about 95% of bio-gas, while its composition varies from different sources
(Goodger 1980). Bari et al. (1994) reported that the available power is reduced in
diesel engines when using bio-gas with different concentration of carbon-di-oxide.

The present chapter reports the effect of carbon-di-oxide concentration in bio-gas

combustion.

2.1 Ideal Gas Equation of State

Ideal gas equation of state provides the basic relationship among pressure, P,

temperature, T, and density, p,of ideal gas species and their mixtures. Hence,
P = pRT ' (2.1)

where, specific gas constant, R, isrelated to Universal gas constant, I, (=8.314

kd/kmol-K) and the gas molecular weight, M, by

R= B (2.2)
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For multicomponent ideal gas mixtures of n species, the mole fraction, X;, and

mass fraction, Y;, of species, 1, are defined as

X; N;
X; = : = = (2.3)
T X1+ X4+ Xn LN
mg mg
Y; = t = ot (2.4)
‘T mydmo+--+my Y my
where,
N; = Number of moles of species,
m; = mass of species, i
and, by definition,
Y x;=1 and Y Y =1 (2.5)
Values of X; and Y; are related by
M
Y; = —4X; (2.6}
! Mipiz '

where, the mean molecule weight of the mixture, M,,;., is given by Borman and

Ragland (1998) as: 1

2.2 Combustion Stoichiometry

General stoichiometric reaction can be written as:

Z v,-Ri — Z Uj Pj (2.8)

where,
v; = Stoichiometric coeflicient of reactant secies, ¢

v; = Stoichiometric coefficient of product species, j



R; = Reactant species, :
pP; = Product species, j

In general, fuels contain carbon, hydrogen, oxygen and nitrogen, in addition
to some minor specics. When fuel is burned to completion with a stoichiometric
amount of air (assuming that air contains 21%09 and79% Ny by volume), general

stoichiometric reaction can be written as:
€ CqHypOcNy + [0.2109 + 0.79N3] — v1COg + v Ha0 + 13Ny

where, ¢ = molar fuel-air ratio. Hence, the combustion product is assumed
to contains only CQ9, H20 and No, without any dissociation. Biogas combustion
reaction with stoichiometric amount of air can be written as:

€ [(1—B)CHy + BCOQ]‘+[0.2102 + 0.79Ng] — 111COg + v HoO + 13Ny

~

bio—gas air products

In any chemical reaction, atoms are conserved. Hence, by atom balances:

C: e(i-p+p) =1y (2.9)
H: 41 ~8) =2y (2.10)
O: 20+042 =2 +1p (2.11)
N: 1.58 = 2u3 (2.12)

and, solution of Eqns.2.9-2.12 yield,

.:

—
<
o

(2.13)

I
=

Stoichiometric fuel-air ratio by mass, (F/A) ., can be written as:

(F) _ (m'fw.el) — an.el _ (1- ﬁ)MCH4 + 6MC02 (2.14)
stoic storc

A My T 021Mg, +0.79My,

Mair
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The mole and mass fraction of a stoichiometric mixture are given by Ferguson

(1960) as:
€
XStOiC = 1+ € (2'15)
= __(_‘fl’i)it_@c__
Y:s‘tmc - 1 + (F/A)stuz'c (2-16)

Fuel-air equivalence ratio, ¢, is commonly used to indicate quantitatively wheather

a fuel-oxidizer mixture is rich, lean or stoichiometric and is defined as

— {(F{A)act _ (A/F) stoic
" (F/Astoic  (A/F)act (2.17)

¢

Hence,

<1 lean mixiure (excess Oy is present)
# ¢ =1 stoichiometric mixture (correct amount of Oy is present)

> 1 rich mixture (shortage of O to complete combustion}

\

2.3 Thermodynamic Properties

Heat release from combustion, equilibrium composition and temperature are
estimated using thermodynamic properties of the gases. Mixture properties are
estimated from pure species properties via some mixture averaging rules. The
thermodynamic and thermo-chemical data are widely represented as two sets of
polynomial coefficients for each species. These polynomials are widely known as
the NASA polynomials (Burcat and McBride 1997). The first set reproduces data
above 1000 K, the second set below 1000 K. The same 1000 K value is reproduced
by both sets. The following standard molar thermodynamic functions can be ob-
tained from the polynomial coefficients:

C .
—-—Rff- =ay + 09T + G3T2 + G4T3 + CI5T4 {2.18)



Hr; T 12 T3 T' a
pid ¢ T oty tag—+ 2 2.19
T a]+a22+033 +ag +a5-¢ +T (2.19)
St T2 T3
Y= . T — — — 2.20
o8 a1InT +agT +a3—-+a4—5 + 857 + a7 {2.20)
Gry Hyi Srg T T2 T3

T  ap
= - = T = 69— — aa = - @4 — — G5 == + —= — 291
- - aij(t —InT) 635 — a3 Ty ~ % + o o7 ( )

The coefficients, aij, are taken from Burcat and McBride (1997) and values
of these coefficients of some major species are reported in Table 3.1. The mixture
properties are defined as the mole-fraction-weighted averages (e.g. Cp, H, S, G

etc.), given by
p= X;Cpy, H=) X;Hj, §= 3" X; S and G= X6 (222

Lo, as the mass-fraction-weighted averages (e.g. cp, h, 3, h elc.), given by

op=3 Yiepi, h=2 Yih 5= Y5 and g=) Yigi (2.23)

2.4 Heat Release from Biogas Combustion

Combustion is a mass and energy conversion process during which chemical
bond energy is transformed to thermal energy. Fuels react with oxygen of air to
form products such as COy and HyO with lower chemical bond energy than the
reactants, and therefore release heat (Goodger 1980). Heat available from the
combustion of unit mass of fuel in a stoichiometric mixture is defined as heating

value. Two heating values are recognized by namely:
1. HHV (Higher Healing Value), and

9. LHV {Lower Heating Value).



Table 2.1. Coefficients of species thermodynamic properties

Species T range, K a;, L i3 ‘ By s Qs a5
Co, 1000-5000 0.44608( + 1) 030982(-2) -0.12393—35) 0.22741(-9) ~0.15526(—13) —048961(+5  —0.98636(0)
300-1000 0.24008( + 1) 0.87351(~2)  —0.66071{—5) 0.20022( - 8) 0.63274(—15) —0.48378(+5) 0.96951{ + 1)
H,O 1000-5000 0.27168(+ 1) 0.29451(-2) - 0.80224(—6) 0.10227(-9) ~0.48472(— 14} —0.29%06( + 5) 0.66306( + 1}
300-1000 0.40701( +1) ~0.11084{ - 2) 0.41523(—5) —0.29637(-8) 0.80702(—12} —0.30280( + 5) —0.32270(0}
co 1000-5000 0.29841{+ 1) C.I4B91(-2)  —0.57900(—6) 0.10365(-9) —0.69354( - 14) —0.1424% + 5} 0.6347%(+ 1)
300-1000 0.37101(+ 1) —0.16191(—2) 0.36924{ — 5) —0.20320(—8). 0.23953(—-12) —0.14356( + 5) 0.29555(+ 1)
H, 1000~5000 G.31002( + 1) 0.5111%-3) 0.52644(-7) —0.34910( - 10) 0.36945 - 14) ~087734+3)  —0.0962%+1)
300-1000 0.30574(+ 1) 0.26765-2)  —0.58099%( - 5) Q.55210(—-8) —0.18123(—11) —0.98890(+3)  -0.22997(+ [}
0, 1000- 5000 0.36220( + 1) 0.73618(-3)  —-0.19652(— 6) 0.3620% — 10} —0.28946(— 14) ~0.12020( + 4) 0.36151{+1)
. 3001000 0.36256(+ 1) —0.18782(-2) 0.70555 - 5) —0.67635 —8) 0.21556(— 11} —0.10475(+4) 043053 +1)
N, 1000- 5000 0.28963( + 1) 015155~2)  -0.5723%—-8) 0.9980% - 10) —0.65224{- 14) —0.90586( + 3) 061615+ 1)
300-1000 0.36748(+ 1) —0.12082( - 2} 0.23240(— 5) —0.63218~9} —022577(—-12) —0.10612( + 4) 0.23580(+ 1)
OH 1000-5000 0.29106{ +1) 0.95932(-3) —0.19442 — 6) 0.1375%( - 10) 0.14225—15) 04.39354(+ 4) 0.54423(+ 1)
NO 1000-5000 0.31890( + 1) 013384 -2) —0.52899( — 6) 0.9591% — 10} —0.64848( — 14} 0.98283(+4) 0.67458(+ 1)
O 1000-5000 0.25421{+ 1) —0.27551{~4) ~0.31028( —8) 0.45515{~11) —0.43681(— 15} 0.29231(+ 5) 045203 + 1)
H 1000-5000 0.25(+1) 00 ‘ 0.0 0.0 00 0.25472(+5  —0.46012(0)

01
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Higher heating values are obtained when all the water formed by combustion
are in liquid phase; for lower heating value all the water formed by combustion is
in vapor phase. The higher heating valuc exceeds the lower heating value by the
energy that would be required to vaporize the liquid formed. Discrepancy before
the HHV and LHV depends on the amount of hydrogen present in the fuel. The

two heating values at constant pressure are related by:

™
HHV = LHV + | 129 htg (2.24)
M fuel
where,

m

TH0 mass of HyO produced per unit mass of fuel burned, and

™ fuel

hy, = latent heat of vaporization of water at 25°C(= 2h42 kJ/ K g)

Lower heating value (LHV) are widely used as combustion process tempera-
ture is high and water products are in vapor phase. Higher heating value (HHV)
gives an indication to the possible maximum or gross amount of energy.

