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Abstract

An estimation of combustion products (pollutants) which include CO, CO,
and NO mole fraction are reported in this paper for premixed methane/air
flames. Different mixtures were used in this study, including lean, stoichi-
ometric and rich subjected to varying degrees of pressures and temperatures
ranging from 5 - 40 bars and 350 - 600 K, respectively. In this work, computer
software was used to calculate the produced emissions species as well as the
final (adiabatic) temperatures for each mixture. Results show that rich mix-
ture of methane fuel produces the highest rate for carbon monoxide (CO)
with slight increase as pressure and temperature increase. Where the stoichi-
ometric mixture produces the highest rate of carbon dioxide (CO,). Results
showed that this type of emission decreases with the increase of pressure and
temperature. On the other hand, nitric acid (NO) was found to be the highest
for the lean mixture with sharp increase as pressure and temperature increase.
Finally, the combustion heat (Q) for each mixture where plotted against pres-
sure and it was found that the rich mixture of methane produced the highest
rates. Results also showed that combustion heat increases sharply with in-
creased pressures and temperatures.
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1. Introduction

Atmospheric pollution has become a worldwide concern. This concern led to the
consideration to the effects of injecting large amounts of any species on the
ozone balance in the atmosphere. Combustion processes are typically considered

as one of the main responsible parties of the emission to the atmosphere of im-
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portant pollutants. It then became evident that the major species that would af-
fect the ozone balance were the oxides of nitrogen NO, as well as carbon oxides
(CO,) [1] [2]. One major source of such pollutants is automobile exhausts which
use fossil fuels (hydrocarbons) in their combustion systems to produce energy
[3] [4]. So great interest remains in predicting and reducing these emissions. The
aim of combustion devices of engines is to produce high temperatures for heat
or power generation whilst producing the least pollutant emissions under con-
trollable conditions. Lean premixed combustion succeeds largely in the first
count, whilst coming up short regarding the range of operable conditions. In in-
ternal combustion engines, lean combustion provides high efficiencies (due to
the high specific heat ratio of air) and low emissions (due to low temperatures),
but poor stability. In spark ignition engines, limits to stability can be overcome
by injecting additional fuel in strategic locations near the spark plug with penal-
ties associated with the production of NO, and particulate matter. In gas tur-
bines and other continuous flow devices, stability is often achieved by providing
a richer pilot zone, again at the expense of higher emissions. In other cases, even
though premixed conditions are the aim, limited time for evaporation and mix-
ing creates non-uniformities short in fuel concentrations. In all of these situa-
tions, the final mixture will react under conditions where there is a range of
equivalence ratios or mixture fractions over which the reaction will take place
[5]. It then becomes an essential issue to conduct researches which might help to
understand the nature of such emissions, and more importantly, the effective
ways of minimizing its formation rates [6] [7]. This was done via using in-house
computer model at different pressures and temperatures. This in-house software
is a chemical equilibrium program, primarily for gas phase combustion. It cal-
culates chemical equilibrium and composition of the flame. By setting the initial
conditions, temperature, 7,, pressure, P, and equivalence ratio, ¢, for the cho-
sen hydrocarbon fuel (Methane, CH,). Also, for each combustion process, the
thermodynamic state type must be defined before running calculations. In this
study the process was set at an adiabatic temperature and composition at a con-
stant volume, (as in engines). The software then calculates the adiabatic temper-
ature at equilibrium, 7, Then it calculates the moles fraction of burnt gases
(species of interest, CO, CO,, NO, emissions) and heat of combustion (Q kJ/kg)

produced from chemical reaction.

