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Abstract  Zinc antimonide, Zn4Sb3, has been found as a promising thermoelectric material utilized in a temperature range of 200 
~ 500 ˚C, in which there exist vast waste-heat resources exhausted from many factories and vehicles. However, the compound 
intrinsically shows an extremely brittle feature being an impediment for practical applications. Thus, enhancement of the 
mechanical properties is highly crucial to prevent unexpected fractures during manufacturing and service processes of modules. 
We have focused on incorporating nanosized SiC particles into Zn4Sb3 matrix. The bulk samples were prepared by 
mechanochemical mixing of the starting powders and subsequent hot-extrusion process. The extrudates containing SiC particles 
up to 5 vol% exhibited sound appearances, high density, and fine-grained microstructures with single phase of Zn4Sb3. The 
mechanical properties such as hardness and compressive strength are remarkably improved by the addition of SiC particles, as a 
result of dispersion strengthening of SiC particles and microstructural refinement induced by a pinning effect of the particles. 
Meanwhile, the thermoelectric properties are retained comparable to the pristine compound, in contrast to a conventional behavior 
where the reinforcements in a semiconductor should usually role-play as an impurity. 
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1. Introduction 
In recent years, global warming has become one of the 
most serious issues due to excessive consumption of fossil 
fuels. Furthermore, it can be predicted that fossil fuel 
resources must be exhausted in the not-too-distant future 
if they continue to be consumed without restraint. So the 
energy-saving technologies have been intensively 
developed over the past decade. As one of the 
technologies, thermoelectric generation has drawn much 
attention for being a clue to solve the problem, since vast 
amount of waste heat, exhausted from a number of 
industrial plants, vehicles, home heating and so on, is still 
unused [1]. The thermoelectric generators which consist 
of a module with both p- and n-type semiconducting 
thermoelectric materials, can convert heat to electricity 
directly based on the Seebeck effect. On the other hand,  

 
the module can also create heat flux through consumption 
of electrical energy, mainly used for cooling, based on the 
Peltier effect. 

For evaluation of the efficiency of thermoelectric 
materials, the dimensionless figure of merit (ZT), 
calculated by following equation, is conventionally taken 
into account [2]. 


 TZT

2

                                (1) 

Where α is the Seebeck coefficient or thermopower, ρ the 
electrical resistivity, κ the thermal conductivity and T the 
absolute temperature. From the above equation, a good 
thermoelectric material should have higher thermo power 
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Abstract In this study, methane/air, methanol/air, and methyl formate/air stoichiometric mixtures have been numerically
simulated at constant volume, low pressure of 2.7 atm, and temperature ranging from 1000 K to 1950 K with an aim to
establish the impact of fuel oxygenation on NO formation. These conditions represent those behind a reflected shock in a
shock tube, which is modeled as adiabatic homogeneous mixture with constant internal energy and constant volume. Various
chemical kinetic mechanisms have been employed and extensively tested so as to ensure validity of the results. A comparison
of NO profiles and other radicals- CH, HCN, N, and N2- that are dominant in its formation have been done. Since the initial
temperatures are high, the flame temperatures attained by all the mixtures are also high; from approximately 2800 to 3100 K for
initial temperatures of 1000 and 1950 K respectively. Therefore, NO are formed mostly through thermal NO mechanism with
prompt NO being less significant. It has been observed that at very high temperatures the difference in N and NO formation in
the three fuels is not very significant (same order of magnitude) as compared to that observed in relatively low temperatures
attained by freely propagating and diffusion flames. At high temperatures the major rate-limiting steps for NO formation,
involving high activation energy are N2 + O −→ NO + N (318.4 KJ/mol), CH2 + N2 −→ HCN + NH (309.69 KJ/mol) and
N2 + C −→ CN + N (187.90 KJ/mol).
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1. Introduction
A high level of exhaust nitrogen oxides (NOx) emissions
from automobiles forms photochemical smogs in the en-
vironment when reacted with hydrocarbon. With the in-
creasing use of biofuels, there is need to established their
contribution of NOx emissions into environment. A typ-
ical biodiesel fuel has C14-C18 fatty acid methyl esters;
methyl palmitate, methyl stearate, methyl oleate, methyl
linoleate and methyl linolenate in different compositions.
The chemical kinetics of these large carbon chain es-
ters are complex. Their combustion processes contain
hundreds to thousands of intermediate compounds thus
making computation difficult. To tackle this problem,
researchers have been using a surrogate fuel (both single
and multi-component) to represent a real fuel. In this
study, we have particularly considered methyl formate
(simplest methyl ester molecule) to represent a biodiesel
fuel. The choice has been due to its simple structure.