Practical combustion processes are not essentially stoichiometric, and are main
tained in a band of equivalence ratios, as set in the design condition. Hence, heat
available from the combustion of mixture of different fuels at different equivalent
ratio’s are different. Heat availability from a given amount of charge (air and fuel

mixture) might be defined in two ways:
1. Specific Energy, SEg heat available from unit mass of mixture.
2. Encrgy Density, EDgy: heat available from unit volume of mixture.

Both of these quantities are important as these values give the amount of heat
release from a premixture, former one on mass basis and the later one on volume

basis.
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2.5 Chemical Equilibrium and Adiabatic Flame Tem-
perature

In many instances, the level of temperature achieved during combustion is a
measure of the gross efficiency of the overall conversion of stored chemical energy.
Experimental methods of determination of combustion temperature are available,
but calculation is also possible from knowledge of product composition together
with the resulting quantity of energy absorbed by the products in comparison with
that released by the reactants (Borman and Ragland 1998). The maximum tem-
perature 15 reached, of course, when all the reaction energy is released and then
absorbed by the products, with no transfer of work or heat to the environment.
This product temperature is high (in order of 2000 K), and therefore, the products
are not in simple mixtures of gases as suggested by simple atom balances to deter-
mine stoichiometric coefficients. Rather, the major species dissociate, producing
a host of minor species. For example, the ideal combustion products for burning
a hydrocarbon with air are CQOq, H9O, O2, N9, Hy and CO. Dissociation of these
yield OH, H, O and possibly others, in endothermic reactions,

In nature, one of the spontaneous tendencies is towards minimum energy, but
a second natural tendency is 1o the increasing entropy. Consequently, when fuels
and oxidants are reacting spontaneously, the driving forces are directed towards
a reduction in their total stock of energy, denoted by enthalpy, and an increase in
their overall disorder, denoted by entropy. Using thermodynamic analysis it can
be shown that at equilibrium condition, Gibbs energy, (G = H — T'S) is minimized.

Thus, at equilibrium condition:
(AG)py <0 (2.25)

For a given general reaction (Eqn. 2.8), the value of AG is given by

AGp =" vigi~ Y vigi (2.26)
prod react
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The sign of AG is is important since a negative value indicates that the given
reaction is feasible. Gibbs energy change, AGr, is related to the chemical equilib-

rium coefficient, Ky, (Turns 2000):

Ky = exp [— i? ] (2.27)

Equation 2.27 gives an qualitative indication of whether a particular reaction
favors products (goes strongly to completion) or reactants {very little reaction oc-
curs) at equilibrium. If AG7 is positive, reactants will be favored and vice versa.
Physical insight to this behavior can be obtained by the application of the defini-
tion of AG in terms of enthalpy and entropy change associated with the reaction.

Hence, Equilibrium coefficient, K can be writien as:

AHyp ASy
= - . 2.28
Ky = exp ( T ) exp ( 7 ) ( )

For equilibrium constant, Ky, to be greater than unity, which favors products,
the enthalpy change for the reaction, AHp, should be negative, i.e, the reaction is
exothermic and the system energy is lowered. Hence, more the reaction is exother-
mie more it will favor the products and vice versa. Also, endothermic reactions wili
be slower for all other conditions remaining the same. Moreover, positive change
in entropy, which indicate greater molecular chaos, lead to values of Kp > 1. It is
not surprising that, Kp is not a function of total pressure of the system, rather a
function of temperature alone (Glassman 1996). However, the effect of pressure
on the product composition is observed when K is expressed in terms of mole-

fractions and pressure. The relationship is given by Heywood (1988) as:

p (X vi—2v)

Pref

R ic

= M

(2.29)
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Depending of the values of stoichiometric coefficients, three cases are possible:
1. (3 v; — 2 v;) = 0: changes in pressure have no effect on the compositions.

2. (3. vj — 2 v;) > 01 these are dissociation reactions. Hence, the mole fractions

of the dissociation products are decreased as pressure increases.

3. (X v; — 22v) < 0: these are recombination reactions. Hence, reaction is fa-

vored with increase in pressure.

These observations are in accordance with Le Chételier principle.

If all the heat evolved in the complete combustion reaction is employed solely
to raise the product temperature, the resulting temperature is called adiabatic
flame temperature and the product composition is known as equilibrium composi-
tion. Therefore, reactant mixture enthalpy, Hreqet(T;, P), is same as the product

enthalpy, Hp.wd(Tud, P). Hence,
Hrcact(n: P) = Hprod(Tad: P) (2.30)

Both of these enthalpies are estimated using thermodynamic principles (§ 2.3 ).
Adiabatic flame temperature, T, ;, is an intrinsic property of any combustible mix-
ture and is estimated through some iteration procedure to satisfy enthalpy conser-
vation law (Egn. 2.30) by estimating equilibrium compositions at that estimated
temperatures (§ 2.3), and continued iteration until Eqn. 2.30 satisfied within spec-

ified accuracy.
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2.6 Estimation of Heat Release

Heat release during combustion can be estimated using energy balance. A
schematic is shown below for the combustion of 1 Kg of fuel with stoichiometric
amount of air under standard conditions of pressure and temperature (0.1 MPa

and 298 K). IQ l = HV

Combustion products

1 Kg of fuel
(0.1 MPa & 298K)

(0.1 MPa & 298K)

Enthalpy of reaction (or combustion) (Akg), can be estimated using:
Ahp = h‘pfrod — hreac (k'Jfk;g-fuel) (2.31)

Hence, the values of hppq.+ and horod are estimated using principles (§ 2.3) with
prior knowledge of product composition at low temperature of 298 K. Lower heat-
ing value is a more practical value than HHV, and is used in estimating the specific
energy, SEyg, and energy densily, EDg4g. Values of these quantities are estimated

using the following relationships:

LHV = |hyyq — hreac| (KJ/k g-fuel) (2.32)
SEps = Ihprod— breacl Ypyer  (Kd/Kkg-mix) (2.33)

EDgg = SEupg pmig (KJI/m3-mix) (2.34)
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where, Yf,,.; is the mass fraction fuel in charge, and py,;; is the density of charge.
It may also be noted that, the values of A, ,; are not same in Eqns. 2.32 and
2.33. To estimate heating values, complete combustion stoichiometric mixture is
used. For heat release from off-stoichiometrie charge,additional species are to be

included depending on the stoichiometric condition of initial premixture.

2.7 Estimation of Chemical Equilibrium Composition

Although in any combustion process, major reactions are at temperatures near
to the adiabatic flame temperature. However, some reactions are slow and are
generally termed as ‘post flame reaction’s. These reactions are not completed as
a result of heat transfer in the exhaust manifold. Hence, product composition is
modified depending on heat transfer, available time and exhaust temperature and
results in different composition. Combustion equilibrium combustion products at
low temperatures are important because of ever increasing concern over the envi-
ronmental problems, and this composition is also required to estimate the amount
of heat release as explained in § 2.6.

Several methods are available to estimate adiabatic flame temperature and

equilibrium compositions.
s Newhall and Starkman chart (Ferguson 1960)
¢ Fquilibrium temperature chart (Glassman 1996).

e Using equilibrium rate constant, K, correlations of Olikara and Bowman

(1975)
* Minimizing Gibbs energy (Lutz and Rupley 1994).

There are several commercial/share-ware programs capable of estimating equi-
librium compositions at adiabatic flame temperatures. However, there is no suit-
able code available to estimate of low temperature product composition for methane
and bio-gas combustion. The product compositions are estimated using spread-

sheet with some practical assumptions.
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2.7.1 Estimation of Product Composition at Low Temperature

Combustion reaction for bio-gas air mixture of equivalence ratio, ¢, can be

written as:
¢c [(1 - BYCH4 + BCO9)+[0.2109 + 0.79N3] = v1CO2+1HaO+v3No+v400+1v5CO+vgHy

In practical combustion, product mixture contain a large number of other
species in very small amount and these quantilies are oflen neglected. For non-
gtoichiometric charge combustion, the produci mixture is assumed to contain CQ,
(9 and Hs, in addition to the stoichiometric combustion products. The stoichio-
metric coefficients of the product mixutes are estimated using atom balance and
thermodynamic principles. Conventional approximations for the lean and rich

conditions are:

<1 : vy=1v=0 (2.36)

o>1 : vy=0 (2.36)

For lean or stoichiometric conditions, atom balance equations are sufficient to
determine the product composition (four equations and four unknowns). For the

rich conditions, it is necessary to introduce the Water Gas Shift Reaction:
COq + Hy 2 CO + H9O

This reaction accounts for the simultaneous presence of incomplete combustion
products, CO and Hag, in addition to the complete combustion products, CO9 and
Hj0. This is a pressure independent equation and equilibrium constant, K, is

given by the following relationship:

. v2vs _ _ [0-42 — 2¢c() — B) + v|lvg]

T g [de — v)[dge(l — B) — 0.042 — ) (237
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Hence, Kp is estimated for the water gas shift reaction to provide the additional
equation to solve the problem for rich conditions. Solution of low temperature

combustion, in moles per mole of air, are given in Table 2.27.