2. Methods of Prediction Emissions from Burned Methane
Fuel

Levels of emissions of oxides of nitrogen (nitric oxide, NO and nitrogen dioxide,
NO,, usually grouped as NO,), where carbon oxides (carbon monoxide, CO and
carbon dioxide, CO,, usually grouped as Co,). One way of predicting level of
concentrations of such emissions is using Emission Index (EI), which can be

found using the following equation [8]:

Myo, (9/5)

NOy = Ty 1
©my (kg/s) .
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with similar expression for Co, and others emissions (HC and particulates). In
this equation emission rates were normalized by the fuel (CH,) flow rate.
Another approach that can be used in evaluating the concentrations of emissions
is by calculating “mole fraction” percentage of the species of interest. In this ap-
proach, the most important considerations when predicting NO, and CO, emis-
sions are specifying the initial conditions of the combustion process at specified
equivalence ratio, ¢, for a particular burned fuel. These conditions include pres-
sures and temperatures initial values at each calculation process. Also, type of
thermodynamic process must be specified. In this work, the process was chosen
to be “adiabatic temperature and composition at constant volume” which is
identical to those in internal combustion engines [7] [8] [9]. The chemical reac-
tions approach which lead to formation of such emissions is beyond the scope of
this work, more details can be found in [10].

An in-house Software program was used to calculate the adiabatic tempera-
ture and equilibrium composition of a flame under certain pressures and tem-
peratures shown below in Tables 1-3. Different types of calculations can be per-
formed by this software. These includes: Equilibrium at defined temperature and
pressure. Adiabatic temperature and composition at defined pressure. Equili-
brium at defined temperature and constant volume. Adiabatic temperature and
composition at constant volume. The software is also capable of handling a
group of reactants as a mixture with changing the stoichiometry of a flame
burning with air for particular fuel. Three different of Methane-air mixtures
with different equivalence ratios (0.8, 1.0, 1.2) were chosen to study effects of
fuel composition. The used model is beyond the scope of this paper, more in-
formation can be found in [5]. This program requires input parameters in order
to run the calculations. These parameters include initial temperature and pres-
sure (7,, P,), Equivalence ratio ¢ (0.8, 1.0 and 1.2), and the thermodynamic
process at which these calculations will be run at. For this work it was chosen to
be an “adiabatic temperature and composition at constant volume” which is
identical to those processes in vehicles engines. One the hand, heat of combus-
tion, Q (kJ/kg), in each run was also calculated for each condition shown in the

mentioned tables.

Table 1. Emissions for lean Methane flames at different initial pressures and tempera-

tures.
Combustibl
OmPUSEDIE  pu(bar) Tu(k) CO% CO,% NO% Q(k/kg)  Tad(k)
material
5 350 0168  7.564  0.823 2272 2426
15 400 0129 7.606  0.878 2311 2465
20 450 0139 7595 0923 2350 2496
Methane
25 500 0153 758 0.97 2390 2526
(CH,), §=0.8
30 550 017 7561 1017 2431 2557
35 600 0191 7539  1.066 2471 2587
40 650 0214 7513 1116 2513 2618
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Table 2. Emissions for stoic Methane flames at different initial pressures and tempera-

tures.

Combustible material Pu (bar) Tu (k) CcO CO, NO Q (kJ/kg) Tad(k)
5 350 1.408 7.986 0.491 2796 2665
15 400 1.246 8.163 0.486 2832 2721
20 450 1.278 8.128 0.509 2869 2750

Methane
25 500 1.324 8.079 0.535 2906 2777
(CH), ¢=1.0

30 550 1.379 8.019 0.564 2944 2803
35 600 1.441 7.953 0.594 2982 2829
40 650 1.509 7.88 0.627 3020 2855

Table 3. Emissions for rich Methane flames at different initial pressures and tempera-

tures.

Combustible material Pu (bar) Tu (k) CO CO, NO Q (kJ/kg) Tad(k)
5 350 4.879 5.887 0.491 3309 2612
15 400 4.876 5.896 0.486 3342 2652
20 450 4.896 5.875 0.509 3376 2684

Methane
25 500 4917 5.852 0.535 2411 2715
(CH,), ¢=1.2

30 550 4.941 5.827 0.564 3445 2746
35 600 4.966 5.799 0.594 3481 2777
40 650 4.993 5.77 0.627 3516 2808