Even though methyl formate does not have a high molec-
ular weight as a real biodiesel fuel, it has the essential
chemical structural features of an ester.

The chemical kinetics of methyl formate have recently
been studied by Dooley et al [1] [2]. The mechanism
developed [2] has been validated in a wide range of
conditions, viz, a variable pressure flow reactor, shock
tube facility and outwardly propagating flames. In a later
investigation [1], Dooley et al. studied a series of burner
stabilized flames at pressures of 22-30 Torr and equiv-
alence ratios from 1.0 to 1.8 for flame conditions of
25-35% fuel to further validate their chemical kinetic
reaction mechanism. To our knowledge, NO formation
pathways for methyl formate flames have never been
reported. With the earlier reports [3] [4] that NOx for-
mation in biodiesel fuel are higher than those of fossil
fuel, it is important to understand how the NO formation
is affected by oxygenation in the fuel.
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This study reports on the comparison of NO formation
in methane/air, methanol/air, and methyl formate/air sto-
ichiometric mixtures in a homogeneous system. The in-
vestigation has been done for mixtures at pressure of 2.7
atm and temperature ranging from 1000 to 1950 K. Var-
ious chemical kinetic mechanisms have been employed
for the different fuels. Methane and methanol flames are
computed using GRI-Mech 3.0 reaction mechanism [5],
while methyl formate flame is computed by combining
the Dooley et al [2] oxidation mechanism with the Leeds
NOx oxidation mechanism [6]. All mechanisms used in
this study have been widely validated and tested. GRI-
Mech 3.0 reaction mechanism has been validated and
tested in previous investigations [7], [8]. Dooley et al.
oxidation mechanism has also been validated in a wide
range of conditions as mentioned in the preceding para-
graph. Similarly, Leeds NOx oxidation mechanism has
been validated in flow reactors, perfectly stirred reactors
and low pressure laminar flames by Hughes et al. [9].

2. Numerical Model
The experimental conditions behind a reflected shock in
a shock tube can be modeled as a adiabatic homoge-
neous mixture with constant internal energy and constant
volume. In this numerical computation, methane /air,
methanol /air, and methyl formate/air mixtures have been
studied at constant volume of 200 cm3, low pressure of
2.7 atm, and temperature ranging from 1000 K to 1950
K. The governing equations for this configuration are
single point transient (zero-dimensional time dependent),
which are given as

ρ
∂Yi

∂t
= wi i = 1, ..., N, (1)

ρCv
∂T

∂t
= −

N∑
i=1

uiwi +
Q

V
, (2)

p = ρRT
N∑

i=1

(Yi/Wi). (3)

Here, ρ is density, t is time, Cv is specific heat capacity
at constant volume, p is pressure, R is universal gas
constant, T is temperature, N is total number of species,
V is reactor volume, Q is rate at which heat is transferred
across the reactor, while ui, wi, Yi and Wi represent
internal energy, rate of production by chemical reactions,
mass fraction and molecular weight of species i.

The flames are numerically simulated using the
RUN1DL code in the software package COSILAB [10].
Conservation equations are discretized with finite dif-
ference method. Both central and one-sided difference
(upwind) schemes are adopted in the discretization of
first-order derivatives. The time dependent version of
the governing equations are first integrated with respect
to time in steps starting with initial specified profiles,
which should satisfy the equations at time level m=0

with t=t0≡0. The solutions to governing equations are
then sought at the subsequent time levels (m = 1; t =
t1), (m = 2; t = t2),..., with 0 = t0 < t1 < t2 <
... < tm < ..., where the superscript m is used to iden-
tify quantities at time level m. The integration is com-
plete when either a specified time level mmax or time
tmax is reached. The thermodynamic properties for the
species, which are in CHEMKIN format are obtained
from Princeton University kinetic model databases [11]
and GRI-Mech 3.0 databases [5].

3. Results and Discussion
A comparison for ignition delay times for the gas mix-
tures is shown in Fig. 1. The shock tube ignition delay
times for these fuels have been done separately under
various conditions by different researchers [2], [12]–[15].
The simulations for ignition delay times for these fuels
have been repeated to check their differences. Under all
the temperatures tested, methane have higher ignition de-
lay times as compared to methanol and methyl formate.
The plot reveal a trend of reduction of ignition delay
time with increase in fuel oxygenation.