Table 2.2. Low temperature combustion products, v; {moles/mole of air)

p<1 ¢>1
COy | e e — v
Ha0 | 2¢¢(1 — f3) 0.42 — 2¢e(l — f) —vg
Ny | 0.79 0.79
Oy | 0.21 —24c(1-8) | O
oo |0 vs
Hy {0 4¢e(l — B) — 0.42 — vy

2.7.2 Estimation of T,; and Product Compositions

For high tempefature combustion, simple atom balances and use of water gas
shift reaction is not sufficient. At high temperatures, simultaneous presence of
enormous amount of product species makes the solution very difficult. Fortunately,
several code are available that are capable of predicting accurate combustion prod-
uct composition and adiabatic temperatures using detailed reaction mechanism.
In the present study, Sadia equilibrium code, EQUIL (L.utz and Rupley 1994), is
used. To estimate the equilibrium composition and temperature, it is required
to provide, in a keyword format, the initial pressure, temperature, reactant mole
fractions and an guess of adiabatic temperature to start with the iteration. A

typical ouput from EQUIL code is reported in Appendix. A.
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2.8 Results and Discussion

Shown in Fig 2.1 are the heating values of methane and bio-gas with different
percentages of CO9, expressed by 5. It is observed that higher heating values are
always higher than lower heating values, however the discrepancy decreases with
increase 8. This is because of the formation of lesser amount of water for a given
amount of fuel. It is also observed that increasing 8 results in decrease of heating
values, as amount of COy present in bio-gas do not have any heating value, rather
it absorbs heat from the combustion products. The values of HHV and LHV of
iso-octane is aiso marked in Fig. 2.1.

Shown in Fig. 2.2(a) are the variation of specific energy, SEM, as a function
of equivalence ratio, ¢, for various percentages of C0O4. Values of energy density,
EDyg are plotted in Fig. 2.2(b) for the similar conditions as in Fig. 2.2(a). It is
observed that the heat release for a given amount of charge (mass or volume)
depend on both ¢ and 8. Heat releases decrease with increasing 8 in line with
the findings of heating values shown in Fig. 2.1. It is also observed that the heat
releases are maximum for stoichiometric mixture, and their values decrease as
¢ deviates from stoichiometric conditions. It is also observed that heat release
for rich mixture are higher than at lean mixtures. This is due to the fact that,
although rich mixture contain more fuel to burn, there is less amount of oxygen
to complete the combustion process and this combustion preduct contains species
that are capable of further oxidation and heat release.

Estimation of heating values requires the estimation of equilibrium composi-
tion at 298K where reactions have different pathway as compare to that one for
at high temperatures. A brief review of possible alternative reaction pathways are
presented in Appendix B. For high temperature combustion, water gas shift reac-
tion is very significant. Shown in Fig. 2.3(a} are the product mole fractions of CO
and COy for different ¢, at temperatures of 298 K, 500 K, 1000 K and T,q- Hence,
C'O concentration, [CO}, is practically negligible while [CO4] increases nearly lin-

early with ¢, al T = 298 K. However, with increase in temperature results in the
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increases of [CO], with associated decrease in [C'O9]. Shown in Fig. 2.3(b) are vari-
ations of [Hy] and [HoO)] for different ¢, at temperatures of 298 K, 500 K, 1000 K
and T,;. It is seen that, [Ho0] increases nearly linear with ¢ for lean mixtures
without significant temperature effects, while it reaches a maximum at stoichio-
metric conditions and then decreases with ¢. However, this decrease is higher
at lower temperatures. It is also seen that, [Hs] is practically negligible for lean
mixtures and linearly increases with ¢ for rich mixtures. However, this increase
is higher at lower temperatures. Shown in Fig. 2.3(c) are the variations of [O9]
and [Ns] as a function of ¢. Values of [09] are practically negligible for rich mix-
ture where insufficient amount of oxygen is present in the process; and excess Oy
present with lean mixtures remain with the product. It is also seen that the values
of [O9] and [N9] are practically unaffected by the temperature change.

Shown in Fig. 2.4 are the dissociation reaction of [COy], {Ho] and [O9] at initial
pressures of 0.1 and 1.0 MPa as a function of temperatures. It is seen that all
the three cases, dissociation is suppressed by increase in pressure which in line
with Le Chatelier principle (§ 2.5). Dissociation is also found to increase with
increase in temperature., However, below 2000 K, dissociation of Hy and (O are
practically negligible, while the CO9 is considerable at 1500 K. In practical cases,
these dissociation are oflen neglected where flame temperatures are lower than
1500 K. |

Shown in Fig. 2.5 are the adiabatic flame temperature, T, ’s, and mole frac-
tions of major combustion products and some minor products plotted as a function
of ¢. In Fig. 2.5(a), lower flaranmability limit (I.FL) and higher flammability limit
{(HFL) of methane-air mixture are also marked, these values embrace the flamma-
bility zone beyond which no flame propagation is possible (Turns 2000). 1t is seen
that, maximum flame temperature is not al stoichiometric, rather, at slightly rich
condition (¢ =~ 1.05). This maximum temperature is at a slightly rich condition
is a consequence of lower mean specific heats of richer products (Glassman 1996).
Lower mean specific heats of richer product is owing to the preponderance of the

diatomic molecules CO and Hy in comparison to the triatomic molecules C0O4 and
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H50.The diatomic molecules have lower molar specific heats than the triatomic
molecules. For a given enthalpy content of reactants, the lower the mean specific
heat of product mixture, the greater the final flame temperature.

Flame temperatures deviate from the maximum value with the deviation of ¢.
However, flame temperature at HFL is higher than at LFL. This is not surprising
because of the lower specific heat capacities of the richer mixtures in addition to
more available energies, as shown in Fig. 2.2. It is seen in Fig. 2.5(b) that, the
major products of lean combustion are Hy0, COg, O3 and N3 (N3 is not shown as
it is a major product at all conditions of ¢); and for rich combustion the major prod-
ucts are HyQ, COg, CO, Hy and Ng. At stoichiometric conditions Og, CO and Hy
are present, whereas for the assumption of complete combustion, i.e., no dissocia-
tion, these three species should be zero. Minor species of equilibrium combustion
products at the flame temperature include O, H and OH, as shown in Fig. 2.5(c).
Carbon monoxide is a minor species in lean products, while 09 is a minor species
in rich products. It is also noted that the concentrations of minor species H, O and
OH are practically negligible when compared with the major species, although the
concentration of OH is much higher than that of H and O.

Shown in Fig. 2.6 are the variation of T as a function of ¢ for different values
of A at initial pressures of 0.1 and 1.0 MPa. The effect of pressure is found negligi-
ble for off-stoichiometric conditions. Increase in pressure suppresses dissociation,
and dissociation is found important, only at near stoichiometric conditions. Disso-
cialion are endothermic reactions and therefore suppression of it resuits in higher
temperatures. Flame temperature decreases with increase in 3 as a result of lower
energy conlents, as shown in Fig. 2.2,

Densities of product mixture follows the ideal gas law, which is shown in
Fig. 2.7. For increase in f resulls in increase in density. This is due to fact that
CQO4 is heavier than other combustion preoducts. It is interesting to note that,
minimum density results at slightly richer conditions as a result of the comnbined

effects of resulting flame temperature and COs composition.
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Shown in Fig. 2.8 are the variations of [Og] as a function of ¢, for different
values of 3 at initial pressures of 0.1 and 1.0 MPa. The effect of pressure on
09 concentration is found negligible, while Oy concentration decreases slightly
with increase in 8. Hence, the COq acts as inserts only to decrease the resultant
concentrations of Oy

Shown in Fig. 2.9 are the variations of [COs] as a function of ¢ for different
values of # at initial pressures of 0.1 and 1.0 MPa. The effect of pressure on [COg]
is found negligible only at off-stoichiometric conditions. At near stoichiometric
conditions, flame temperature is high enough to cause dissociation of COy to CO.
At pressure suppresses digsociation and it results in a higher [COs] at near stoi-
chiometric conditions. It is also seen that, values of [COs] of increase with 3.

Shown in Fig. 2.10 are the variations of concentration of CO as a function of ¢,
for different values of 8 at initial pressures of 0.1 and 1.0 MPa. The effect of pres-
sure on C'O concentration is found negligible. Concentration of CQ is practically
negligible for lean mixtures while its concentration increases with ¢ and 8 at rich
conditions. The increase in CO concentration with 3 resuits from water gas shift
equation (§ 2.7.1).

The importance of water gas shift reaction is found to be very significant in es-
tablishing equilibria hetween CO, CO4, Hy and H50. Tt is seen that, any increase
in the COy concentration resulls in increase in [CO] and [H70] and also causes
decrease in {Hy]. This effect is shown in Fig. 2.10 for the variation of [CO], while
values of [Hg] and [H90] are shown Figs. 2.11 and 2.12, respectively. It is also
important Lo note that, this reaction is not effected by pressure. The negligible

pressure effect on these concentration are also seen in these figures.
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Chapter 3

Bio-gas Air Flame Structure and

Laminar Burning Velocities

The structure and propagation of laminar premixed flame are governed by
convection, diffusion and chemical reactions that are frequently characterized by
large activation energies and high heat release rates. Early studied on flames
have pursued along two directions, either assuming the flame structure simple
or keeping the flame chemistry and transport processes simple (Law and Sung
2000). Structure of the adiabatic, one-dimensional, freely propagating planar pre-
mixed flames at increasingly detailed level of description is reported in (Law and
Sung 2000) (Shown in Fig. 3.1). With the tremendous advances in both comput-
ing power and techniques, it is now possible to model detailed analysis of laminar
flame structure and burning velocities. Hence, Laminar burning velocity, ug, is an
intrinsic property of a combustible fuel-air mixture, and is defined as ‘the velocity,
relative to and normal to the flame front, with which the unburned gas moves into
the front and is transformed into products under laminar flow conditions’ (Hey-
wood 1988).