3. Results and Discussion

Three different air-fuel mixtures have been used for methane fuel (CH4), to
evaluate the amount of emissions produced in mole fraction for each combus-
tion process. First mixture was lean, (¢ = 0.8). Second one was stoichiometry, (¢
= 1.0), and the third mixture was rich, (¢ = 1.2). Emissions species were, Nitro-
gen Oxide (NO), Carbon monoxide (CO) and Carbon dioxide (CO,). Numerical
calculated results for all three emissions are shown in Tables 1-3 at different
pressures and temperatures ranging from 5 - 40 bars and 350 - 600 K, respec-
tively. These results are also plotted in Figures 1-4, pressure versus mole frac-
tions for all species. Results showed that rich mixtures of methane produced the
highest values of CO emissions for rich mixtures (¢ = 1.2), where lean mixtures
(¢ = 0.8) produced the least values of CO emissions. This is shown in Fig. 1 for
all pressures and temperatures.

On the other hand, CO, emissions were noticed to be maximum values for
stoichiometry (¢ = 1.0) mixtures and minimum values for rich mixtures (¢ =
1.2). This is shown in Figure 2. Results also showed that CO, values shortly in-
creased but then decreased as pressures and temperatures values increased for
the stoichiometry (¢ = 1.0) mixtures. As shown in Figure 3, NO emissions pro-
duced by methane flames. It was found that the highest values were for the lean

mixtures (¢ = 0.8), and the least ones were for rich mixtures (¢ = 1.2). Results
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Figure 1. CO Emissions Mole Fraction (%) For Methane Mixtures (¢ = 0.8,
¢ =1.0 and ¢ = 1.2) at initial Pressure and Temperature, P, 7, Ranging (5 -
40) bar and (350 - 650) K.
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Figure 2. CO, Emissions Mole Fraction (%) For Methane Mixtures (¢ = 0.8,
¢ =1.0 and ¢ = 1.2) at initial Pressure and Temperature, P, 7, Ranging (5 -
40) bar and (350 - 650) K.

also showed that for all three mixtures, NO emissions increases with increased
pressure and temperature for all three mixtures.

Finally, heat of combustion (Q kJ/kg) was calculated for every mixture at all
pressures and temperatures. The results were plotted in Figure 4. It was clear
that rich mixtures of methane produced the highest values of combustion heat,
Q, where minimum value was found to be for lean mixtures. Results also showed
that fairly sharp increase in Q values as pressure and temperature increase for all

three mixtures. An important fact that must be considered when conducting
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Figure 3. NO Emissions Mole Fraction (%) For Methane Mixtures (¢ = 0.8,
¢=1.0 and ¢ = 1.2) at initial Pressure and Temperature, P,, 7, Ranging (5 -
40) bar and (350 - 650) K.
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Figure 4. Heat of Combustion, Q, For Methane Mixtures (¢ = 0.8, ¢ = 1.0
and ¢ = 1.2) at initial Pressure and Temperature, P,, 7, Ranging (5 - 40)
bar and (350 - 650) K.

further studies of such emissions production rates, are flame structure and
chemical reactions mechanisms which may affect the overall concentrations of
CO, and NO,.

4. Conclusion

This paper starts with briefs for effects of elevated pressures and temperatures

(such those in engines) on production rates of emissions which is a major con-
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cern nowadays. Methane fuel was used in this study with different equivalence
ratios, lean, stoic metric and rich mixtures (¢ = 0.8, 1.0, 1.2) at different values of
pressures and temperatures similar to those in engines to investigate the effects
of these parameters on No, Co, emissions production rates as a mole fraction. In
this paper, in-house software was used to evaluate emissions produced from
methane fuel. These emissions include CO, CO,, and NO for three different
equivalence ratios, lean, (¢ = 0.8), stoichiometric, (¢ = 1.0), and rich, (¢ = 1.2)
and mixtures at different pressures and temperatures. It was quite evident from
the outcomes of this study that concentrations of methane fuel (¢) for the three
mixtures have strong influences on the amount of produced emissions at the end
of each combustion process. It was also found that it has strong influences on
the amount of combustion heat (Q), for each mixture. This leads to an impor-
tant fact to be considered when designing engines combustion chamber sand in
selecting type of fuel in order to minimize pollutants emissions produced by

such engine.
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