Fig. 1. Ignition delay times for methane/air, methanol/air and methyl
formate/air mixtures at pressure of 2.7 atm

Fig. 2. Temperature profiles for the three mixtures at temperature
of 1300 K and pressure of 2.7 atm

Figures 3-9 show the species concentration profiles
for NO and other minor species related to its formation.
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Fig. 3. NO concentration profiles for the three mixtures at temper-
ature of 1300 K and pressure of 2.7 atm

Fig. 4. N2 concentration profiles for the three mixtures at temper-
ature of 1300 K and pressure of 2.7 atm

Fig. 5. N concentration profiles for the three mixtures at temperature
of 1300 K and pressure of 2.7 atm

Methane/air mixture has a significantly higher concentra-
tion (a difference of one order of magnitude) profiles of
immediate precursor species - CH and HCN- for prompt
NO formation. Then, a significantly higher NO forming
in methane than the oxygenated fuels will be expected,
however, this is not the case. A slight difference is seen in
the NO concentration profiles for the three flames. This
then means NO is formed mostly through the high tem-
perature thermal NO reactions, since the temperatures are

quite high (up to a maximum of approximately 2900 K as
shown in Fig 2). The reaction between nitrogen molecule
and oxygen atom in Zeldovich mechanism: N2 + O −→
NO + N has a high activation energy, for instance a value
of -318.4 KJ/mol in Leeds NOx oxidation mechanism.
Therefore, the reaction proceed sufficiently fast at high
temperatures and hence it is the rate-limiting step for NO
formation. Other reactions with high activation energy
which involve nitrogen molecule and other radicals are
CH2 + N2 −→ HCN + NH (309.69 KJ/mol) and N2 + C
−→ CN + N (187.90 KJ/mol). All these reactions have
high activation energy because of the stable N2 triple
bond. The influence of these reactions in NO formation
is clearly seen in the freely propagating and diffusion
flames, which have three order of magnitude reduction
of NO formed due to low temperature attained in the
flame. The observation of N atom profile concentration
being within the same order of magnitude for the three
mixtures as opposed to those observed in freely prop-
agating and diffusion flames is also explained by these
high activation energy reactions. At low temperatures,
N formation route is initiated through the reaction: CH
+ N2 −→ HCN + N, while at high temperatures N is
formed through both this reaction and the high activation
energy reactions mentioned before.

The plots of NO concentration profiles for the three
fuels mixtures at different temperatures, Figs. 10 and 11,
reveal a similar trend. The rate of increase of NO concen-
tration with temperature is proportional in the three fuels.
This trend is expected because as initial temperature is
increased, the final temperature attained by mixture is
also increased.

Fig. 6. OH concentration profiles for the three mixtures at temper-
ature of 1300 K and pressure of 2.7 atm
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Fig. 7. O concentration profiles for the three mixtures at temperature
of 1300 K and pressure of 2.7 atm

Fig. 8. CH concentration profiles for the three mixtures at temper-
ature of 1300 K and pressure of 2.7 atm

Fig. 9. HCN concentration profiles for the three mixtures at
temperature of 1300 K and pressure of 2.7 atm

4. Conclusions

NO formations in methane/air, methanol/air, and methyl
formate/air stoichiometric mixtures in a homogeneous
system have been investigated in this study. The NO
concentration profiles for the three mixtures exhibit small
differences in terms of magnitude. It has been estab-
lished that NO formation in high temperatures is mostly
through thermal NO reactions by Zeldovich mechanism.
The rate-limiting step in the Zeldovich mechanism: N2 +

Fig. 10. NO concentration profiles for all mixtures at temperature
of 1500 K and pressure of 2.7 atm

Fig. 11. NO concentration profiles for all mixtures at temperature
of 1950 K and pressure of 2.7 atm

O −→ NO + N is the decisive reaction for NO formation
at high temperature. The availability of the O atoms and
nitrogen molecules in all three fuels considered result in
a similar amount of NO formed. The small difference
observed in the production of NO is attributed to the
different maximum temperatures attained by these mix-
tures and the prompt NO formation. It has also been es-
tablished that at high temperatures, N formation route is
different from that at low temperatures. At high tempera-
tures the rate-limiting steps: N2 + O −→ NO + N (318.4
KJ/mol), CH2 + N2 −→ HCN + NH (309.69 KJ/mol)
and N2 + C −→ CN + N (187.90 KJ/mol) involving high
activation energy dictate its formation. Hence, a small
difference (within the same order of magnitude) is ob-
served in the N concentration profiles in these mixtures
as compared to those for freely propagating and diffusion
flames which attained relatively low temperatures.
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