In the present study, one-dimensional adiabatic flame propagation in laminar
bio-gas air premixture is modeled with detailed chemistry and transport processes.
Laminar burning velocities at different compositions are studied at two initial

pressures of 0.1 and 1.0 MPa, at 300 K.
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3.1 Modeling of Premixed Adiabatic Laminar Flame

Theories of laminar flames have occupied many researchers for many decades.
For example, Turns (2000) cited more than a dozen of major papers dealing with
laminar flame theory. Most of these analyses bear the essential physics and chem-
istry without a great deal of mathematics because of the constrained computa-
tional capabilities. To determine the laminar burning velocity and to study the
detailed flame structure, it is now possible to solve by computational techniques
the governing equations of one-dimensional, steady, planar, adiabatic, isobaric pre-

mixed flames. These governing equations are:

Overall Continuity:
™ = pu = constant 3.1

Species Conservation:

dY; 4 .
v + (oY} v aiff) = i M; @3.2)

Energy Conservation:
. dr d 4T d7T .
mep o~ + = (-ka) + Zp}qvi,diff Cp’i.(—l:t:_ = —Z hiw M; (3.3)

It may be noted that, momentum equations are not considered in subsonic
premixed flame analysis because of isobaric flame propagation (Strehlow 1984).
In addition to these conservation equations, the following ancillary relations or

data are required:

Ideal Gas Equation of State: It provides the basic relationship among pressure,

P, temperature, T and density, p, of ideal gas species or mixture § 2.1.

Constitutive Relationship for Diffusion Velocities: For general problem of species

diffusion in multicomponent mixtures, total diffusion velocity, v; qiff, of species, §
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is given by Turns (2000) as:
vi, diff = Vi, diff, X + Vi diff, T + Vi, diff,P + Vi diff f (3.4)

where, subscripts X, T, P and f, refer to ordinary, thermal, pressure and
force difTusion, respectively. In typical combustion process, diffusion due to
pressure and force are usually neglected leaving only two diffusion compo-
nents, namely diffusion due to concentration gradient (ordinary) and due to

temperature (Glassman 1996).

Ordinary diffusion, v; 4;g x, depends in a very complex way on both the mix-
ture composition, through the appearance of the component mole fractions,
X;, and on the individual binary diffusion coefficients for pairs of species, D;;

(Kuo 1986). Hence, ordinary diffusion velocity is given by Turns (2000) as:

(3.5)

oo DimdXy _ ] 1-X; ] 1 dX
WX T X A T Y X /D51 X Az

1

Values of D;; are estimated using kinetic theory of gases and review of these
are available in literature (Bird, Stewart, and Lightfoot 1960; Kuo 1986;
Tarns 2000).

Thermal diffusion velocity, v; g4 7 is rather simple and is given by Turns

(2000) as:

iz _1_ Q_fl_’

"!:,diff,T == Xa T dI (3'6)
where, the thermal diffusivity of mixture, a,,;, and is given by:
- kmz’z
iz = 3.7)

PuC, ,TRAT
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hence, the thermal conductivity of the mixture, k,;, is calculated using the
semi-empirical formula of Mason and Saxena (1958) from thermal conduc-
tivity of gases species components. Thermal conductivity of pure gaseous
species are estimated using kinetic theory of gases and details are available

in literature (Bird, Stewart, and Lightfoot 1960; Kuo 1986; Turns 2000).

Thermodynamic Properties: Temperature dependent species properties h;(T),
Cp,i(T) are estimated using NASA type polynomials as discussed in § 2.1.

Detailed Chemical Kinetic Mechanism: The net chemical production rate, w;,
of each species, ¢, results from a competition between all the chemical reac-
tions involving that species, It is usuaily presumed that each elementary
reaction proceeds according to the law of mass action and the forward rate
coefficients, k £, are expressed, in general, in the modified Arrhenius form as

{Turns 2000):

ks = AT exp (—%) (3.8)

hence, A, b, E4 are the empirical parameters. In the present study, GRI-
Mech 1.2 (Frenklach et al. 1995) is used to describe methane and bio-gas
air combustion in terms of 177 elementary step reactions of 32 species. In
GRI-Mech 1.2, values of A, b, ¥4 are provided for all 177 elementary step
reactions in addition to the reactions itself. These reactions are not simple
consecutive steps, rater they offer several alternative parallel and consecu-
tive pathways for reactions to proceed, depending on the initial conditions
of pressure, temperature and composition. A very brief introduction of this
alternative pathway analysis of low and high temperatures are presented in
Appendix B, and the reaction mechanism is presented in Appendix C.

Boundary Conditions: The conservation relations describe a boundary

value problem; i.e. given information about the unknown function (T, X;)

at an upstream location (boundary) and a downstream location (boundary).
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The problem at hand is to determine the function T(z) and X;(z) between

these boundaries. Hence, the boundary conditions are:

T(x -~ ~o00) =Ty | Yi(z —-00) =X; 0 3.9
d7 dY;
- ik } = 3.10
(z = +o0) =0 i (g = +o0) =0 ( )

Moreover, an additional boundary condition is required, or alternatively one
degree of freedome must be removed from the problem. In PREMIX code (Kee et al.
1985) flame is assumed to be anchored at a given temperature, Ttig, by specifying
the temperature at one point in the flame domain. This is sufficient to allow for
the solution of the mass flux eigenvalue, . Temperature, Tfig 18 selected in such
a way as to insure that the temperature and species gradients “nearly” vanish at
the cold boundary to eliminate to so called problem cold boundary difficulty (Law
1984). If this condition is not met then the resultant m will be too low because

some heat will be tost through the cold boundary.

3.2 Computation Technique and Program Structure

In the present study, unstrained laminar burning velocity and flame structure
of a freely propagating, one-dimensional, adiabatic premixed flame are computed
using the Sandia PREMIX code (Kee et al. 1985). This uses a hybrid time integra-
tion/Newton Iteration technique to solve the steady state, comprehensive mass,
species and energy conservation eguations. Hence, the mass flux, m, is not known
prior but is an eigen value of the problem - its value is a part of the solution, and
since the unburned gas mixture density is readily known, the laminar burning
velocily, u, is estimated.

PREMIX flame code is written in two major modules. One is a piece of soft-
ware Lo solve boundary value problems; it is completely independent and couid

easily be used for problems not related to flames. The other module contains the
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flame specific coding. It reads input from the user, defines the governing equa-
tions, makes calls to the boundary value solver, and prints solutions for the flame
problem.

In addition to input directly from the user, the flame program depends on data
and subroutines from the CHEMKIN (Kee et al. 1989) and transport package,
TRAFIT (Kee et al. 1986). Therefore, to solve a flame problem, it is required to
set up a command procedure that allows for the execution of several preprocessor
programs, the access to several data-bases, the loading of subroutines from several
libraries, and the passing of files from one process to another. Shown in Fig. 3.2 is
the basic relationships between these various components,

The first step is to execute the CHEMKIN interpreter (Kee et al. 1989). It
interpreter first reads (Unit 5) user-supplied information about the species and
chemical reactions for a particular reaction mechanism. It then extracts further
information about the species’ thermodynamic properties from a data base (Unit
21). This information is stored on the CHEMKIN linking file (Unit 25); a file that
is needed by the transport property fitting program, TRANFIT, and later by the
CHEMEKIN subroutine library, which will be accessed by the flame program. In
addition, the CHEMKIN interpreter requires an additional binary scratch file on
Unit 23,

The next program to be executed is the transport property fitting program,
TRANFIT (Kee et al. 1986). It needs input from a transport property data base
(Unit 31) and from the CHEMKIN subroutine library. Its purpose is to compute
polynomial representations of the temperature-dependent parts of the individual
species viscosities, thermal conductivities, and the binary diffusion coefficients.
Like the CHEMKIN interpreter, the TRANFIT program produces a linking file
(Unit 35) that later needed in the transport property subroutine library, which
will evaluate mixture properties during the course of the flame computation.

Both the CHEMKIN and transport subroutine libraries must be initialized

before use and the flame program makes the appropriate initialization calls. The
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purpose of the initialization is to read the linking files and set up the internal
working and storage space required by all subroutines in the libraries.

The input that defines a particular flame and the parameters needed to solve
it are read by PREMIX in a keyword format from Unit 5. In addition, there is a
provision for the flame program to begin its iteration from a previously computed
flame solution. In this case the old solution is read from a restart file assigned to
Unit 14. The flame program produces printed output on Unit 6 and it saves the
solution on Unit 15. The saved file can be used either to restart the same problem
and continue iterating, or it can be read as a starting estimate for a different
flame, which, for example may have different unburned species compositions or

flow rates.

3.3 Problem Solution, Convergency and Cosistancy of

Solution

To solve combustion problem at a given initial condition of P, T and ¢, it is
required to provide the following major input data, in a keyword format from unit 5

(§ 3.4):
» Pressure, P, Temperature, T, and initial mole fraction, X;, of reactant species,

» Size of computational domain and estimated position of flame,

Number of initial grid points to start with and maximum total grid number,

Estimate of T(z) at different locations within the computational domain.

Absolute and relative tolerances for the termination of calculation iteration.

L

Estimate of major combustion products, X ;,

Estimate of intermediate species concentration,

An example input data file is reported in Appendix D, for modeling of stoichiomet-

ric methane-air mixture at in initial conditions of 300 K and 0.1 MPa.
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Using PREMIX code, solution is made as initial grid points which is usually
small to meet the specified accuracy. Subsequently, more grid points are inserted
at locations where temperature and species profiles vary considerably. Shown in
Fig. 3.3 is such an example where laminar burning velocity, , is plotted as a
function of number of grid peints. It is seen that, beyond certain number of grid
points, the values of u;’s are changed asymptotically and an increasing in number
of grid points do not contribute significantly to its values; however, any increase in
number of grid points costs more computer time. Hence, refinement of grid points
are continued until solution meets the specified accuracy and then the solution is
assumed to be converged.

The results obtained form PREMIX code are also verified against the results
obtained using 'RUN-1DL: The laminar flame and flamelet code’ (Rogg and Wang
1997). Shown in Fig. 3.4 is an example of such a comparison, where symbols rep-
resent the values obtained using RUN-1DL, while solid line represents the results
obtained using PREMIX. Close agreement between these results from these two
diflferent codes and techniques emphasizes the importance of studying laminar

flaine structure numerically to provide detailed insight into the flame structure.

3.4 Results and Discussions

Shown in Fig. 3.5(a) is the variation of flame temperature as a function of ax-
ial distance for stoichiometric methane-air flame at 0.1 MPa and 300 K, while the
mole fractions of major species are shown in Fig 3.5(b). Adiabatic flame tempera-
ture, T, 4 and ignition temperature, T;, are also marked in the Fig. 3.5(a). Ignition
temperature is the temperature where flame reaction really turns on producing
heat. I{is seen that the temperature increases rapidly after this temperature and
approaches T, 4, only is assympotatic manner. The axial distance, corresponding
10 the segment of the tangent spanning the interval between Ty, and T, is termed
as flame thickness. In the zone, denoted by the flame thickness is the zone where

most of the chemical activities occur. Upstream of this reaction zone is the prefieat
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zone and the downstream is the post flame reaction zone. In Fig. 3.5(b), the disap-
pearance of fuel and Oy, and the appearance of CO, COg, Hp0 and Hs are clearly
visible. It is seen that [CO] has its peak value at approximately the same location
where the [CHy] goes to zero, while the COy at first lags [COl, but then continues
to rise as the [C'0)] is oxidized. Note also that, HpO reaches its 80% of equilibrium
mole fraction much sooner than does the COq. While the fuel is completely gone in
approximately 1 mm and the major portion of the total temperature rise (73%) oc-
curs in the same interval, the approach to equilibrium conditions is relatively slow
beyond this point. In fact, we see that equilibrium has yet to be reached even at
the 2.5 mm location. However, all these concentrations approaches their adiabatic
equilibrium compositions in an asympotatotic manner.

Shown in Fig. 3.6 are variation of flame temperatures, plotted against axial
distance. In Fig. 3.6(a), lame temperature profiles for different ¢ are shown, while
in Fig. 3.6(b) the effects of pressure and A are shown. It is seen that flame is
thick for off-stoichiometric conditions, its value decrease with increase in pressure.
However, with increase in 3, flame becomes thicker. All of the temperature profiles
approaches their corresponding T, ;'s.

Bhown in Fig. 3.7 are variation of [CHy], ploited against axial distance. In
Fig. 3.7(a), [C H4) profiles for different ¢ are shown, while in Fig. 3.7(b) the effects of
pressure and 3 are shown. This flame thickness variations here are clearly visible
by the disappearance of [CHyi. It is seen that flame is thick for off-stoichiometric
conditions, its value decrease with increase in pressure. However, with increase
in 3, flame becomes thicker. All of the temperature profiles approaches their cor-
responding equilibrium compositions. However, it is interesting to note that, for
even very rich conditions ¢ = 1.4, no CHy is found in the downstream of the flame.

Shown in Fig. 3.8 are variation of [O5}, plotied against axial distance. In
Fig. 3.8(a), [O3] profiles for different ¢ are shown, while in Fig. 3.8(b) the effects of
pressure and 8 are shown. This flame thickness variations here are clearly visible

by the disappearance of {09, as observed for [CH4] in Fig. 3.7. It is also noted
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that, for lean conditions, Oy is present. At stoichiometric conditions [O] is not
zero, because of the dissociation. For rich condition, O is practically negligible.

The similar effect of composition and pressure on flame thickness are also
seemn, in a opposite manner to Fig. 3.7 and Fig. 3.8, by the appearance of burned
products, HoO and COy, respectively, in Figs. 3.9 and 3.10. However, slower oxi-
dation of CO is also clearly visible in Fig. 3.10.

Shown in Figs. 3.11 and 3.12 are the values of [CO] and [H+), respectively, for
different initial conditions of pressure and compeosition. For lean conditions, their
concentration is very small. Their values have their peaks at the flame reaction
zone, and they are after-burned to reach their equilibrium values further in the
downstream.

Shown in Fig. 13 are the mass flux, m, values for different initial conditions
of pressure and composition. For off-stoichiometric combustion, its value is lower
than the stoichiometric values and any increase in pressure results in higher flux.
However, mass flux reduces with increases with 8 because of slower combustion.

From the values of mass flux, m, it is possible to estimate the corresponding
laminar burning velocity, u;, as shown in Fig. 3.14. Burning velocities reaches
its maximum value, not surprising at ¢ = 1.05, where Tad 1s also maximum. It
emphasizes the effect of T,y on the laminar burning velocities. Any increase in
B, results in a lower T,; and hence, lower u;. The effect of 8 is similar in high
pressure, as shown in Fig. 3.14(b). However, high pressure flames are always
slow, as found in the experimental studies of Gu ef al. (2000). This reduction is

attributed to different chemistry at higher pressures.
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Chapter 4

Conclusions

The present thesis comprises a numerical study of freely-propagating, one-
dimensional, planar, adiabatic premixed flame propagation in methane, bio-gas
and air premixture. The effect of the concentration of CQO9 in bio-gas mixtures
are studied at different equivalence ratios at 300 K, at initial pressures of 0.1 and
1.0 MPa. In the present study, mole {raction of COy are denoted by 8 and study is

carried out for f = 0, 0.1, 0.2, 0.3, 0.4 and 0.5.

The major conclusions of the study are:

o Heat release from a given premixture depends on its equivalence ratio. The

heat release decreases with increase in COq in bio-gas.

e The major products of lean combustion are HyQ, COy, O and Ny, and for
rich combustion the major products are Ho0Q, COy, CO, Hg and N». Carbon-
monoxide is a minor species in lean products, while Oy is a minor product for

rich cases.

» Dissociation of complete combustion products are important at higher tem-
peratures and dissociation is suppressed by pressure. Hence, dissociation is
found to be important for near stoichiometric condition combustions. Effect
of pressure is also observed by the increase of flame temperature at these

conditions.



59

e Water gas shift reaction is found very important in establishing the equilib-

ria between CO, COg, Hy and H30.

¢ Flame thickness for the combustible mixtures considered in the present study
are not negligible. For a given pressure, smallest flame thickness is associ-
ated with ¢ =~ [.00. Any increase in pressure results in decrease in the

thickness. ¥lame thickness increases with the amount of COj5 in bio-gas.

¢ Laminar burning velocities are strong function of ¢, with its maximum value
at ¢ = 1.05. Increase in ('O in bio-gas results in lower burning velocities.
Any increase in pressure also results in further decrease in the burning ve-

locities.
The following observalions are made with regard to the future works:
» Effect of other minor species, present in methane are bio-gas, on combustion.

¢ Flame radiation effect might be important for biso-gas combustion because of

its slower speed.

e As all practical flames are nearly turbulent, study of turbulent combustion

1s important for optimum and efficient utilization of bio-gas.



Appendix A

Typical Output from EQUIL Code

CKLIB: Chemical Kinetics Library

REAC
REAC
REAC
REAC
CONH
CONP
TEMP
TEST
PRES
END

CHEMKIN-ITI Version 4.9, April 1994
DOUBLE PRECISIOCN

KEYWORD INPUT

Cco2 0.00
CH4 0.5

o2 1

NZ 3.76

300
2230
0.9869

Constant pressure and enthalpy problem:

EQUIL: Chemkin interface for Stanjan-III

CHEMKIN-II Version 3.0, December 1992
DOUBLE PRECISION

WORKING SPACE REQUIREMENTS

PRCOVIDED REQUIRED
INTEGER 5000 896
REAL 5000 1230

STANJAN: Version 3.8C, May 1988

W. C. Reynolds, Stanford Univ.
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INITIAL STATE: EQUILIBRIUM STATE:

P {atm) 9.8690E~-01 9.8690E-01
T (K) 3.0000E+02 2.2321E+03
vV {cm3/gm) 9.0263E+02 6.7656E+03
H (erg/gm) ~2.5560E+09 ~2.5560E+09
U (erg/gm) -3.4586E+09 -9.3215E+09
S (erg/gm-K) 7.2495E+07 9.8776E+07
W (gm/mole) 2.7633E+01 2.7431E+01
Mole Fractions

CHA4 9.5057E-02 2.2645E-17
(of0) 0.0C00E+00 8.7260E-03
coz 0.0000E+00 8.5636E-02
HZ0 " 0.0000E+00 1.8346E~-01
02 ~ 1.9011E-01 5.3151E-03
H2 0.0000E+00 3.5063E-03
H 0.0000E+00 3.9932E-04
0 0.00C0E+00 2.4035E~04
OH 0.000GE+00 3.1208E-03
HOZ 0.0000E+00 6.3723E-07
H202 0.0000E+00 5.0439E-08
C 0.0000E+00 2.2883E-17
CH 0.0000E+00 4.0777E-18
CH2 0.0C00E+00 1.3224E-17
CHZ2 (3) 0.00CQ0E+00 7.0905E-19
CH3 0.0000E+00 6.2720E-17
HCO ~ 0.0000E+00 7.4962E~10
CHZ0 G.0000E+00 1.8639E-11
CH20R 0.0000E+00 6.7232E-17
CH30 ' 0.0000E+00 6.3229E-19
CH30H 0.0000E+00Q 3.1441E-18
C2H _ 0.0000KE4C0 1.2005E-24
C2H2 0.0000E+00 8.8540E-22
C2H3 0.0000E+00 6.3849E-27
C2H4 0.0000E+00 5.9224E-27
245 0.000CE+00 7.6620E-32
C2H6 0.0000E+00 4.2914E-33
HCCO 0.0000E+00 1.5009E-19
CH2CO 0.0000E+00 7.7156%E-20
HCCOH 0.0000E+00 9.2942E-23
N2 7.1483E-01 7.0960E-01
AR 0.0000E+00 0.0000E+00



Appendix B

Methane Reaction Pathways

CH,

ol R98 (3.8-6)
" RS3 (9.0-7)

0 R11(5.2-7)

O RY7T (2.3-6)

CH, (8} < ] on,
ITR46 (1.0-7)

, W8
N, R142 (1.0-6) S
H,0 RI48 (6.1-7) <

CH,

i, R126(7.3-7)
ol R93 (4.9-7)
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cn | > ano ¢
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0 R15(1.8-7)

N

HCO

1,0 | RI66(3.3-6)
M R167 (1.4-6)
oH RI00(1.7-7)

NS

coO
Cl(S) O R99 (4.8-6)
RIS} (3.1-7) O+MRI2(3.1-T)

co,

CH
S——— cu,on

ROl (2.4-7) —

0 R10(1.9-6) M R56(3.3-7)

Fig. B.1. High temperature reaction pathway diagram for methane.
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Fig. B.2.

Low temperature reaction pathway diagram for methane.



Appendix C

GRI-Mech 1.2: Methane Reaction Mechanism

1.

2.

Lo~ oD W

REACTIONS CONSIDERED

20+M<=>02+M
HZ2
H20
CH4
CQo
cQz2
C2H6
AR
O+ H+M<=>0H+M
HZ2
H20
CHA4
Cco
coz
CZ2Hé6
AR

. O+HZ<=>H+0H

. O+HOZ2<=>QEB+02

. O+H202<=>0QH+HO2
. O+CH<=>H+CO

. O+CH2<=>H+HCO

O+CHZ (S) «=>H2+C0O

. O+CHZ (8) <=>H+HCO
. O+CH3<=>H+CHZ0

1i.
12,

O+CHA<=>CH+CH3
O+CO+M<=>C02+M
H2
02

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

Enhanced
Enhanced
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by
by
by
by
by
by
by

by
by
by
by
by
by
by

by
by

o

.400E+00
.540E+Q1
.000E+00
.750E+Q0Q
.600E+00
.000E+00
.300E-01

o W W N

.000E+0QD
.000E+00
.Q000E4+00
.500E+00
.000E+00Q
-.000E+00
.000E-C1

-~ L NP NSy O

2.000E+00
6.000E+CO

(k = A T**b exp(-E/RT))

A

1.20E+17
5.00E+17

5.00E+04
2.00E+13
9.63E+06
5.7CE+13
8.00E+13
1.50E+13
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B.43E+13
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6.02E+14
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-1,
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13.
14.
15.
la,
17.
18.
19.
20.
21.
22.
23.
24.
25,
26.
27.
28.
29,
3¢.
31.
32.
33.

34,
35.
36.
37.
38.
39.

Hz0

CH4

CO

coz

cznoe

AR
O+HCO<=>0H+CO
O+HCO<=>H+C02
O+CH20<=>0H+HCO
O+CHZ0H<=>0QH+CH20
O0+CH30<=>0H+CH20
O+CH30H<=>QH+CH20H
O+CH30H<=>0H+CH30
0+C2H<=>CH+CO
O+C2H2<=>H+HCCO
O+C2H2<=>QH+C2H .
C+C2H2<=>CO+CH2
O+C2H3<=>H+CH2CO
O+C2H4<=>CH3+HCO
O+C2H5<=>CH3+CH20
C+C2HE<=>0H+C2H5
O+HCCO<=>H+2C0O
C+CH2CO<=>QH+HCCO
C+CH2CO<=>CH2+CO2
024C0<=>04+C02
Q2+CHZ0<=>HO2+HCO
H+QZ+M<=>HOZ2+M

02

H20

co

coz

CZ2H6

N2

AR
H+202<=>H02+02
H+QO2+H20<=>HO2+H20
HH+02+N2<=>HOZ+N2
H+02+AR<=>H0O2+AR
H+02<=>0+0H
2H+M<=>H2+M

H2

H20

CE4

coz

C2He6
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Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by
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40.
1.
42,
43.

44,
45,
46.
47.
48,
49,
0.

51.
52.

53.
54.

66

AR Enhanced by
2H+H2<=>2H2
2H+H20<=>H2+H20
2H+CO2<=>H2+C02
H+OH+M<=>H20+M

H2 Enhanced by

EZ0 Enhanced by
CE4 Enhanced by
CZ2HG6 Enhanced by

AR Enhanced by
H+HOZ2<=>0+H2Z0
H+HOZ2<=>02+H2
H+HO2<=>20H
H+H202<=>H0O2+H2
H+H202<=>CH+H20
H+CH<=>C+H2
H+CHZ {+M) <=>CH3 {+M)
Low pressure limit:
TROE centering: 0.68000E+00

H2 Enhanced by

H20 Enhanced by

CH4 Enhanced by

co Enhanced by

coz Enhanced by

C2H6 Enhanced by

AR Enhanced by
H+CHZ {8) <=>CH+HZ
H+CH3 (+M) <=>CH4 {+M)
Low pressure iimit:
TROE centering: 0.78300E+00

H2 Enhanced by

H20 Enhanced by

CH4 Enhanced by

COo Enhanced by

cOo2 Enhanced by

C2HG Enhanced by

AR Enhanced by
H+CHA<=>CH3+H2
H+HCO {+M) <=>CH20 (+M)
Low pressure limit:
TROE centering:

H2 Enhanced by

H20 Enhanced by

CHA4 Enhanced by

co Enhanced by

W oW N w3

~N W RNy N -~ W N E ;N

= N oY N

.300E-01

.300E-01
.650E+00
-000E+00
.C00E+Q0
.800E-01

0.32000E+28 -0.31400E+01
0.78000E+02
.G00E+0C
.000E+0Q
.000E+00
.500E+00
.Q00E+00Q
.000E+00Q
.000E~-01

0.24770E+34 -0.47600R+01
0.74000E+02
.000E+00
.000E+00
.000E+090
.500E+00
.000E+00
.000E+0C0
.000E-01

0.13500E+25 -0.25700E+01
0.78240E+00 0.27100E+03
.000E+00
.000E+00
.Q00E+00

.500E+00

9.00E+16 -0.6 0.0
6.00E+19 -1.2 0.0
5.50E+20 -2.0 0.0
2.20E+22 -2.0 0.0
3.97E+12 0.0 671.0
2.80E+13 0.0 1068.0
1.34E+11 0.0 635,90
1.21E+407 2.0 5200.0
1.00E+13 0.0 3600.0
1.10E+14 0.0 0.0
2.50E+16 -0.8 0.0
0.12300E+04

0.12950E+04 (.55900E+04

3.00E+13 0.0 0.0
1.27E+16 -0.6 383.0
0.24400E+04

0.29410E+04 0.69640E+04

10840.0
-260.0

6.60E+08

1.08E+12
0.14250E+04
0.27550E+04

1.6
0.5

0.65700E+04
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Co2 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
AR Enhanced by 7.000E-01
55. H+HCO<=>H2+CO 7.34E413 0.0 0.0
56. H+CH20 {+M) <=>CHZ0H (+M) 5.40E+11 0.5 3600.0
Low pressure limit: 0.12700E+33 -0.48200E+01 0.65300E+04
TROE centering: 0.71870E+00 0.10300E+03 0.12910E+04 0.41600E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+Q0
CH4 Enhanced by 2.000E+00
CC Enhanced by 1.500E+00
CQz Enhanced by 2.000E+0Q0Q
C2He Enhanced by 3.000E+00
57. H+CH2Q {+M) <=>CH30 {+M) 5.40E+11 0.5 2600.0
Low pressure limit: 0.22000E+31 -0.48000E+01 0.556008+04
TROE centering: 3.75800E+00 0.94000E+402 0.,15550E+04 0.,42000E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+0Q0
Co Enhanced by 1.500E+00
Cco2 Enhanced by 2.000E+00
CZ2H6 Enhanced by 3.000E+00
58. H+CH20<=>HCO+H2 2.30E+10 1.1 3275.0
59. H+CH20H (+M) <=>CH30H4 (+M) 1.80E+13 0.0 0.0
Low pressure limit: 0.30000E+32 -0.48000E+01 0.33000E+04
TROE centering: C.76790E+00 0.33800E+03 0.18120E+04 0§.50810E+04
HZ Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
Co Enhanced by 1.500E+00
Co2 Enhanced by 2.000E4+00
C2H6 Enhanced by 3.000E+00
60. H+CHZQH<=>H2+CH20 2.00E+13 0.0 0.0
61. H+CHZOH<=>QH+CH3 1.20E+13 0.0 0.0
62. H+CH20H<=>CH2 (S} +H20 6.00E+12 0.0 0.0
63. H+CH3O(+M) <=>CH30H (+M) 5.00E+13 0.0 0.0
Low pressure limit: 0.86000E+29 -0.40000E+01 0.30250E404
TROE centering: 0.89020E+00 0.14400E+03 0.28380E4+04 0.45569E+05
H2 Enhanced by 2.000E+Q0
H20 Enhanced by 6.000E+00
CHA4 Enhanced by 2.000E+00
co Enhanced by 1.500E+00
coz2 Enhanced by 2.000E+00
c2Hé Enhbanced by 3.000E+00
64. H+CRH30<=>H+CH20H 3.40E+06 1.6 0.0
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65.
66.
67.
68.
69.
70.

71,

72.

73.
4.

H+CH30<=>H2+CHZ20
H4+CH30<=>0H+CH3
H+CH30<=>CHZ (8)+H20
H+CH30OH<=>CH20H+H2
H+CH30H<=>CH30+H2
H+C2H {+M) <=>C2H2 {(+M)
Low pressure limit:
TROE centering:

Co2
CZH®6
AR

68

0.37500E+34 -0.48000E+01
0.64640E+C0

Enhanced
Enhanced
Enhancecd
Enhanced
Enhanced
Enhanced
Enhanced

H+C2H2 (+M) <=>C2H3 (+M)

Low pressure limit:
TROE centering:

H2

H20

CHA4

cCo

coz

C2H6

AR

0.38000E+41 ~0.72700E+01
0.775070E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

H+C2H3 (+M) <=>C2H4 (+M)

Low pressure limit:
TROE centering:

K2

H20

CH4

Co

Cccz

C2H6

AR
H+C2H3<=>H2+C2H2

0.14000E+3% -0.38600E+01
0.78200E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

B+C2H4 (+M) <=>CZH5 (+M}

Low pressure limit:
TROE centering:

H2

H20

CHA4

Cco

Coz

C2HE

0.12000E+43 ~0.76200E+01
0.21C00E+03
.000E+00
.000E+00
.000E+00
.500E+00
.000E+00
.Q00E+00

0.97530E+00

Enhanced
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Enhanced
Enhanced
Enhanced
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by
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by
by
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by
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by

by
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by
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by
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by
by
by
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75.
76.

7.
78,
79.
80.
81.
82.
83.

84.
85.

86.
87.
88.

89.

AR
H+C2H4<=>C2H3+H2

69

Enhanced by

H+CZHS (+M) <=>C2H6 (+M)

Low pressure limit:
TROE centering:

H2

H20

CH4

ofe]

co2

CZHG

AR
H+C2HS<=>HZ2+C2H4
H+C2H6<=>C2H5+H2
H+HCCO<=>CHZ ($) +CO
H+CH2C0O<=>HCCO+H2
H+CH2CO<=>CH3+C0
H+HCCOH<=>H+CH2CO
H2+CO (+M) <=>CH20 {+M)
Low pressure limit:
TROE centering:

H2

HZ0

CH4

cCo

co2

C2HE

AR
OH+HZ<=>H+H20
20H (+M) <=>H202 {(+M)
Low pressure limit:
TROE centering:

H2

H20

CHA4

CO

coz2

C2H6

AR
20H<=>0+H20
OH+HQZ<=>02+H20
OH+H202<=>H02+H20

0.19900E+42 -0.70800E+01 0.66850E+04
0.84220E+00

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

7.000E-01

0.12500E403
.000E+0Q0
.000E4+00
.000E+00
.500E+00
.000E+00
.000E+00
-000E~-01

=~ BN Y N

0.50700E+28 -0.34200E+01

C.93200E+00
Enhanced by
Enhanced by
Enhanced by
Inhanced by
Enhanced by
Enhanced by
Enhanced by

0.19700E+03
2.000E+00
.0GOE+00
.000E+0Q0Q
.500E+Q0
.000E+00
.000E+00
.C00E-01

=1 W NP N

1.32E+06
5.21E+17 -

0.22190E+04

L00E+12
.15E+08
.Q0E+14
.00E+13
L13E+13
.Q00E+13
.30E4+Q7

LI e S B T SR N

0.84350E+05

0.154008+04

2.16E+08
7.40E+13 -

0.23000E+19 -0.90000E+00 -0.17000E+04

0.73460E+00
Enhanced by
Enhanced by

Enhanced by
Enhanced by
Enhanced by

Enhanced by
Enhanced by

Declared duplicate reaction...

OH+H202<=>H0O2+H20

Declared duplicate reaction...

0.94000E+02
.000E+0Q0Q
-000E+00
.000E+00
.500E+40
.000E+00
.000E400
.000E-01

~ W NNy N

0.17560E+04

3.57E+404
2.90E+13
1.75E+12

5.80E+14

12240 .
1580 . ¢

2.5
1.0

0.68820E+4+04

0 0.
9 7530,
0 0.
.0 8000.
0 3428,
0 0.
5 79600.

Ll = = B B - =}
O OO OO0 o,

0.10300E+05

1.5 3430.0
0.4 0.0
0.51820E+04
2.4  -2110.0
0.0 ~500.0
0.0 320.0
0.0 9560.0
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80.
91.
92.
93.
84,
95.

96,

97.

9g.

99.
100.
101.
102.
103.
104,
105.
106.
107.
108.
109.
110.
111,
112,
113,
114,
115.

1lle.

117,
118,
119,
120.
121.
122.
123.
124,

OH+C<=>H+CO
OH+CH<=>H+HCO
OH+CHZ2<=>H+CH20
OH+CH2<=>CH+H20
OH+CHZ {S) <=>H+CH20

70

OH+CH3 (+M} <=>CH30H (+M)

Low pressure limit:
TROE centering:

Hz

H20

CH4

CoO

Coz

C2H6
OH+CH3<=>CHZ+H20
OH+CH3<=>CH2 (S) +H20
OH+CE4<=>CH3+H20
OH+CO<=>H+CQ2
OH+HCO<=>H20+C0O
OH+CHZ20<=>HCO+H20
OH+CH20H<=>HZ0+CH20
OH+CH30<=>H20+CH20

OH+CH30H<=>CH20E+H20

OH+CH30H<=>CH30+H20
OH4+C2H<=>H+HCCO
OH+C2H2<=>H+CH2CO
CH+CZ2HZ2<=>H+HCCOH
QH+C2H2<=>C2H+H20
OH+CZHZ2<=>CH3+4C0O
OH+CZH3<=>H20+C2H2Z
OH+C2H4<=>C2H3+H20
OH+C2H6<=>C2H5+H20
CE+CHZ2CO<=>HCCO+H20
2HOZ2<=>02+H202

0.27000E+39 ~0.63000E+01
0.21050E+00

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

Declared duplicate reaction...

2HO2<=>02+H202

Declared duplicate reaction...

HO2+CH2<=>QH+CH20
HOZ+CH3<=>02+CH4
HOZ+CH3<=>0H+CH30
HOZ+CO<=>0H4+-C02
HO24+CH20<=>HCQ+H202
C+O2<=>0+C0C
C+CH2<=>H+C2H
C+CEB3<=>E+C2H2

]

W N = N,

0.83500E+02
L000E+0C
.Q0CE+Q0
.000E+00
-500E+00
.000E+QC
.000E+00

S W N W,

P‘*wamub-b)(.ﬂ[\)[\)m!“wmw(ﬁbl——‘l\)(ﬂ

fi-9

[OLEN S L N B L I T

.00E+13
.00E+13
.00E+13
13E+07
.00E+13
.30E+13
0.31000E+04
0.53980E+04

.60E+07
.50E+13
-00E+08
.76E+Q7
LO00E+13
.43E+09
.COE+12
.00E+12
.44E+06
.30E+06
L.00E+13
.18E-04
.04E+05
.37E407
.83E-04
LO0E+12
.60E406
.54E+06
.50E+12
L30E+11

.20E+14

.00B+13
.00E+12
.00E+13
.50E+14
.00E+12
.80E+13
.00E+13
.00E+13

fe]
.

QOO N O o
o I v TS o T e T o B o0 |

QO NDNOLH DN S OSODNNODO PP O = O
. . . . . . . . . . . . . . . . . . . .
O O HFH OO CCC WUt oooooNOoO [N s T Ts oY

D0 000000
O O C 0O o 0c OO0

0

=]

.83700E+04

5420.0
0.0
3120.0
70.0

13500.0
14000.0
-2000.0
0.0
25Q0.0
870.0
2000.0
-1630.0

12000.0

OO o
o O O

23600.
8000.0
576.0
2.0
0.0



125.
126.
127.
128.
129.
i30.
131.

132.
133.
134,
135,
136.
137.
138.
139.
140.

141.
142.
143.
144,
145,
146.
i47.

T

CH+02<=>0+HCO
CH+H2<=>H+CH2
CH+H20<=>H+CH20
CH+CHZ2<=>H+CZ2H2
CH+CH3<=>H+C2E3
CH+CH4<=>H+C2H4
CH+CO (+M) <=>HCCOC (+M)
Low pressure limit:

TROE centering: 0.57570E+0Q0

HZ2 Enhanced by
H2C Enhanced by
CH4 Enhanced by
Cco Enhanced by
coz Enhanced by
C2HG Enhanced by
AR Enhanced by

CH+COZ<=>HCO+CO
CH+CHZO<=>H+CH2CO
CH+HCCO<=>CO+C2H2
CH2+02<=>0H+HCO
CH2+HZ<=>H+CH3
2CH2<=>H2+C2H2
CHZ2+CH3<=>H+C2H4
CH2+CH4<=>2CH3
CH2+CO (+M) <=>CH2CO (+M)
Low pressure limit:

TROE centering: 0.59070E4+00

"2 Enhanced by
HZO Enhanced by
CH4 Enhanced by
Cco Enhanced by
co2 Enhanced by
CZHG6 Enhanced by
AR Enhanced by

CHZ2+HCCO<=>C2E3+C0O

CHZ2 (S) +N2<=>CH2+N2

CH2 (S) +AR<=>CHZ+AR

CHZ2 (8) +02<=>H+QH+CO

CH2 (8) +02<=>CQ+H20D

CHZ (S) +HZ2<=>CH3+H

CHZ2 (S} +H20 (+M) <=>CH30H { +M)

Low pressure limit: 0.27000E+39

TROE centering: 0.15C070E+00
HZ? Enhanced by

H2C Enhanced by

0.26900E+29 -0.37400E+01

0.23700E+03
.000E+GO
.000E+00
.G00E+00
.500E400
.00QE+0Q0
.000E+Q0
.00CE-01

NN

- W N

0.26900E+34 -0.51100E+01

0.27500E+03
.000E+00
.000E+00
.000E+00
.500E+00
.000E+QO
.000E+QO
-000E-01

e BT o N el A6 o T A

~0.63000E+01

0.13400E+03
Z2.000E+400
6.000E+00

.30E+13
.11E+08
JT1E+12
.00E+13
LO00E+13
.00E+13
.00E+13
0.19360E+04
0.16520E+04

N & W= W

.40E+12
.46E+13
.00E+13
.32E+13
.00E+05
20E+13
4.00E+13
2.46E+06
B.i0E+11
0.70950E+04
0.12260E+04

W 0P 0w w

.00E+13
.50E+13
.00E+12
.80E+13
.20E+13
.0CE+13
.00E+13
0.31000E+04
0.23830E+04

o~ H N WY W

[ ot B o BN o S0 B L=

o N O OO N OO OO

o I = B B o B 5 T o Y o
e e e e e

o o OC O O WO
o
O O O O Q0 O O

0.50620E+04

690.
~515.

1500.
7230.
0.
0.
8270,
4510.

o O 0O c oo Qo O
o e B o B o B o N - B B o B ]

¢.51850E+04

600.
600.

jon B o B B s B o R s T v
Lon B con TN s B s
o O OO o0 o ¢

0.72650E+04



148.
149,
150.
151.
152.
153.
154,
155,
156,
157.
158.

159.
160.
iel.
162,
163,
le4.
165.
166.
167.

168.
169.
170.
171.
172,
173.

CHA4
COo
coz
C2Hé6

A

Enhanced
Enhanced
Enhanced
Enhanced

CHZ (8) +H20<=>CH2+H20

CHZ (S)Y+CH3<=>H+C2Z2H4
CE2 (S) +CHA<=>2CH3
CRB2 {S)+C0O<=>CH2+C0O

CHZ (S)+C0O2<=>CH2+C02
CH2 (8) +C02<=>C0+CHZ20
CHZ2 (8)+C2Ho<=>CRB3+C2H5

CH3+02<=>0+CH30
CHE3+02<=>0H+CHZ0
CH3+H202<=>HC2+CH4
2CH3 {(+M) <=>C2HG (+M)
Low pressure limit:
TROE centering:

Hz

H20

CH4

co

co2

CZ2He

AR
2CH3<=>H+CZH5
CH3+HCO<=>CHA+CO
CE3+CHZ0<=>HCO+CH4

0.17700E+51 ~0.,96700E+01
0.15100E+03
.000E+Q0
.000E+QQ
.000E+00
.500E+00
.Q00E+00
.000E+0DD
.000E-01

0.53250E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

CH3+CH30QH<=>CH2QH+CH4

CH3+CH30H<=>CH30+CH4

CH3+C2HA<=>C2H3+CH4
CE3+C2B6<=>C2H5+CH4
HCO+HZ20<=>H+CO+H20
HCO+M<=>H+CO+M

H2

B20

CRH4

Co

CO2

CZ2H6
HCO+02<=>H0O2+CO
CEZOH+0Z2<=>H02+CH20
CH30+02<=>HQ2+CH20
C2H+02<=>HCO+CO
C2H+HZ2<=>H+C2H2
C2H3+02<=>HCO+CH20

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
Enhanced

by
by
by
by

by
by
by
by
by
by
by

by
by
by
by
by
by

z2.
1.
Z.
3.

N =N N

=1 W

NN N

L

000E+00

500E+00
000E+00
0Q0E+00

.000E+00
L000E+00
.000E+0Q
.500E+400C
.000E+00
.000E+00

.00E+13
SZ20E+13
.60E+13
.00E+12
.00E+12
LA0E+13
.Q0E+13
.B8E+13
.60E+10
.45E+04
.12E+16

[N N I N G R N T I Ve T SIS I 7%}

-1.

0.62200E+04
0.10380E+04

.99E+12
.65E+13
.32E+03
.00E+07
.00E+07
.27E+05
L14E+06
L21E4+18

NN W WD

.60E+12
.80E+13
L28E-13
.00E+13
.07E+05
.98E+12

W o g

.8TE+17

N O OO0 0O 0O OO
. . N . . . . . . .
OO O O OO o oo

[ A R =
. . . . . .
S Oy OO

(]

O O O Lo o -

0.0
-570.0
-570.0

0.

G.

6.
-550.0

28800.0
8940.0
5180.0

620.0

[on N S e

.49700E+G4

10600.0
0.0
5860.0
9940.0
9940.0
9200.0
10450.0
17000.0
17000.0

400.0
900.0
-3530.0
1500.0
200.0
~240.0



-

13

174, C2H4 {(+M)<=>B2+C2H2 (+M)

Low pressure limit:
TROE centering:
H2
H20
CH4
Co
coz2
C2H6
AR
175, C2HS5+02<=>H02+C2H4
176. HCCO+02<=>0H+2C0O
177. 2HCCO<=>2C0+C2H2

0.70000E+51 -0.93100E+01
0.18000E+03
.000E+QQ
-GOOE+00
.000E+00
.500E+QD
.000E+00
.000E+Q0
.000E~01

0.73450E+00

Enhanced
Enhanced
Enhanced
Enhanced
Enhanced
¥nhanced
Enhanced

by
by
by
by
by
by
by

~ W NN oY N

NOTE: A units mole-cm-sec-K, E units cal/mole

8.00E+12
0.99860E+05
0.10350E+04

8.40E+11
1.60E+12
1.00E+13

0.

o O o
. . .
o OO

4

88770.0

0.54170E+04

3875.0
854.0
0.0



Appendix D

Input of PREMIX INPUT

/ flame configquration, burner stabilized with specified temperature
/RSTR

FREE

ENRG

/ in the event of a Newton failure, take 100 timesteps of 1.E-6
TIME 190 1.E-7

/ begin on a uniform mesh of 6 points

NETS 10

/ definition of the computational interval
XEND 10.

XSTR -2.

XCEN .1

WMIX 1.

/ pressure and inlet mass flow rate
PRES 1.01 (atmospheres)
FLRT .4 (g/cm**2-sec)

TFIX 400 A
/ adaptive mesh criteria

GRAD 0.5

CURV (.5

/ unreacted mole fractions

MOLE

REAC CH4 0.0950

REAC 02 0.189%6

REAC Nz 0.7067

REAC AR 0.0084

/  estimated products

PROD H20 0.19

PRCD N2 0.7067

PROD co2 0.095

PROD AR 0.0084

/ estimated intermediate mole fractions

74



75

INTM HZ2 .01

INTM B .02
INTM G .0001
INTM OH .001

INTM HOZ 0001
/INTM H202 .0001
/INTM cC .000001
INTH CH .G0001
/INTM  CH2 .0001
/INTM CH3 .0005
INTM cO .08

INTM HCO .00001
INTM CHZ20 .001
/INTM CH2CH .00001
/INTM CH30 Q0001
/INTM  CH30H .00001
/INTM HCCC .0001
/INTM CHZ2CO .0001
/INTM  HCCOH .0001
/ tolerances for the Newton iteration

ATOL 1.E-9

RTOL 1.E-4

/ tolerances for the time step Newton iteration
ATIM 1.E-5

RTIM 1.E-5

/ print control

PRNT 1

/ given temperature profile
TEMP -2, 298
TEMP o. 298,
TEMP .03 300.
TEMP .05 400,
TEMP .06 766.
TEMP .07 151Z2.
TEMP .08 1892.
TEMP .09 2000.
TEMP .1 2630.
TEMP .2 2111.
TEMP .35 2190Q.
TEMP 14.0 2190.

END
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